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Abstract

Abstract

RNA-binding proteins (RBPs) are involved in many cellular processes and thereby contribute
to the regulation of gene expression. As a consequence, mutation or altered expression of RBPs
can cause diseases such as cancer. Members of the insulin-like growth factor 2 mRNA binding
protein (IMP, IGF2BP) family are recognised tumour markers as they are upregulated or de
novo expressed in a variety of cancer types. They are known to regulate RNAs in terms of
stability, translation and localisation. However, the overall picture of their biological function
is still unclear. Developing strategies to inhibit these proteins could thus promote new anti-
cancer therapies, but requires also a better understanding of the underlying biological functions.

This thesis focusses on the tumour marker and multidomain RBP IMP3. In a first step, IMP3
was targeted by designer circRNAs, which should functionally inhibit IMP3 by competing with
endogenous RNA for its binding. Initial in vitro experiments revealed high binding affinities
for IMP3 to circRNA sponges. To examine if this holds also true in vivo, two different circRNA
expression systems were tested: circRNAs were either stably integrated into the genome and
could be inducibly expressed, or circRNA expression was plasmid-driven and mediated by the
so-called Tornado ribozyme system. Interactions of IMP3 with circRNAs were then captured
in vivo by RNA-immunoprecipitation assays. This way, binding of our designer circRNAS
could be confirmed in cell culture and represents a new strategy for inhibiting RBPs in the

context of anti-cancer therapies.

Concerning the biological function of IMP3, we had preliminary evidence that it might operate
in the secretory pathway. Thereby, mMRNAs are guided to the endoplasmic reticulum (ER) for
local translation, and the resulting protein is translocated into the ER lumen. To obtain more
insight on a global transcriptome level, subcellular fractionation was combined with next-
generation RNA-sequencing (RNA-seq) and individual-nucleotide resolution crosslinking and
immunoprecipitation (iCLIP) in human ES-2 cells. We focussed on mRNAs with IMP3-
dependent changes of gene expression levels in the membrane organelle fraction. A subset of
direct mMRNA targets was identified to be downregulated upon IMP3 knockdown. Biochemical
validation by IMP3 RIP experiments and RT-gPCR of subcellular extracts confirmed our results
and revealed certain mRNAs of the secretory pathway to be additionally regulated by IMP3. In
a last step, the effect of our designer circRNA sponges on target mMRNA localisation was tested.
In sum, our results support a model in which IMP3 interactions with the mRNA 3’-UTR provide

an additional localisation signal to direct specific mMRNAS into the secretory pathway.
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Zusammenfassung

RNA-Bindeproteine (RBPs) sind an vielen zelluldren Prozessen beteiligt und tragen so zur
Regulierung der Genexpression bei. Folglich kénnen Mutationen oder die verdnderte
Expression von RBPs Krankheiten verursachen, wie beispielsweise Krebs. Mitglieder der
insulin-like growth factor 2 mRNA binding protein (IMP, IGF2BP) Familie sind bekannte
Tumormarker, da sie in einer Vielzahl an Krebsarten hochreguliert oder re-exprimiert werden.
Sie regulieren RNAs in Bezug auf Stabilitat, Translation und Lokalisation. Das Gesamtbild
ihrer biologischen Funktion ist jedoch noch unklar. Die Entwicklung von Strategien zur
Hemmung dieser Proteine kdnnte somit neue Krebstherapien fordern, erfordert aber auch ein

besseres Verstandnis der zugrundeliegenden biologischen Funktionen.

Die vorliegende Thesis fokussiert sich auf den Tumormarker und Multidomanen-RBP IMP3.
Im ersten Schritt wurden ,,Designer-circRNAs entwickelt, die durch zielgerichtete Bindung an
IMP3 mit endogenen RNAs konkurrieren und so IMP3 funktionell hemmen sollten. Erste In-
vitro-Experimente zeigten eine hohe IMP3-Bindungsaffinitdt zu den circRNAs. Um zu prifen,
ob dies auch in vivo zutrifft, wurden zwei verschiedene circRNA-EXxpressionssysteme getestet:
circRNAs wurden entweder stabil ins Genom integriert und konnten induzierbar exprimiert
werden, oder die circRNA-Expression war Plasmid-gesteuert und erfolgte durch das
sogenannte Tornado-Ribozymsystem. Interaktionen von IMP3 mit circRNAs wurden dann in
vivo durch RNA-Immunprézipitation (RIP) Analysen erfasst. Auf diese Weise konnte die
Bindung unserer ,,Designer“-CircRNAs in Zellkultur bestétigt werden und stellt eine neue

Strategie zur Inhibierung von RBPs im Rahmen von Krebstherapien dar.

Hinsichtlich der biologischen Funktionen von IMP3 hatten wir vorlaufige Hinweise darauf,
dass es im sekretorischen Weg agieren konnte. Dabei werden mRNASs zum endoplasmatischem
Retikulum (ER) gefuhrt und lokal translatiert, sodass das entstehende Protein direkt in das ER-
Lumen transloziert wird. Um tiefere Einblicke auf globaler Transkriptomebene zu erhalten,
wurde subzellulare Fraktionierung mit Hochdurchsatz-RNA-Sequenzierung (RNA-seq) und
individual-nucleotide resolution crosslinking and immunoprecipitation (iCLIP) in humanen
ES-2 Zellen kombiniert. Wir konzentrierten uns auf mRNAs mit IMP3-abhangiger
Verdanderung des Genexpressionslevels in der Membranorganell-Fraktion. Eine Gruppe
direkter Ziel-mRNAs wurde identifiziert, welche bei IMP3-knockdown herunterreguliert
waren. Biochemische Validierung durch IMP3 RIP-Experimente und RT-qgPCR mit
subzellularen Extrakten bestétigten unsere Ergebnisse und zeigten, dass bestimmte mRNAs des

sekretorischen Wegs zusatzlich durch IMP3 reguliert werden. Als letzter Schritt wurde der

Vi



Zusammenfassung

Effekt unserer ,,Designer“-CircRNAs auf die Lokalisation der Ziel-mRNAs getestet.
Zusammenfassend unterstiitzen unsere Ergebnisse ein Modell, in dem IMP3-Interaktionen mit
der mRNA 3’UTR ein zusitzliches Lokalisierungssignal darstellen, um spezifische mMRNAS in
den sekretorischen Weg zu leiten.

Vil






1 Introduction

1 Introduction

1.1 IMP3, a classical multidomain RNA-binding protein and tumour
marker

1.1.1 RNA-binding proteins

Gene expression needs to be carefully controlled in organisms to maintain functioning cells.
This can be achieved through gene-specific transcription or post-transcriptional processes, the
latter being largely mediated by RNA-binding proteins (RBPs). RBPs have been shown to
regulate gene expression in a variety of contexts, such as splicing, nuclear export, cellular
localisation, stability, translation and degradation. During the last decade, RNA-interactome
capture studies have increased the number of human RBPs to about 800 (Baltz et al., 2012;
Castello et al., 2012), while a bioinformatic approach even predicted around 1500 RBPs
corresponding to 7.5% of the human proteome (Gerstberger et al., 2014). In all three studies,
hundreds of the found RBPs do not relate to the classical view of an RBP as they do not possess
any common RNA-binding domains (RBDs). Further research will clarify how they engage
with RNA and shed light on their biological functions (for more detailed information see Hentze
et al., 2018).

For the conventional RBPs, however, different well-defined RBDs explain their binding to
RNA and the formation of ribonucleoprotein complexes (RNPs). While some of them bind to
double-stranded RNA (dsRNA), most of them engage with single-stranded RNA (sSRNA).
Examples for ssRNA-recognising RBDs are the RNA-recognition motif (RRM) and the hnRNP
K homology (KH) domains. RRM domains comprise about 90 amino acids (aa) and recognise
2 — 8 nucleotides (nt), whereas the smaller KH domains bind to 4 nt with a so-called GxxG-
loop (Cléry et al., 2008; Valverde et al., 2008). Specificity and affinity of RNA binding can be
increased by combining multiple domains (Lunde et al., 2007). However, this is not sufficient
to explain selective binding to RNAs for all RBPs, since also intrinsically unstructured regions
are enriched in RBPs and participate in RNA binding, but remain structurally enigmatic
(Jarvelin et al., 2016). Overall, protein and RNA structure as well as dynamics of their

interaction need to be understood to fully unravel the recognition process (Corley et al., 2020).

Besides their natural functions, RBPs play an increasing role in molecular medicine. Mutations
in RBP genes cause diverse disease phenotypes, which are predominantly related to metabolism
and nervous system development (Corbett, 2018; Gebauer et al., 2021; Ravanidis et al., 2018).

Furthermore, a variety of cancers involves mutated or altered expressed RBPs, e.g. Hu antigen
1
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R (HuR), the insulin-like growth factor 2 mRNA-binding protein (IGF2BP, IMP) family or the
RNA-binding motif (RBM) family (Mohibi et al., 2019). Different therapeutic strategies are
currently available to target RBPs with further potential new application methods such as
circular RNAs (circRNAs) or CRISPR-based strategies (Mohibi et al., 2019). Hence, research
on RBPs is not only important to get insights into basic cell biological processes, but also to

develop new pharmaceutical approaches to combat diseases.

1.1.2 The IMP family

The insulin-like growth factor 2 mRNA-binding proteins (IGF2BPs, IMPs) represent an RBP
family consisting of three paralogues in mammals. The nomenclature of these proteins is rather
inconsistent due to their discovery in different contexts. For example, the chicken orthologue
of IMP1 is often referred to as ZBP1 (zipcode-binding protein 1), whereas IMP3 was first
named KOC (KH domain containing protein overexpressed in cancer) and its frog orthologue
is termed Vg1RBP or Vera (Vgl RNA-binding protein or VgLE binding and ER association,
respectively). An attempt was made to summarise all members (Vg1RBP/Vera, IMP1-3, CRD-
BP, KOC, ZBP1) in the so-called VICKZ group based on the first letters of the founding

members (Yaniv and Yisraeli, 2002), but practically this acronym is rarely used.

The IMP family is highly conserved across species with Drosophila IMP (dIMP) being atypical
due to the lack of one RRM domain (Fig. 1.1A). All other main isoforms contain two RRM-
and four KH-domains, clustered in tandems (Fig. 1.1B). In humans, the three paralogues

possess a sequence identity of around 70%, with IMP1 and IMP3 being most similar.
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Figure 1.1: The IMP family of RNA-binding proteins.

(A) Phylogenetic tree of selected IMP paralogues from different species. Amino acid substitutions per
site are indicated.

(B) Domain structure of human IMPs. The six RNA binding domains comprising two RRM (blue boxes)
and four KH domains (green and orange boxes) are depicted for all three members. Black rectangles
represent low-complexity regions. Sequence identities between paralogues are indicated.

Modified from Korn et al., 2021.

All IMPs are highly expressed during embryogenesis, but expression declines after birth for
IMP1 and IMP3 (Hammer et al., 2005; Hansen et al., 2004; Mori et al., 2001; Mueller-Pillasch
etal., 1999; Nielsen et al., 1999). IMP3 is expressed in brain, testis and ovaries of human adults,
whereas human IMP1 expression occurs in adult kidney, prostate, testis and trachea (Hammer
et al., 2005). By contrast, IMP2 is widely expressed in adult tissues (Bell et al., 2013; Dai et
al., 2011; Hammer et al., 2005). Interestingly, IMP2 is also the only paralogue with
considerable expression of different isoforms (in particular isoform 2, also known as p62
(Zhang et al., 1999)), highlighting further its exclusive role in the IMP family. Nevertheless,
all three IMPs have been associated with cancer and are classified tumour markers. In cancer
tissues, IMP1 and IMP3 are strongly upregulated or de novo synthesised, leading to poor patient

survival (reviewed in Bell et al., 2013; Lederer et al., 2014; Mancarella and Scotlandi, 2020).

1.1.3 RNA-binding preferences
Given the high sequence identity of the IMP proteins, one wonders how diverse their RNA-

binding specificity might be. Indeed, overlapping pools of target RNAs have been found for all
3
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IMPs, but also a large set of distinct RNA targets has been mapped to each paralogue (Conway
et al., 2016; Hafner et al., 2010; Huang et al., 2018). Of note, all proteins bind preferably to the
3’ untranslated regions (UTRs) of protein-coding transcripts, but only IMP3 binds additionally
to coding exons with a similar preference (Conway et al., 2016). This in turn provokes the
question if they recognise different RNA sequence motifs. Numerous efforts have been made
to shed light on this, including studies with full-length proteins or single domains. For full-
length IMPs, high-throughput in vitro approaches such as RNAcompete or RNA Bind-n-Seq
have been applied (Conway et al., 2016; Dominguez et al., 2018; Ray et al., 2013), but also in
vivo methods such as crosslinking and immunoprecipitation (CLIP) (Ennajdaoui et al., 2016;
Hafner et al., 2010; Hansen et al., 2015; Huang et al., 2018; Palanichamy et al., 2016). Except
for Huang et al. (2018), who found a common UGGAC motif for all three human IMPs, CA-
rich binding motifs were reported from other studies, independent of the paralogue and the
method used. This cannot explain the different RNA target groups and might be due to the
averaged motifs obtained by all six RBDs. Hence, RNA binding of individual domains was
studied employing scaffold-independent analysis (SIA) (Dagil et al., 2019) or systematic
evolution of ligands by exponential enrichment (SELEX) approaches (Biswas et al., 2019;
Farina et al., 2003; Jia et al., 2018; Munro et al., 2006; Patel et al., 2012; Schneider et al.,
2019). Most of these studies focused on the KH tandem domains, especially on KH3-4, since
they have been regarded to be primarily responsible for RNA binding for a long time (Farina et
al., 2003; Nielsen et al., 2002; Wéchter et al., 2013).

RNA recognition by KH3-4 seems to be conserved throughout the IMP family, as several
studies found KH3 to interact with a CA-rich motif and KH4 to recognise a motif containing a
central GG di-nucleotide (Biswas et al., 2019; Nicastro et al., 2017; Patel et al., 2012; Schneider
etal., 2019). Both motifs have to be appropriately spaced (~ 9 — 25 nt) and their exact nucleotide
composition differs dependent on the paralogue. For KH1-2, the RNA recognition seems to be
similar, as IMP3 KH1 interacts like KH4 with a CGGCA motif and KH2 binds to a CA-rich
sequence as KH3 does (Schneider et al., 2019). In agreement, SIA experiments revealed IMP1
KH1 binding to a CNG motif (Dagil et al., 2019). Last but not least, the RRM domains were
also shown to be involved in RNA binding and a CA-rich consensus motif for IMP3 RRM1-2
could be determined (Schneider et al., 2019), in line with the available crystal structure for
IMP3 RRM1-2 in complex with ACAC or CCCC (Jia et al., 2018). The structure showed also
that only RRM1 binds to RNA, since the canonical RNA-binding site of RRM2 was sterically
blocked (Jia et al., 2018). It would be interesting to see how the RRM domains of the other two

IMP paralogues function, but since the role of these domains in RNA binding was
4
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controversially discussed in the past years and mostly considered irrelevant, their contribution
was neglected (Chao et al., 2010; Farina et al., 2003; Git and Standart, 2002; Nielsen et al.,
2004; Wachter et al., 2013). Furthermore, the roles of the linkers connecting the domains need
to be examined in more detail. The short conserved linkers between two domains within a
tandem are responsible for proper orientation of the domains and thereby contribute to RNA
binding (Chao et al., 2010; Patel et al., 2012). However, the role of the long linkers connecting
the tandem domains (i.e. between RRM2 and KH1, or KH2 and KH3) is less clear. This is partly
due to their exclusion from structural studies, based on their high flexibility and low-complexity
regions (see Fig. 1.1B). In addition, phosphorylation of residues in the long linkers was shown
for different IMP paralogues to affect RNA binding (Dai et al., 2011; Dai et al., 2013; Git et
al., 2009; Huttelmaier et al., 2005).

To sumup, a full RNA-recognition code could be unravelled for IMP3, determined by previous
work from our lab and supported by other studies cited above (Fig. 1.2). In addition, the RNA
sequence motif was found in several endogenous target RNAs of IMP3 and biochemically
validated (Schneider et al., 2019).

15-25nt 7-20 nt 15-25nt 2-8 nt

Figure 1.2: Model for RNA recognition by IMP3.

IMP3 is schematically depicted with its six RNA-binding domains (oval forms) organised in tandems.
The RNA containing CA-rich (blue) or GGC-rich (red) sequences is bound by all domains; the spacing
between motifs was derived from SELEX-seq analysis. Adapted from Schneider et al., 2019.
Although detailed findings of RNA binding by the multidomain IMP proteins are available, a
comprehensive picture and understanding is still missing of how they engage with RNA. For
instance, the kinetics of the individual protein-RNA interactions are unclear. For IMP1, binding
kinetics were examined for KH1-2 (Dagil et al., 2019) and KH3-4 (Nicastro et al., 2017). In
both studies, the tandem domains were predicted to interact with the RNA with one KH domain
first, followed by binding of the second KH domain, and thereby provoking RNA looping. This

intramolecular binding was favoured over intermolecular binding to either another RNA

5



1 Introduction

molecule, or of a second KH tandem domain to the same RNA. Moreover, it was suggested that
the binding to RNA was dependent on the protein and not the RNA concentration, albeit the
protein being present in excess. Despite the overall similar affinities for both KH tandems to
their respective RNA elements, the kinetics were profoundly different, since KH1-2 displayed
a fast complex formation, whereas KH3-4 showed a slower complex dissociation (Dagil et al.,
2019; Nicastro et al., 2017). However, since both tandem KH domains were not examined
together and the contribution of the RRM domains is also unclear, only speculations of how the
full-length proteins finally engage with RNA can be made. In addition, the structure of the
protein-RNA complex remains elusive. Taking only the protein structure into account, several
possibilities of a complex formation exist (Fig. 1.3). In these models, the RNA loops around
the tandem domains as has been described in studies examining single domains (Chao et al.,
2010; Dagil et al., 2019; Nicastro et al., 2017; Patel et al., 2012; Schneider et al., 2019).

RRM1-2 KH1-2 KH3-4

(13 c
3 = — -5
A

el e—
A A A >

double-looped:

parallel:

iy

Figure 1.3: Model of IMP-RNA complex formation.
Binding of an IMP protein to RNA (black) is mediated by recognition of five short ssSRNA motifs

(purple) being appropriately spaced (A) with five of its six RBDs. The complex can be assembled in a
simple parallel fashion (left) or in a compact, double-looped formation (right). Either way, the RNA
loops around the KH tandem domains in two possible orientations (“likely” and “less likely””). Modified
from Korn et al., 2021.

less likely

likely less likely

The model gets significantly more complex if the RNA structure or the contribution of other
RNA-binding proteins is taken into account. Based on their RNA sequence preferences, binding
of IMPs to ssRNA regions, as e.g. present in loops or bulges, is expected. This requires a certain
accessibility of motifs within structured RNAs, which is especially important considering their
preference towards (often highly structured) 3> UTRs within target messenger RNAs (MRNAS)
(Hafner et al., 2010; Huang et al., 2018). Furthermore, RNA modifications might influence
IMP binding as it was recently reported for Né-methyladenosine (mfA)-modified RNAs (Chen

6
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et al., 2019; Hu et al., 2020; Huang et al., 2018; Li et al., 2019b; Miller et al., 2019). Whether
this is truly a direct binding or indirect interaction via other RBPs is not fully resolved. In the
case of a direct binding, the interaction might not rely on the RNA modification itself, but rather
on the local unfolding of RNA secondary structure induced by this modification, leading to
accessible target motifs (Sun et al., 2019).

In conclusion, much information regarding RNA-binding preferences has been assembled,
especially during the past decade and mostly on isolated individual RBDs, but we are still
missing the overall picture of how multidomain-IMP/RNA complexes are formed.

1.1.4 Biological functions

The classification as RNA-binding proteins already suggests that the IMP family is involved in
post-transcriptional gene regulation. Indeed, they have been shown to regulate gene expression
in terms of RNA localisation, stability and translation. IMPs are mainly present in the cytoplasm
in the form of stable RNP granules (200 — 800 nm size) with a preference for lamellipodia
and/or the perinuclear region, depending on the cell type (Eliscovich et al., 2017; Jgnson et al.,
2007; Mateu-Regué et al., 2019; Nielsen et al., 1999; Oleynikov and Singer, 2003; Fig. 1.4).

Calnexin

Figure 1.4: IMP3 localises in the perinuclear region.

HeL a cells were fixed and stained by immunofluorescence-coupled antibodies targeting the endoplasmic
reticulum (ER) resident protein calnexin (green, left) or IMP3 (red, middle). The nucleus was visualised
by staining with DAPI (blue). IMP3 is located in the cytoplasm with a preference for the perinuclear
region and strongly overlaps with the ER (see merge). With permission of Dr. Christian Preuf3er and
Silke Schreiner.

The by far best studied paralogue is IMP1 and its chicken orthologue ZBP1. ZBP1 was named
after its ability to bind to the conserved zipcode motif within the 3’UTR of B-actin (ACTB)
MRNA (Ross et al., 1997). Together with the cytoskeleton, ZBP1 regulates the localisation of
ACTB mRNA to the periphery in cells, thereby permitting localised translation of the mRNA

and thus controlling cell migration (Farina et al., 2003; Hittelmaier et al., 2005; Oleynikov and
Singer, 2003). ZBP1/IMP1 has also been found to similarly regulate other RNAs as e.g. TAU
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mRNA localisation and translation by binding to its 3’UTR (Atlas et al., 2004; Atlas et al.,
2007) as well as localisation of the non-coding RNAs H19 (Runge et al., 2000) and Y3 (Koéhn
et al., 2010; Sim et al., 2012). In line, dIMP controls localised expression of gurken and oskar
MRNA together with other proteins during Drosophila oogenesis (Geng and Macdonald, 2006;
Munro et al., 2006). Apart from ZBP1 and 3-actin mRNA, another well-studied example of
MRNA localisation regulation concerns the IMP3 orthologue Vg1RBP/Vera in Xenopus laevis
together with its target mMRNA Vgl. Vg1RBP binds to a distinct region in the 3’'UTR of Vgl
(Deshler et al., 1997; Deshler et al., 1998; Kwon et al., 2002). During mid and late oogenesis,
Vg1RBP co-localises with Vg1 mRNA to the vegetal ER subcompartment in a microtubule-
dependent process (Chang et al., 2004; Havin et al., 1998; Kloc and Etkin, 1998). Injection of
antibodies targeting Vg1RBP led to partial inhibition of Vg1l localisation (Kwon et al., 2002),
supporting the role of Vg1RBP in Vg1 regulation. Furthermore, release of Vg1 mRNA from the
vegetal cortex correlates with phosphorylation of a serine residue between KH2 and KH3 of
Vg1RBP, with a proposed involvement of other mRNP components (Git et al., 2009). The
transport of translationally repressed Vg1 mRNA by Vg1RBP and its release through phos-
phorylation of Vg1RBP with subsequent local translation in Xenopus follows the same principle
as observed for chicken ZBP1 and R-actin mRNA. Possible differences include the involvement
of the ER, since this has not been examined for ZBP1, although IMP1-containing RNP granules
were reported to contain mRNAs encoding proteins of ER-associated quality control and the
secretory pathway (Jgnson et al., 2007). In addition, the initial engagement of IMP and its target
RNA was described differently, since ZBP1 was proposed to already bind to the mRNA co-
transcriptionally in the nucleus (Huttelmaier et al., 2005; Oleynikov and Singer, 2003).
However, this is controversially discussed, and recent evidence suggests formation of mMRNPs
outside of the nucleus at the nuclear pore (Mateu-Regué et al., 2019), in agreement with the
enrichment of IMPs in the perinuclear region. Last but not least, how IMP-RNA complexes are
transported within the cytoplasm is not fully elucidated as evidence for both actin-directed and
microtubule-mediated localisation exist (Oleynikov and Singer, 2003; Song et al., 2015;
Taniuchi et al., 2014b). Nevertheless, regulation of RNA localisation has been established as a

common functional feature of the IMP family.

Another prominent role of the IMP family is their functioning in RNA stability. In human cells,
transient knockdown of IMP1 and IMP3 was shown to decrease one of the transcripts of CD44,
which is necessary for invadopodia formation (Vikesaa et al., 2006). IMP proteins bind to
multiple sites of the long 3’UTR of this transcript isoform and thereby enhance its stability, as

demonstrated by a decreased half-life upon IMP1/3 knockdown and increased CD44 protein,
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but not mRNA levels, upon IMP3 overexpression (Vikesaa et al., 2006; Hu et al., 2014). An
additional well-studied example is the regulation of MYC mRNA. Here, IMPs bind to a
sequence in the 3’ terminus of the open reading frame, the so-called coding region stability
determinant (CRD) (Bernstein et al., 1992; Huang et al., 2018). For IMP1 it was shown that the
stability of MYC is enhanced through association with other distinct RBPs in IMP1-containing
MRNP granules, thereby protecting the transcript from endonucleolytic attack at the CRD until
constant translation occurs (Lemm and Ross, 2002; Sparanese and Lee, 2007; Weidensdorfer
et al., 2009). Recent studies suggest that m°A-modification of MYC as well as
(de)phosphorylation of IMP1 fine-tune the regulation of MYC translation (Huang et al., 2018;
Lambrianidou et al., 2021). Also other IMP family members, namely IMP2, IMP3 or dIMP,
increase MYC’s half-life (Huang et al., 2018; Samuels et al., 2020), but biochemical details of
this effect are not known. For the human IMPs, this was observed when they were
overexpressed in HelLa cells stressed by heat shock (Huang et al., 2018). The stabilisation of
target mMRNAs under different stress conditions (e.g. osmotic stress, oxidative stress or heat
shock) is a common feature of the IMPs and the proteins are present in stress granules by
associating with stress granule-associated protein markers (Huang et al., 2018; Stéhr et al.,
2006; Stohr et al., 2012; Taniuchi et al., 2014a; Wéchter et al., 2013; Zeng et al., 2020).
Nevertheless, this mMRNA protection seems not to rely on the formation of stress granules, but
alone on the IMP protein within small mRNP granules (Bley et al., 2015). The described mMRNA
protection is therefore often referred to as stable “caging” of the mRNA. Similarly, IMP target
MRNAs were shown to be stabilised by protecting them from microRNA-mediated decay. In
this so-called “safe-housing” mechanism, e.g. the HMGAZ transcript is bound in its 3’UTR by
an IMP protein, thereby making microRNA (miRNA) binding sites inaccessible (Busch et al.,
2016; Jgnson et al., 2014; Degrauwe et al., 2016a; Schneider et al., 2019). In conclusion, there

are different ways how IMPs stabilise their target mMRNAs.

Last but not least, the third most prominent role of IMPs is their influence on mMRNA translation.
IMPs were first identified as translational regulators of IGF2 (insulin-like growth factor 2) and
hence named after it (Nielsen et al., 1999). They modulate IGF2 expression by binding to the
5’UTR ofone of the IGF2 transcript isoforms. While IMP1 was first found to repress translation
of IGF2 (Nielsen et al., 1999), more recent evidence suggests a promotion of IGF2 translation
in line with the reported enhancement of IGF2 translation by IMP2 and IMP3 (Dai et al., 2011,
Dai et al., 2013; Liao et al., 2005). This function depends on phosphorylation in the linker
connecting RRM2 and KH1 domains of the IMPs (Fig. 1.5) and is mediated by the mTOR

(mammalian target of rapamycin) protein kinase complexes (Dai et al., 2011; Dai et al., 2013).
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Since IGF2 promotes cellular growth, its regulation is crucial also in regard to tumour
development (see section 1.1.5).
®
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Figure 1.5: Function of IMP binding to target RNAs.

IMP proteins consisting of six RBDs bind to mRNAs (black) or non-coding RNAs (grey box). Capped
(black circle) and polyadenylated mMRNAs are bound by IMPs in their 5°UTR, coding sequence (CDS)
or 3’UTR. Example mRNAs for each region are listed below and explained in the main text. Colour
indicates functional regulation in terms of RNA translation (blue), stability (orange) or localisation
(grey). For some RNA targets, functions are coupled (see main text). Phosphorylation of IMPs in linker
regions has been reported to influence binding to IGF2 (blue) or ACTB/Vgl (red). Binding to non-
coding RNAs such as circRNAs, Y-RNAs (Y3) and H19 has also been reported.

All in all, IMPs regulate genes in various ways on the post-transcriptional level, with some
well-studied example targets (summarised in Fig. 1.5). However, several aspects in their
biological functions remain unclear. For example, the role of the interaction with other RNA
classes such as circular RNAs remains elusive. Previous work from our lab described the
association of IMP3 with a set of 34 different circRNAs identified by RIP-seq analysis and
biochemically validated the interaction with the top two candidates ANKRD17 and NFATC3
in detail (Schneider et al., 2016). Since then, further publications also reported circRNAS to be
associated with all IMP family members (Chen et al., 2019; Hanniford et al., 2020; Li et al.,
2021), but so far there is no clear common function of the observed interactions. Moreover,
regulation of the IMP proteins themselves is largely unknown, with phosphorylation being
currently the best-studied modification shown to influence IMP-RNA interactions. In general,
association with other proteins has been reported, with probably most of them being RNA-
mediated (summarised in Korn et al., 2021). These interactions will also influence the paralogue
specificity of RNA targets. Furthermore, the role of homo/hetero-oligomerisation of the IMPs

on (some) RNAs remains elusive (Git and Standart, 2002; Hafner et al., 2010; Nielsen et al.,
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2004; Runge et al., 2000; Wachter et al., 2013). Hence, further research is needed to derive a
clear picture of the biological functions of the IMP proteins.

1.1.5 Function of IMP3 in cancer

All IMP proteins have been associated with cancer, with a main reported function for IMP1 and
IMP3. This is also due to their absence in normal adult tissues, but strong upregulation or de
novo expression in cancer cells, classifying the IMPs as oncofetal proteins. IMP3 has been
described in a variety of different cancer types and its expression leads to poor prognosis for
the patients (Lederer et al., 2014; Mancarella and Scotlandi, 2020; Fig. 1.6).
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Figure 1.6: Survival rate in ovarian cancer upon IMP3 expression.

Kaplan-Meier estimates of the overall survival rate are depicted for the expression of IGF2BP3 (IMP3).
Two different tumour ovarian datasets (Lisowska et al., 2014; Mateescu et al., 2011) were used for the
prediction by the R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl).

Enhanced IMP3 expression correlates with increased proliferation, motility, invadopodia
formation, migration/invasion of cancer cells as well as increased aggressiveness by forming
metastases and being resistant to cancer treatments (Ennajdaoui et al., 2016; Liao et al., 2011,
Mancarella et al., 2018; Samanta et al., 2013; Vikesaa et al., 2006; Zhao et al., 2017). Recently,
a phase Il clinical trial, in which IMP3 and two other antigens were targeted by a peptide-based
vaccine to treat head and neck squamous cell cancer, led to better prognosis for the patients
(Yoshitake et al., 2015). Also other potential vaccines contain a mixture of different peptides
including the peptide targeting IMP3, and were tested in different cancer types (Daiko et al.,
2020; Murahashi et al., 2016). This outlines the relevance of IMP3 as a tumour marker and

target for cancer therapy.

11



1 Introduction

On a molecular level, the described phenotypic effects reflect the operation of different
networks within cancer cells. The peptide hormone IGF2 is normally expressed during
embryogenesis and promotes cell proliferation, growth, migration, differentiation and survival
(reviewed in Livingstone, 2013). In agreement, IMP3-mediated upregulation of IGF2
translation in different cancers leads to enhanced tumour growth as well as increased cell
survival after ionising radiation-induced apoptosis (Liao et al., 2005; Liao et al., 2011; Suvasini
etal., 2011). Since the IGF2 signalling cascade includes several downstream kinases, including
mTOR which phosphorylates IMP3 and thereby enhances translation of IGF2, a positive
feedback loop might exist (Dai et al., 2013; Mancarella and Scotlandi, 2020; Suvasini et al.,
2011).

Cancer promotion by IMP3 is also associated with miRNAs. A well-studied example is the
regulation of HMGA2 mRNA, which encodes a fetal transcription factor re-expressed in human
cancers (Zhang et al., 2019). Several miRNAs can regulate HMGA2 expression, among them
the tumour suppressor let-7, which binds to several sites in the 3’UTR of HMGAZ2 and promotes
its degradation (Mayr et al., 2007). In cancer cells, IMP3 binds to 3’UTR sites of HMGA2 in
proximity to let-7 binding sites, thereby preventing the miRNA-directed repression (Jgnson et
al., 2014; Schneider et al., 2019). In addition to HMGAZ2, also other let-7 repressed mRNAs
were present in IMP3 granules, e.g. LIN28B, which encodes for an RBP inhibiting let-7
biogenesis (Balzeau et al., 2017; Jgnson et al., 2014). IMP1 and IMP2 were also shown to
stabilise HMGAZ2 and in the case of IMP2, this stabilisation is also vice versa as HMGAZ2 protein
enhances transcription of the IMP2 gene (Busch et al., 2016; Degrauwe et al., 2016a; Li et al.,
2012). Thus, a complex regulatory network of the IMPs and let-7 results (Fig. 1.7), and it is
likely that similar networks with other IMP3 target RNAs exist.
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Figure 1.7: Schematic overview of the IMP/HMGAZ2/let-7/LIN28 network in cancer cells.

IMP proteins stabilise HMGAZ2 and LIN28 mRNAs by protecting them from let-7 mediated degradation.
Additionally, IMP mRNA is also targeted by let-7. In turn, LIN28 RNA-binding proteins inhibit let-7
biogenesis. The complex interplay leads to opposing expression profiles of let-7 and the protein factors.
Adapted from Degrauwe et al., 2016b.

Taken together, IMP3 is a multifunctional post-transcriptional regulator normally expressed
during embryogenesis but also present in a variety of different cancer types. A better
understanding of its functions as well as a targeted inhibition of it will be beneficial for cancer

therapy.

1.2 ER targeting — secretory pathway and the role of RBPs

The endoplasmic reticulum represents the largest membrane surface of the cell together with
the outer nuclear membrane (Hermesh and Jansen, 2013). It is the entry site to the majority of
endomembrane compartments, and about 30% of all eukaryotic genes encode proteins that
target and translocate to it (Aviram and Schuldiner, 2017). Classically, a signal sequence within
the protein is thought to mediate ER targeting in a co- or post-translational manner. The first
factor found to recognise this signal sequence was the signal recognition particle (SRP; Walter
et al., 1981; Walter and Blobel, 1981). The SRP binds to a hydrophobic N-terminal signal
sequence during ribosomal translation of an mRNA. This leads to stalling of translation and
translocation of the ribosome-mRNA-SRP complex to the ER membrane, where SRP binds to
the membraneous SRP receptor (Fig. 1.8; reviewed in Kellogg et al., 2021; Reid and Nicchitta,
2015). Upon GTP hydrolysis, SRP dissociates from its receptor, and translation of the

polypeptide chain continues directly into the ER via the Sec61 translocon. The resulting protein
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is then released either into the ER lumen (most secreted proteins), or inserted in the ER
membrane (membrane proteins), and can be further transported, e.g. to the Golgi apparatus,

lysosomes or the plasma membrane.
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Figure 1.8: SRP-mediated mRNA translation on the ER.

Translation is initiated in the cytosol. The SRP recognises an N-terminal hydrophobic signal sequence
in the nascent polypeptide chain and binds to it, thereby stalling translation. The complex is recruited to
the ER membrane by the SRP receptor. Dissociation of the SRP and its receptor lead to translocation of
the ribosome complex to the ER translocon, where translation continues into the ER lumen. In case of
membrane proteins, the protein resides in the ER membrane after completed translation, whereas
secreted proteins are released into the ER lumen. Adapted from Reid and Nicchitta, 2015.

Besides the well-studied SRP-dependent mechanism, other pathways for ER entering exist.
This was first suggested by the observation that SRP components are not essential in yeast
(Hann and Walter, 1991). It is now known that ER-targeting in mammals can also be facilitated
by the Sec62/63 complex, which forms an SRP-independent translocon, the SND (SRP-
independent) pathway or by using the cytosolic chaperone TRC40 (transmembrane recognition
complex of 40 kDa) pathway (summarised in Aviram and Schuldiner, 2017). The latter is used
for tail-anchored proteins containing a C-terminal signal sequence, but was also proposed to
target short secretory proteins (Johnson et al., 2012). All these pathways have a protein-based
signal sequence in common. However, there is emerging evidence that mMRNAs are targeted to
the ER independent of their translation. This is facilitated by RNA-binding proteins, which

recognise cis-acting localisation elements (also known as zipcodes) located within the mRNA.

Up to now, three different ways of how RBPs mediate RNA localisation to the ER have been

reported (Fig. 1.9). In yeast, the localisation factor She2p was shown to tether mMRNAs to ER
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membranes in dividing cells (Schmid et al., 2006; Fig. 1.9 (1)). It recognises specific zipcode
motifs in its target MRNAs containing a conserved CGA triplet within a loop-stem-loop
structure (Jambhekar et al., 2005; Olivier et al., 2005). RNA localisation is then facilitated by
binding simultaneously to its target MRNA and the ER membrane, probably by recognising the
curvature of the latter (Genz et al., 2013). Alternatively, integral ER membrane RBPs were
shown to mediate RNA localisation (Fig. 1.9 (2)). The abundant mammalian receptor p180
anchors mRNAs to the ER in a translation-independent manner (Cui et al., 2012). The exact
mechanism of this is unclear but partially relies on ionic interactions between a basic
cytoplasmic region with the negatively charged RNA backbone. Similarly, the oncogenic
protein AEG-1 (astrocyte elevated gene-1) was suggested to localise mRNAs to the ER
membrane (Hsu et al., 2018). Further research is needed to understand these associations and

reveal other potentially involved proteins.
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Figure 1.9: Overview of RBPs involved in ER-coupled translation.

Targeting of MRNASs to the ER is facilitated by RBPs associating with the ER-membrane ((1)), integral
membrane receptors ((2)) or within TIS granules ((3)). For details, see main text. Adapted from Béthune
et al., 2019.

ER-targeting of mRNAs is not only facilitated by RBPs associating with membranes, but can
be also mediated by cytosolic RBPs within granules (Fig. 1.9 (3)). The human CD47 gene was
found to produce mRNAs with two alternative 3’UTR isoforms containing either a short or long
3’UTR (CD47-SU or CD47-LU, respectively; Berkovits and Mayr, 2015). CD47 protein
translated from CD47-SU localises predominantly to the ER, whereas the protein isoform

resulting from CD47-LU translation is present at the cell surface. The differences in protein
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localisation were partially due to the RBP HuUR, which binds to the 3’UTR of the long, but not
of the short isoform of CD47. HuR further recruits SET, which associates electrostatically with
the cytoplasmic domain and C-terminus of CD47 protein and translocates it to the plasma
membrane. All interactions between CD47-LU, HUR and SET at the ER membrane occur in so-
called TIS granules, which are composed of the RBP TIS11B and form a reticular meshwork
that intertwines with the ER (Ma and Mayr, 2018). These granules create a special environment
with biophysical properties different than those from the cytoplasm, enabling the specific
interaction of SET with CD47-LU protein (Ma and Mayr, 2018).

The examples given illustrate the various possibilities of targeting mRNAs to the ER. Especially
the observations made for CD47 localisation highlight the complexity of the issue, as it involves
also cytosolic RBPs. Further research will likely reveal more of the complex interplay of
protein- or RNA-mediated signals that determine mRNA localisation to the ER.

1.3 Circular RNAs — a novel class of noncoding RNAs

1.3.1 Discovery and history

Circular RNAs are endogenous, covalently closed transcripts lacking free 5° or 3” ends. They
were only recognised as an entire class of noncoding RNAs during the last decade, although
the first circRNA was discovered 45 years ago. Electron microscopy images from Sanger et al.
(1976) showed that plant viroids are single-stranded circular RNAs and validated this, inter alia,
by the inability to enzymatically label the 3” or 5 ends. Circularity was later confirmed by
sequencing of a viroid (Gross et al., 1978). Furthermore, hepatitis delta virus (HDV) was shown
to have a circular RNA genome, but in contrast to viroids, its genome is larger and codes for
proteins involved in viral replication (Kos et al., 1986; Weiner et al., 1988). Adding up to the
diversity of circRNAs, generation from self-splicing ribosomal RNA (rRNA) introns in a
unicellular eukaryote as well as from rRNA introns in an archaebacterium was reported
(Grabowski et al., 1981; Kjems and Garrett, 1988).

In the 1990s, several discoveries of circRNAs in metazoa were reported. By examining spliced
transcripts from a tumour suppressor gene in human and rat cells, Nigro et al. (1991) found
transcripts with correctly spliced exons in an unexpected order, i.e. the end of a downstream
exon joined to the beginning of an upstream exon, hence terming them “scrambled exons”.
These transcripts were mainly cytoplasmic, did not possess a poly(A) tail, and were of lower

abundance than transcripts containing exons in the conventional order (Nigro et al., 1991). In
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agreement, scrambled exons were also found for the human ets-1 transcripts and were shortly
thereafter identified as stable circular RNAs resulting from “mis-splicing” of nuclear pre-
MRNA (Cocquerelle et al., 1992; Cocquerelle et al., 1993). Unlike the previous described
examples, the mouse sex-determining region Y (Sry) gene expresses a CircRNA consisting of a
single exon (Capel et al., 1993). Moreover, this circRNA was higher expressed than its linear
counterpart in adult testis, and its generation was proposed to be facilitated by the long inverted
repeats flanking the Sry exon (Capel et al., 1993). During the next years, other circRNAs were
reported from individual mammalian protein-coding genes, but e.g. also found in Drosophila
or generated from noncoding RNAs (Burd et al., 2010; Houseley et al., 2006).

However, not much attention was paid to circRNAs, as they were mostly regarded as splicing
by-products. High-throughput RNA-sequencing (RNA-seq) approaches finally led to their re-
discovery, as it revealed hundreds of human circRNA isoforms expressed at comparable level
to their linear counterpart (Salzman et al., 2012). A different RNA-seq approach comparing
exonuclease RNase R-digested samples to undigested samples showed that circRNAs are
conserved and flanked by long introns containing inverted Alu repeat sequences (Jeck et al.,
2013). Both publications convincingly demonstrated that circRNAs are more than mis-spliced
by-products, but instead a common feature of eukaryotic gene expression. Further properties of
circRNAs were found in the following years, such as a developmental-stage- and cell-type-
specific expression (Memczak et al., 2013; Salzman et al., 2013). Especially the nervous system
is known to contain high numbers of circRNAs, as shown for human, mouse, and Drosophila
(Rybak-Wolf et al., 2015; Westholm et al., 2014).

Up to now, thousands of circRNAs have been predicted in different eukaryotic species by RNA-
seq. However, bioinformatic filtering for circRNAs also includes false-positives resulting from
trans-spliced genes, tandem DNA duplications, or by template-switching of the reverse
transcriptase during RT-PCR (Jeck and Sharpless, 2014). Experimental validation is therefore
crucial despite its own drawbacks, as e.g. RNase R digestion, one of the gold standards for
circRNA identification, is unable to degrade highly-structured linear RNAs (Panda et al., 2017).
Therefore, reliable circRNA prediction should combine different algorithms and experimental
validation strategies, in particular Northern blot analysis (Hansen, 2018; Pfafenrot and Preuler,
2019; Szabo and Salzman, 2016).
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1.3.2 Biogenesis and function

CircRNAs are generated through a specific form of alternative splicing, called backsplicing. In
contrast to conventional linear splicing, a downstream splice donor is joined to an upstream
splice acceptor. The splicing process itself is mediated by the canonical spliceosome machinery
(Ashwal-Fluss et al., 2014; Starke et al., 2015). The resulting circRNA contains the
backsplicing junction (BSJ), which is characteristic for circRNAs and thus often referred to as
circ-junction. It is both bioinformatically and experimentally used to distinguish between a
circRNA and its linear counterpart.

There are several options how backsplicing is facilitated. The common idea is that the
corresponding splice sites are brought into proximity either by base-pairing of inverted repeats
in the flanking introns (e.g. by Alu elements) and/or with the help of trans-acting factors, i.e.
RNA-binding proteins (Fig. 1.10). The hypothesis of inverted repeats promoting the formation
of circRNAs was first proposed for the Sry gene and later found to be valid for a variety of
circRNAs (Capel et al., 1993; Jeck et al., 2013; Zhang et al., 2014). Proximity of splice sites
was also shown to be created by RBPs, with Quaking and FUS as prominent examples (Conn
et al., 2015; Errichelli et al., 2017). Quaking binds to distinct motifs located in flanking introns
and dimerises, thereby enhancing the formation of hundreds of circRNAs during human
epithelial to mesenchymal transition (Conn et al., 2015). Similarly, FUS enhances backsplicing
of multiple transcripts in murine motor neurons (Errichelli et al., 2017). Meanwhile, a report
from circRNA biogenesis in Drosophila indicated that multiple hnRNP (heterogeneous nuclear
ribonucleoprotein) and SR (serine/arginine-rich) proteins, combined with inverted repeat
sequences, regulate circRNA expression (Kramer et al., 2015). Either way, circRNAs
comprised of one or several exons emerge, and in rare cases also with retained introns, named
exon-intron circRNA (EIciRNA) (Fig. 1.10).

Conventional linear splicing is normally favoured over backsplicing (Zhang et al., 2016).
Moreover, linear splicing is preferred if base-pairing of inverted repeats is inhibited by RBPs.
Both DHX9 (ATP-dependent RNA helicase A) and ADAR (double-stranded RNA-specific
adenose deaminase) were shown to repress circRNA formation by interacting with the flanking
reverse-complementary sequences, maybe even in a collaborative manner (Aktas et al., 2017;
Ivanov et al., 2015; Rybak-Wolf et al., 2015; Fig. 1.10). Yet, distinct circRNAs were shown to
be generated from re-splicing of lariat intermediates, consisting either of one intron or introns
plus a skipped exon (Barrett et al., 2015; Zhang et al., 2013).
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Figure 1.10: Biogenesis of circular RNAs.

Pre-mRNAs containing exons (coloured boxes), introns and inverted repeat elements such as Alu
sequences can be backspliced resulting in circRNA formation (left) or canonical linear spliced to yield
linear MRNAs (right). Backsplicing is promoted by bringing a downstream splice donor (SD) in
proximity to an upstream splice acceptor (SA). This is facilitated by base-pairing of inverted repeat
sequences (left) or dimerising RBPs (middle). The resulting circRNA contains an intron, which can
either be retained (EICiRNA) or removed through internal splicing (exonic circRNA). Both circRNAs
contain the characteristic backsplicing junction (BSJ) region. Conventional linear splicing is favoured
if none of the backsplicing promoting elements are present or if they are blocked by trans-acting RBPs.
Modified from Kristensen et al., 2019.

For the majority of circRNAs, their function is still unknown. One hypothesis is that the
circRNA generation itself might be their function, as backsplicing decreases linear splice
products (Ashwal-Fluss et al., 2014; Liang et al., 2017). For distinct circRNAs, association
with microRNAs or proteins was reported, in which circRNAs can e.g. function as a sponge for
the interaction partner (see next section). Whether circRNAs might serve as a template for
translation is highly debated (Schneider and Bindereif, 2017). CircRNA translation has been
reported in some publications (Legnini et al., 2017; Pamudurti et al., 2017; Yang et al., 2017),
but the majority of circRNAs was reported not to be translated (Guo et al., 2014; Jeck et al.,
2013; Schneider et al., 2016; Stagsted et al., 2019; You et al., 2015). A recent study indicates
that putative circRNA translation is only observed if the circRNA is artificially overexpressed

from plasmids, but that translation does not rely on the formation of the circRNA itself, but
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rather on trans-spliced linear by-products (Ho-Xuan et al., 2020). In addition, no endogenous
protein product could be detected, arguing further against translation (Ho-Xuan et al., 2020).

Interestingly, circRNA expression is also reported in the context of aging and diseases.
CircRNA levels increase in differentiated cells, a fact which has been also observed in the
nervous system of aging animals (Gruner et al., 2016; Kristensen et al., 2018b; Westholm et
al., 2014). In addition, association with age-related diseases such as cancer, diabetes mellitus,
Alzheimer disease, as well as cardiovascular diseases was also described (e.g. Dube et al., 2019;
Holdt et al., 2016; Kristensen et al., 2018a; Stoll et al., 2020). Of note, circRNA
characterisation was not always satisfactory, as e.g. only RNA-seq data were analysed but no
stringent experimental validation performed. Hence, the role of circRNAs as biomarkers for

diseases remains to be clarified by further research.

1.3.3 Interactions with proteins and microRNAs

The first reported function of circRNAs was their interaction with microRNAs. The circRNA
Sry contains 16 binding sites for miRNA-138, and CDR1as/ciRS-7 (cerebellar degeneration-
related protein 1 antisense / circular RNA sponge for miR-7) harbours more than 70 conserved
binding sites for miR-7 (Hansen et al., 2013a; Memczak et al., 2013). Up to now, CiRS-7
remains to be the best-studied circRNA. It is highly expressed in human and mouse brain,
whereas the linear transcript is hardly detectable (Hansen et al., 2011; Hansen et al., 2013a;
Memczak et al., 2013). In addition to containing multiple seed matches for miR-7, CiRS-7
possesses an almost perfect complementary binding site for miR-671, which leads to
Argonaute 2 (Ago2)-mediated circRNA cleavage (Hansen et al., 2011; Piwecka et al., 2017).
CiRS-7 knockout mice displayed reduced miR-7 levels in brain tissues, leading to enhanced
expression of miR-7 target genes (Piwecka et al., 2017). Thus, the hypothesis that ciRS-7
functions as a microRNA sponge that stores or transports miR-7 until miR-671/Ago2-mediated
cleavage releases miR-7 was further supported (Fig. 1.11). More recent evidence suggest that
the interplay between miR-7, miR-671 and ciRS-7 is complemented by a long noncoding RNA,
forming a regulatory network in mammalian brains (Kleaveland et al., 2018). Since miR-7 is a
known tumour suppressor (Kalinowski et al., 2014), reports about overexpression of CiRS-7 in
cancer suggest an oncogenic role of the circRNA. However, a recent publication examined
CiRS-7 levels in single cells and found no expression in cancer cells, but within tumour stromal
cells, where it correlated negatively with cancer cell-enriched genes (Kristensen et al., 2020).
Besides the interaction with other RNAs, ciRS-7 was also proposed to interact with IMP3
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protein (Hanniford et al., 2020). Upon depletion of ciRS-7, IMP3-mediated melanoma invasion
and formation of metastasis was enhanced, independently of miR-7 (Hanniford et al., 2020).
More research is needed to understand the precise mechanism of this interplay and the role of
CiRS-7 in cancer.

Figure 1.11: Regulatory network of ciRS-7, miR-7 and miR-671.

Multiple miR-7 molecules are bound to ciRS-7. Binding of miR-671 leads to cleavage of ciRS-7,
thereby facilitating ciRS-7 degradation and release of miR-7. MiR-7 can then bind to its target MRNASs
and enhance their repression. Adapted from Hansen et al., 2013b.

MiIRNA sponging was also reported for other circRNAs, but the possession of a high copy
number of binding sites for the same miRNA is not a common feature of circRNAs (Enuka et
al., 2016; Guo et al., 2014). Thus, circRNAs must have other (yet partially unknown) functions,
one of it being their interaction with proteins. One of the first reported RBPs associated with
circRNA regulation was the splicing factor muscleblind (MBL). In Drosophila and humans,
exon 2 of the muscleblind mRNA (or muscleblind-like protein 1 mRNA in humans) was shown
to circularise, with the level of circMbl depending on the muscleblind protein itself (Ashwal-
Fluss et al., 2014). MBL enhances formation of its circRNA and thus downregulation of its
corresponding mRNA, based on binding to the flanking introns and probably bringing them in
proximity, as has been later reported for Quaking (Conn et al., 2015). In sum, this provides
evidence for an autoregulatory feedback loop, in which MBL represses expression of its own

MRNA by enhancing circMbl.

Furthermore, the post-transcriptional gene regulator HUR was shown to bind circPABPNL1, a
circRNA derived from the HuR target mMRNA PABPNL1 (nuclear poly(A)-binding protein 1;
Abdelmohsen et al., 2017). By interacting with circPABPN1, HuR binding to PABPN1 mRNA
or ATG16L1 (autophagy-related gene 16 like 1) mRNA is repressed and consequently the HUR-

mediated enhancement of the translation diminished (Abdelmohsen et al., 2017; Liet al., 2020).
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This exemplifies how circRNAs can act as protein sponges and suppress the interaction of RBPs
with their target mMRNAs.

In addition, circRNAs were shown to be bound by protein kinase R (PKR), an enzyme known
to recognise double-stranded (viral) RNA (Liu et al., 2019). In this study, PKR was shown to
interact preferentially with the circRNA rather than the linear isoform. This was due to the
formation of short dsRNA regions within the circRNA. Functionally, circRNA binding led to
inhibition of PKR, which could be reversed in virus-infected cells by activated RNase L, an
endoribonuclease shown to degrade circRNAS under these conditions (Liu et al., 2019). This is
the only circRNA degradation pathway known so far.

Specific circRNA-protein interactions have also been described in other publications. However,
most discovered circRNPs have no assigned functions. As an example, IMP3 was found to bind
to a subset of 34 circRNAs, but a common function of this remains elusive (Schneider et al.,
2016). The limited insight into circRNA-protein interactions is also due to the special
challenges in circRNA research, which in turn means that only a small repertoire of

investigation methods has been used so far (Ulshofer et al., 2021).

1.3.4 Methods of circRNA synthesis and expression

The study of circRNA function often requires the presence of the desired circRNA in relatively
high amounts. This can be either achieved by in vitro synthesis or by in vivo expression in cell
systems. Several strategies are available for both ways, each with own benefits and drawbacks
(Costello et al., 2020; Petkovic and Miller, 2015).

In vitro circRNA synthesis requires first the production of a linear RNA molecule. This is
normally mediated by T7 polymerase in vitro transcription from a DNA template. In a next
step, a circular RNA molecule has to be formed. While this can also result from chemical
conjugation, the standard method is the use of enzymatic ligation by T4 RNA ligase. In the
ligation reaction, the intramolecular end joining needs to be favoured over the intermolecular
ligation of linear RNA molecules. This can be achieved by bringing the 5’ and 3’ ends in
proximity, e.g. with the help of a linear or hairpin (splint) oligonucleotide, or by including
sequences at both ends of the RNA that base pair to form a stem (Muller and Appel, 2017). The
latter technique is also suitable to efficiently produce circRNAs in large amounts (Breuer and
Rossbach, 2020). However, the limitation with the described circularisation approaches is their

inefficiency in the synthesis of large circRNAs, as a complex RNA secondary structure can
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cause a significant distance between the 5 and 3’ end. For this purpose, the use of ribozyme-
mediated circRNA formation is beneficial. Recently, Wesselhoeft and colleagues optimised the
long-known procedure to efficiently produce circRNAs of up to 5 kb length (Wesselhoeft et al.,
2018). In this strategy, permuted group | self-splicing introns flank two small exons, in which
a gene of interest is cloned in between (Fig. 1.12A). Outer and inner homology regions base
pair and help to bring the introns into proximity by creating a “splice bubble”. Complete
splicing results in two separate introns and a circRNA comprised of all sequences present
between the two small exons. The so-called permuted-exon intron (PIE) strategy can be also
used for in vivo protein translation by inserting an IRES (internal ribosome entry site) in front
of a protein-coding sequence (Wesselhoeft et al., 2018).

Independently of the in vitro approach used, undesired RNA products will be present after
circularisation. Enzymatic ligation results in a mixture of linear RNA, circular RNA and linear
concatamers. Using the PIE strategy, precursor, introns, splicing intermediates, and nicked
circular RNA molecules will be present. Hence, synthesised circRNAs need to be purified prior
to usage. For small and mid-sized circRNAs, gel extraction can be performed from denaturing
polyacrylamide gels. Purification of large circRNAs from the PIE strategy was achieved by first
enriching circRNAs upon RNase R treatment and subsequently separating remaining RNA
species using high-performance liquid chromatography (Wesselhoeft et al., 2018). Both
purification approaches are laborious, time-consuming and lead to decreased yields, which is

why circRNA in vivo production might be preferred.

In vivo circRNA synthesis is mediated from artificial DNA constructs transiently transfected
into cells or, less common, stably integrated in the cellular genome. Initial approaches were
based on endogenous circRNA biogenesis, in which inverted repeats in flanking introns
promote backsplicing of the RNA. Liang and Wilusz (2014) created an expression vector based
on the ZKSCANL (zinc finger protein with KRAB and SCAN domains 1) gene, which naturally
forms a circRNA in humans. They took parts of the flanking introns containing inverted
oriented Alu sequences and inserted a multiple-cloning site in between so that desired
sequences can be included. After plasmid transfection, in vivo transcription was mediated by a
cytomegalovirus (CMV) promoter and the polymerase Il machinery. The ZKSCAN expression
vector produced circular RNAs of different length and sequences, yet with different
efficiencies, and the linear form was still the predominant outcome in this expression system
(Liang and Wilusz, 2014).
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Litke and Jaffrey (2019) introduced a more efficient in vivo circularisation approach, the so-
called Tornado (Twister-optimised RNA for durable overexpression) system. Twister ribozyme
sequences were encoded next to the desired circRNA sequence on a polymerase 111 expression
plasmid (Fig. 1.12B). Consequently, circRNA sequences must not contain U stretches as this
would lead to transcription termination (Richard and Manley, 2009). Upon transfection,
circRNAs are generated in vivo by autocatalytic ribozymal cleavage of the transcribed RNA
with subsequent enzymatic ligation by the endogenous RtcB tRNA ligase. This way, small
circRNAs were efficiently produced in amounts comparable to the abundant 5S RNA with
hardly detectable linear precursors. In addition, RNA aptamers can be introduced to enable the
detection of the circRNA by fluorogen staining of gels or in fluorescent microscopy assays
(Litke and Jaffrey, 2019).

(A) Split catalytic intron (B) 5’ Ligation sequence 3’ Ligation sequence Termination
! ! 4
‘Genelaptamer
pu6 1 B
1 5’ Ribozyme 3’ Ribozyme

Transcription
5'Intron 3’ Intron

Internal homology pre-circRNA circRNA
1
l WIS Gene W
5" Homology arm 1 3" Homology arm

Spacer

Intracellular

pre-circRNA Splice bubble circRNA
RNA ligation

Crm — O

Figure 1.12: Exemplified methods for generation of synthetic circRNAs.

(A) Permuted exon-intron (PIE) strategy for in vitro synthesis of circRNAs. Group | autocatalytic introns
are split and together with exon 1 or 2 (E1/E2) swapped in their order. Desired sequences can be inserted
between E2 and E1, e.g. a gene of interest with a preceding IRES site for translation. Outer and inner
homology regions facilitate base pairing and the creation of a splice bubble; spacer regions ensure the
formation of correct secondary structures.

(B) Tornado expression system for in vivo circRNA expression. The gene of interest is flanked by
ligation sequences as well as ribozyme-encoding sequences. Transcription is mediated by polymerase 111
from a U6 promoter and directly terminated after the 3’ribozyme. In the resulting pre-CircRNA,
ribozymes are formed and facilitate the cleavage after the ligation sequence. The ligation sequence base
pairs and forms a stem, which is then ligated intracellularly to yield the final circRNA.

Modified from Costello et al., 2020.

Despite the numerous recent advances in circRNA generation, there is, for example, no method
available for producing circRNAs in vivo in near endogenous levels without their linear
counterparts. Hence, developing further methods to generate circRNAs will be highly beneficial

for circRNA research.

24



1 Introduction

1.3.5 Design and application of circRNAs in molecular medicine

CircRNAs are highly stable molecules, with half-lives significantly exceeding those of their
linear counterparts (Enuka et al., 2016; Jeck et al., 2013; Memczak et al., 2013). This makes
them highly attractive as a potential tool for molecular medicine. So far, synthetic circRNAs
have been shown to efficiently function as miRNA sponges (Jost et al., 2018; Lavenniah et al.,
2020; Liu et al., 2018; Wang et al., 2019). In the first study, circRNAs containing 8 miR-122
binding sites were designed (Jost et al., 2018). MiR-122 is important for Hepatitis C viral
replication and successful targeting of this miRNA by antogomiRs like the DNA/LNA-mixmer
Miravirsen was shown (Baek et al., 2014). In vitro produced circRNA miR-122 sponges
showed comparable inhibitory effects on viral protein production as Miravirsen in cell culture,
demonstrating the applicability of circRNAs in a medical context (Jost et al., 2018). Other
studies focused on circRNA-mediated miRNA sponging to inhibit cancer cell proliferation (Liu
et al., 2018; Wang et al., 2019) or treat cardiac disease (Lavenniah et al., 2020). In these
approaches, circRNAs targeting one miRNA (Liu et al., 2018) or two different miRNAs
(Lavenniah et al., 2020; Wang et al., 2019) were used. Further studies will reveal the potential

of miRNA sponging by circRNAs and clarify if they are an alternative to available antagomiRs.

Similar to microRNA sponging, circRNAs could be used to sequester RNA-binding proteins.
Indeed, expression of an NF-xB (nuclear factor kappa B) aptamer with the Tornado system was
shown to inhibit NF-xB signalling (Litke and Jaffrey, 2019). Further, the Tornado-generated
circRNA aptamer was more efficient than an expressed linear aptamer, likely due to a better
folded secondary structure (Litke and Jaffrey, 2019). Moreover, in a recent publication from
our lab, artificial circRNAs were employed to sponge the splicing factor hnRNP L (Schreiner
et al., 2020). The functionality of this principle was demonstrated by employing circRNAs of
varying sequences (i.e. length and binding motif, as well as varying copy numbers of the latter)
expressed by different strategies. Designed circRNA sponges were shown to bind hnRNP L and
alter alternative splicing pattern of hnRNP L target transcripts similar to siRNA-mediated
hnRNP L knockdown (Schreiner et al., 2020). Thus, protein sponging by circRNAs could be
an alternative to currently used protein knockdown techniques and would be also applicable to
RBPs overexpressed in diseases, which applies to many tumour markers. The only prerequisite

for this application is a known RNA-binding motif of the protein.

Besides the use of artificial circRNAs as sponges, they can also function as templates for in
vivo translation of proteins. Translation initiation is facilitated by inclusion of an IRES element
within the circRNA (Chen and Sarnow, 1995; Wang and Wang, 2015). Efficiency of circRNA
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translation relies on the IRES element used, i.e. from which virus the IRES was derived
(Meganck et al., 2021; Wesselhoeft et al., 2018). Protein generation from circRNAs was
demonstrated in cell culture and mice, either by introducing in vitro generated circRNAs or
circRNA-encoding plasmids (Meganck et al., 2021; Wesselhoeft et al., 2018; Wesselhoeft et
al., 2019). Translation from in vitro generated circRNAs does not require incorporation of
modified nucleosides to evade immune response and leads to an enhanced and prolonged
protein expression compared to synthetic linear mRNAs, although these effects are tissue-
dependent (Wesselhoeft et al., 2019). In sum, this outlines the potential of circRNAs as new
vectors in gene therapy applications.

1.4 Aims of this work

This work focuses on the tumour marker and RNA-binding protein IMP3, which is upregulated
in a variety of tumour types. In a first step, IMP3 was inhibited by synthetic designer circRNA
sponges. Therefore, circRNAs were designed based on the RNA-binding motif previously
revealed by our lab. They contained either part of an endogenous circRNA target or an artificial,
SELEX-derived sequence. Binding characteristics of IMP3 to designer circRNA sponges were
first tested in vitro by measuring the dissociation constants of recombinant IMP3 with
radioactively labelled linear or circular RNAs with electrophoretic mobility shift assays. After
the confirmation of a tight association in vitro, in vivo binding was examined. Two different
strategies were pursued: (1) CircRNA sponges were stably integrated into the genome and
inducibly expressed, or (2), transiently overexpressed from transfected plasmids using the
Tornado system. Ectopic circRNA expression was controlled and binding to IMP3 examined

by RNA-immunoprecipitation (RIP) assays.

Apart from IMP3 inhibition, we wanted to gain further insights on how IMP3 regulates gene
expression. Generally, it is known that the IMP family functions in RNA localisation, stability
and translation. Preliminary data from our lab suggested that IMP3 might also function in the
secretory pathway, in which RNAs are guided to the endoplasmic reticulum and the resulting
protein is translocated into the ER lumen. To obtain more insight on a global transcriptome
level, we combined subcellular fractionation with next-generation RNA-sequencing and
individual-nucleotide resolution crosslinking and immunoprecipitation (iCLIP) in human ES-2
cells. For RNA-seq, ES-2 cells depleted of IMP3 either by transient siRNA-mediated
knockdown or by stable CRISPR/Cas9-mediated knockout were additionally analysed.
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Combining the RNA-seq and iCLIP datasets, we found a subset of direct mMRNA targets
downregulated in the membrane organelle fraction upon IMP3 knockdown. Selected mMRNA
targets belonging to the secretory pathway were then biochemically validated, first, by IMP3
RIP experiments, and further, by RT-gPCR in cellular fractions to confirm changes in their gene
expression levels. Moreover, we examined whether IMP3 has an effect on the stability of the
target mRNAs. Finally, it was tested whether the presence of IMP3 circRNA sponges led to a
comparable downregulation of mRNA targets in the membrane organelle fraction as shown

upon IMP3 knockdown.
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2 Material

2.1 Bacterial and eukaryotic cells

Cell line/ bacterial strain  Description

Source

ES-2 Human ovarian clear cell
carcinoma cells
ES-2 IMP3 knockout CRISPR/Cas9-mediated

genomic deletion of IMP3

in ES-2 cells

HelLa Human cervix carcinoma
cells

HelLa Flp-In T-REXx HeLa cells containing stably

integrated pFRT/lacZeo and

Kindly provided by Stefan
Huattelmaier (Martin-Luther-
Universitat, Halle-Wittenberg)
Kindly provided by Stefan
Huittelmaier (Martin-Luther-
Universitat, Halle-Wittenberg)
Leibniz-Institute DSMZ

Kindly provided by Lienhard
Schmitz (Justus-Liebig-

pcDNA™G/TR Universitat GielRen), initially
from Thermo Scientific
E. coli BL21 (DE3) Chemically competent cells  Thermo Scientific
E. coli KRX Single Step (KRX) Promega
competent cells
E. coli TOP10 One Shot TOP10 Invitrogen
chemically competent
E. coli
2.2 Antibodies
Antibody Supplier Dilution (WB)
Anti-Mouse 1gG peroxidase antibody Sigma-Aldrich 1:10,000
Anti-Rabbit 1gG peroxidase antibody Sigma-Aldrich 1:10,000

Calnexin, monoclonal antibody (H-70)
C-Myc, monoclonal antibody (9E10)
FLAG monoclonal antibody (M2)
GAPDH, monoclonal antibody (71.1)
HNRNP A1, monoclonal antibody (4B10)
IGF2BP3 (IMP3), polyclonal (07-104)
IMP1 monoclonal antibody (6A9)
RIPAb+ IGF2BP2 (IMP2), monoclonal
y-tubulin, monoclonal antibody (GTU-88)

Santa Cruz Biotechnology  1:2,000
Santa Cruz Biotechnology /

Sigma-Aldrich 1:1,000
Sigma-Aldrich 1:5,000
Santa Cruz Biotechnology  1:1,000
Millipore 1:4,000
BSBS AB facility 1:1,000
Millipore 1:10,000
Sigma-Aldrich 1:5,000
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2.3 Enzymes

All restriction enzymes were purchased from New England Biolabs and are not listed below.

Enzyme Supplier

DNase I (1 mg/ml) Sigma-Aldrich

Lysozyme (50 mg/ml) Roth

Phusion DNA Polymerase (2 U/ul) New England Biolabs

Phusion HF PCR MasterMix New England Biolabs

Proteinase K (20 mg/ml) Roth

RNase A (100 mg/ml) QIAGEN

RNase 1 (100 U/ul) Ambion

RNase R (20 U/ul) Epicentre

RNaseOUT (40 U/ul) Invitrogen

RQ1 DNase (1 U/pl) Promega

SuperScript 11 RT (200 U/ul) Invitrogen

T4 DNA Ligase (400 U/ul) New England Biolabs

T4 Polynucleotide Kinase (10 U/ul) New England Biolabs

T4 RNA Ligase 1 (10 U/ul) New England Biolabs

T4 RNA Ligase 1, high concentration (30 U/ul)  New England Biolabs

T7 RNA Polymerase (20 U/pul) Thermo Scientific

Taq DNA Polymerase Purified by Silke Schreiner

TURBO DNase (2 U/ul) Invitrogen

2.4 Plasmids

Plasmid Source

pAV-U6+27-Tornado-101-mer generated within this thesis

pAV-U6+27-Tornado-allUG generated within this thesis

pAV-U6+27-Tornado-ANKRD17 generated within this thesis

pAV-U6+27-Tornado-Broccoli gift from Samie Jaffrey (Addgene plasmid
#124360)

pcDNA3.1(+)-ZKSCAN1-1xalluG generated within this thesis

pcDNA3.1(+)-ZKSCAN1-1XxANKRD17 generated within this thesis

pcDNA3.1(+)-ZKSCAN1-2xalluG generated within this thesis

pcDNA3.1(+)-ZKSCAN1-2xANKRD17 generated within this thesis
pcDNA3.1(+)-ZKSCAN1-MCS exon vector gift from Jeremy Wilusz (Addgene plasmid

#69901)
pcDNAS5/FRT/TO-BGH kindly provided by Silke Schreiner
pcDNAS5/FRT/TO-BGH-WV-1xallUG generated within this thesis
pPcDNAS/FRT/TO-BGH-WV-1XANKRD17 generated within this thesis
pcDNAS/FRT/TO-BGH-WV-2xallUG generated within this thesis
pcDNAS/FRT/TO-BGH-WV-2xANKRD17  generated within this thesis
pDEST-3XFLAG-IMP3 generated within this thesis
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pDEST-myclGF2BP3

PGEX-6P2-GST_IMP3-FL_TEV_His

gift from Thomas Tuschl (Addgene plasmid
#19879)

kindly provided by Tim Schneider
(Schneider et al., 2019)

2.5 Oligonucleotides

Small interfering RNASs (SiRNAS)

Name Sequence/Information Supplier
Luciferase GL2 CGUACGCGGAAUACUUCGATT  Sigma-Aldrich
Silencer Select siRNA targeting siRNA ID #: s20920 Ambion

IGF2BP3 (IMP3)

CircRNA sponge detection primers

Stable sponges

1xANKRD total fwd

CCGAGTAGACAAGACAAGTAGC

ANKRD, allUG total rev CGGATCAGACTCGACGCTAG
1XxANKRD circ fwd AACAACAGTCACAACCACGG
1XANKRD, allUG circ rev GCTACTTGTCTTGTCTACTCGG
2XANKRD fwd TCGTCAGCACTCAGTCTGTC
2XANKRD circ rev GCCTTCGGACAGAGCTACTT
ANKRD prec rev GCCTTCGGACAGAGCTACTT

1xallUG total fwd

CAAGACAAGTAGCAGGGAGGA

1xallUG circ fwd

TGTGTATCGCAGCTAAAATGTG

2xalluG fwd

GTCGTCAGCACTCAGAGGG

alluG prec rev

TCCTCCCTGCTACTTGTCTTG

Tornado circRNAs

101mer Torn circ fwd CAGAATGCGGCTATCCACAC
101mer Torn rev AAATTGCCTTCCTCCCTCCC
alluG Torn circ fwd CAGAATGTGTATCGCAGCTAAAA
alluG Torn circ rev ACTCGGCATGGTTCTACAGT
alluUG Torn prec rev AATCACATTCCTCCCTCCCG
ANKRD circ fwd AACAACAGTCACAACCACGG
ANKRD circ rev GCTACTTGTCTTGTCTACTCGG
ANKRD prec rev GCCTTCGGACAGAGCTACTT

Tornado prec fwd

CTTCGGCAGCACATATACTAGTC

Transfected circRNAs

101mer tag circ fwd

TCCACACACAAACGGGCTAG

101mer tag circ rev

GCCTTCCTCCCTGCTACTTG

alluG tag circ fwd

GTATCTGTGTGTGAACGGGCT

alluG tag circ rev

CACATTCCTCCCTGCTACTTGT
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ANKRD tag circ fwd

CGGCAAGCAACAACAACACT

ANKRD tag circ rev

TTGTCTACTCGGCTTACTCCCT

Reference and control genes

ANKRD17_E29-30 circ fwd CAGGAGGTCAGATGTACGGA
ANKRD17 E29-30circrev TCTTGTTGATTCAGTGCCACC
CAMSAP1 circ fwd CCCTGATGATGGCCTACACT
CAMSAP1 circ rev TGTGCTCCTGCTCATACTGG
FTL linE3-4 fwd ATCTTCATGCCCTGGGTTCT
FTL linE3-4 rev GAGGTTGGTCAGGTGGTCA
GAPDH fwd TGCACCACCAACTGCTTAGC
GAPDH rev GGCATGGACTGTGGTCATGAG

snoRD U78 fwd

GTGTAATGATGTTGATCAAATGT

snoRD U78 rev

TTCTTCAGTGTTACCTTTGTCTA

U6 fwd

CTCGCTTCGGCAGCACATA

U6 rev

GCTTCACGAATTTGCGTGTCA

Endogenous IMP3 target validation primers

IMP3 targets

CXCL5 E3-4 fwd

TGTCTTGATCCAGAAGCCCCT

CXCLS5 E3-4 rev

TCCATGCGTGCTCATTTCTCT

LAMA4 E37-38 fwd GGGAGCCTGTGTTTGTTGGA
LAMA4 E37-38 rev GCTGACCAGGGCTGCTTTA
MFSD1 E14-16 fwd TTTGGTGAATCGTGCCCAGG

MFSD1 E14-16 rev

ACGATGTGTTAAGCCCATTCTCA

MMP1 E9-10 fwd

CACATGACTTTCCTGGAATTGGC

MMP1 E9-10 rev

TTTCCTGCAGTTGAACCAGCT

SERPINB7 E7-8 fwd TGTACGTTCTGCTGCCTGAG
SERPINB7 E7-8 rev GGTCATTCGCCTTGGATTGGT
SRGN E2-3 fwd CGGAGAGCCAGGTACCAATG
SRGN E2-3 rev CGATTCAAGTCCTGGATTCTCGT
TNC E22-23 fwd ACTGTCACCGTGTCAACCTG
TNC E22-23 rev GATTGAGTGTTCGTGGCCCT

ELTD1 E10-11 fwd

AGCACCAGGACAACAATTCACA

ELTD1 E10-11 rev

CACATCCATGCAAAAGCAGCT

MCOLN2 E12-13 fwd

GTGTGGCTGTTCAGTCGTCT

MCOLN2 E12-13 rev

GGAATTCCTGCAAATCCGTTTCA

Reference and control genes

GAPDH fwd TGCACCACCAACTGCTTAGC
GAPDH rev GGCATGGACTGTGGTCATGAG
FKBP10 E3-4 fwd CGACTTTGTCCGCTACCACT
FKBP10 E3-4 rev TTGATCAGCCAACCAGAGCC
GANAB E23-24 fwd TGATGGGCACACGTTCAACT
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GANAB E23-24 rev CCACCCGCTCAATCCAGATT
snoRD U78 fwd GTGTAATGATGTTGATCAAATGT
snoRD U78 rev TTCTTCAGTGTTACCTTTGTCTA
FTL linE3-4 fwd ATCTTCATGCCCTGGGTTCT
FTL linE3-4 rev GAGGTTGGTCAGGTGGTCA
18S rRNA fwd GTAACCCGTTGAACCCCATT
18S rRNA rev CCATCCAATCGGTAGTAGCG
MYC E2 fwd CGTCCTCGGATTCTCTGCTC
MYC E3 rev CCCTCTTGGCAGCAGGATAG

NEBNext index primers for RNA-seq libraries

All index primers contain a phosphorothioate bond between the last two nucleotides at the 3’end

(-s-).

Index 36 primer CAAGCAGAAGACGGCATACGAGATTGTTGGGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATC-s-T

Index 37 primer CAAGCAGAAGACGGCATACGAGATATTCCGGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATC-s—T

Index 38 primer CAAGCAGAAGACGGCATACGAGATAGCTAGGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATC-s-T

Index 39 primer CAAGCAGAAGACGGCATACGAGATGTATAGGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATC-s-T

Index 40 primer CAAGCAGAAGACGGCATACGAGATTGGATCACGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATC-s-T

Index 41 primer CAAGCAGAAGACGGCATACGAGATGTCGTCGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATC-s-T

Index 43 primer CAAGCAGAAGACGGCATACGAGATGCTGTAGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATC-s-T

Index 44 primer CAAGCAGAAGACGGCATACGAGATATTATAGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATC-s-T

Index 45 primer CAAGCAGAAGACGGCATACGAGATGAATGAGT GACTGGAGTTCAGACG
TGTGCTCTTCCGATC-s-T

Index 46 primer CAAGCAGAAGACGGCATACGAGATTCGGGAGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATC-s-T

Index 47 primer CAAGCAGAAGACGGCATACGAGATCTTCGAGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATC-s-T

Index 48 primer CAAGCAGAAGACGGCATACGAGATTGCCGAGTGACTGGAGTTCAGACG

TGTGCTCTTCCGATC-s-T

iCLIP oligonucleotides

All iCLIP linkers contain a dideoxycytosin modification at their 3’end (3ddC). The 5’ end is
either pre-adenylated (5rApp) or phosphorylated (5Phos).
Pre-adenylated L3-App /5rApp/AGATCGGAAGAGCGGTTCAG/3ddC/

RT1 oligo GGATCCTGAACCGCT

P5Solexa_s ACACGACGCTCTTCCGATCT

P3Solexa_s CTGAACCGCTCTTCCGATCT

PESolexa AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT
CTTCCGATCT
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CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACC

P3Solexa GCTCTTCCGATCT

L01clip2.0 /5Phos/NNNNATCACGNNNNNAGATCGGAAGAGCGTCGTG/3ddC/
LO2clip2.0 /5Phos/NNNNCGATGTNNNNNAGATCGGAAGAGCGTCGTG/3ddC/
L03clip2.0 /5Phos/NNNNTTAGGCNNNNNAGATCGGAAGAGCGTCGTG/3ddC/
LO4clip2.0 /5Phos/NNNNTGACCANNNNNAGATCGGAAGAGCGTCGTG/3ddC/
L08clip2.0 /5Phos/NNNNACTTGANNNNNAGATCGGAAGAGCGTCGTG/3ddC/
L10clip2.0 /5Phos/NNNNTAGCTTNNNNNAGATCGGAAGAGCGTCGTG/3ddC/
L16clip2.0 /5Phos/NNNNCCGTCCNNNNNAGATCGGAAGAGCGTCGTG/3ddC/
L21clip2.0 /5Phos/NNNNGTTTCGNNNNNAGATCGGAAGAGCGTCGTG/3ddC/

T7 template preparation oligonucleotides

ANKRD17 s

TCTGTCCGAAGGCAGCTTTTTGTCACAGTTGTGAAGACATCCAATCGC
CACACAACAACAGTCACAACCACGGCAAGCAACAACAACACTGCACCC
ACAAATGCCACATATCCTATGC

ANKRD17 as

GCATAGGATATGTGGCATTTGTGGGTGCAGTGTTGTTGTTGCTTGCCG
TGGTTGTGACTGTTGTTGTGTGGCGATTGGATGTCTTCACAACTGTGA
CAAAAAGCTGCCTTCGGACAGA

101-mer s

TAATACGACTCACTATAGGGAGGGAGGAAGGCAATTTTGGAGGAACTA
CAGAACACATATCGCAGCTAAAACACAATTTTGGAGGAACTACAGAAT
GCGGCTATCCACACACAAAGGG

101-mer as

CCCTTTGTGTGTGGATAGCCGCATTCTGTAGTTCCTCCAAAATTGTGT
TTTAGCTGCGATATGTGTTCTGTAGTTCCTCCAAAATTGCCTTCCTCC
CTCCCTATAGTGAGTCGTATTA

alluG s

TAATACGACTCACTATAGGGAGGGAGGAATGTGATTTTGGAGGAACTA
CAGAATGTGTATCGCAGCTAAAATGTGATTTTGGAGGAACTACAGAAT
GTGTGTATCTGTGTGTGAAGGG

alluG as

CCCTTCACACACAGATACACACATTCTGTAGTTCCTCCAAAATCACAT
TTTAGCTGCGATACACATTCTGTAGTTCCTCCAAAATCACATTCCTCC
CTCCCTATAGTGAGTCGTATTA

ANKRD17_stem fwd

TAATACGACTCACTATAGGGAGTAAGCTCTGTCCGAAGGCAGCTTTTT
GTCA

ANKRD17_stem rev

TACTGTAAGCGCATAGGATATGTGGCATTTGTGGGTGC

101-mer_stem fwd

TAATACGACTCACTATAGGGAGTAAGCAGGGAGGAAGGCAATTTTGGA
GGA

101-mer_stem rev

TACTGTAAGCCCCTTTGTGTGTGGATAGCCGC

alluG_stem fwd

TAATACGACTCACTATAGGGAGTAAGCAGGGAGGAATGTGATTTTGGA
GGAACTACAG

allUG_stem rev

TACTGTAAGCCCCTTCACACACAGATACACACATTCTGTAGTTC

T7, stem, tag fwd

TAATACGACTCACTATAGGGAGTAAGCCGAGTAGACAAGACAAGTAGC

Stem tag rev

TACTGTAAGCCCGCGGATCAGACTCGA

Cloning oligonucleotides

Stable sponges

1x/2xANKRD17 1

TGACATGATATCCGAGTAGACAAGACAAGTAGCTCTGTCCGAAGGCAG
CTTTTTGTCACAGTTGTGAAGACATCCAATCGCCACACAACAACAGTC
ACAACCACGGCAAGCAACAAC

1IXANKRD17 2

CATACTCCGCGGATCAGACTCGACGCTAGCGCATAGGATATGTGGCAT
TTGTGGGTGCAGTGTTGTTGTTGCTTGCCGTGGTTG
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2XANKRD17 2

GTGGCGATTGGATGTCTTCACAACTGTGACAAAAAGCTGCCTTCGGAC
AGACTGAGTGCTGACGACGCATAGGATATGTGGCATTTGTGGGTGCAG
TGTTGTTGTTGCTTGCCGTGGTTG

2XxANKRD17 3

TGAAGACATCCAATCGCCACACAACAACAGTCACAACCACGGCAAGCA
ACAACAACACTGCACCCACAAATGCCACATATCCTATGCGCTAGCGTC
GAGTCTGATCCGCGGAGTATG

1x/2xalluUG 1

TGACATGATATCCGAGTAGACAAGACAAGTAGCAGGGAGGAATGTGAT
TTTGGAGGAACTACAGAATGTGTATCGCAGCTAAAATGTGATTTTGGA
GGAACTACAGAATGTGTG

1xalluG 2

CATACTCCGCGGATCAGACTCGACGCTAGCCCGTTCACACACAGATAC
ACACATTCTGTAGTTCCTC

2xalluG 2

CCTCCAAAATCACATTTTAGCTGCGATACACATTCTGTAGTTCCTCCA
AAATCACATTCCTCCCTCTGAGTGCTGACGACCCGTTCACACACAGAT
ACACACATTCTGTAGTTCCTC

2xalluG 3

CTAAAATGTGATTTTGGAGGAACTACAGAATGTGTGTATCTGTGTGTG
AACGGGCTAGCGTCGAGTCTGATCCGCGGAGTATG

ANKRD alluG fwd

TGACATGATATCCGAGTAGACAAGA

ANKRD allUG rev

CATACTCCGCGGATCAGAC

Tornado circRNAs

Torn-ANKRD17 1

TGATATGGGTCCCCGAGTAGACAAGACAAGTAGCTCTGTCCGAAGGCA
GCTTAATGTCACAGTTGTGAAGACATCCAATCGCCACACAACAACAGT
CA

Torn-ANKRD17 2

CATATTGGGACCCGCGGATCAGACTCGACGCTAGCGCATAGGATATGT
GGCATTTGTGGGTGCAGTGTTGTTGTTGCTTGCCGTGGTTGTGACTGT
TGTTGTGTGGCG

Torn-101-mer s

GGCCGCGGGAGGGAGGAAGGCAATTTAGGAGGAACTACAGAACACATA
TCGCAGCTAAAACACAATTTAGGAGGAACTACAGAATGCGGCTATCCA
CACACAAAGGGCCGC

Torn-101-mer as

GGCCCTTTGTGTGTGGATAGCCGCATTCTGTAGTTCCTCCTAAATTGT
GTTTTAGCTGCGATATGTGTTCTGTAGTTCCTCCTAAATTGCCTTCCT
CCCTCCCGC

Torn-allUG s

GGCCGCGGGAGGGAGGAATGTGATTTAGGAGGAACTACAGAATGTGTA
TCGCAGCTAAAATGTGATTTAGGAGGAACTACAGAATGTGTGTATCTG
TGTGTGAAGGGCCGC

Torn-allUG as

GGCCCTTCACACACAGATACACACATTCTGTAGTTCCTCCTAAATCAC
ATTTTAGCTGCGATACACATTCTGTAGTTCCTCCTAAATCACATTCCT
CCCTCCCGC

ANKRD Notl fwd

TGATATGCGGCCGCCGAGTAGACAAGACAAGTAGCTC

ANKRD Sacll rev

GACCCGCGGATCAGACTC

FLAG-tagged IMP3

3XFLAG pDEST s

GGTACCACCATGGACTACAAAGACCATGACGGTGATTATAAAGATCAT
GACATCGATTACAAGGATGACGATGACAAGGGAGGCTCAGGAGGCG

3XFLAG pDEST as

TCGACGCCTCCTGAGCCTCCCTTGTCATCGTCATCCTTGTAATCGATG
TCATGATCTTTATAATCACCGTCATGGTCTTTGTAGTCCATGGTGGTA
CCGC

3XFLAG pDEST KPCR
fwd

ATGACGATGACAAGGGAGGC

3XFLAG pDEST KPCR
rev

GTAGCCAGTCTTCACCAGGA
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2.6 Markers

Marker

Supplier

GeneRuler 1 kb DNA Ladder

GeneRuler DNA Ladder Mix

GeneRuler Low Range DNA Ladder
GeneRuler Ultra Low Range DNA Ladder
peqGOLD Protein Marker 1V

Riboruler Low Range RNA Ladder

Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
VWR Peqglab

Thermo Scientific

2.7 Commercial kits

Kit Supplier
Bioanalyzer DNA 1000 kit Agilent
Bioanalyzer High Sensitivity DNA kit Agilent
Bioanalyzer RNA 6000 Nano/Pico kit Agilent

HiScribe T7 High Yield RNA synthesis kit

Luna Universal gPCR reaction mix

MiSeq Reagent Kit v3

NEBNext rRNA Depletion Kit

NEBNext UltraTM 11 Directional RNA Library Prep Kit
for Hllumina

NE-PER nuclear and cytoplasmic extraction reagents

New England Biolabs
New England Biolabs
IHlumina

New England Biolabs
New England Biolabs

Thermo Scientific

Plasmid Plus Maxi kit QIAGEN
ProNex Size-Selective Chemistry Promega
QIAgen Plasmid Plus Maxi Kit QIAGEN
QlAprep Spin Miniprep kit QIAGEN
QIAquick Gel Extraction Kit QIAGEN
gScript cDNA synthesis kit Quantabio
Qubit dsDNA HS Assay kit Invitrogen
Qubit RNA BR Assay kit Invitrogen
RNeasy Mini kit QIAGEN
2.8 Chemicals and reagents
Reagent Supplier

[0-32P]-UTP (5000 Ci/mmol, SCP-310)
[y-32P]-ATP (800 Ci/mmol, SCP-801)
Actinomycin D

Agarose

Ammonium persulfate (APS)
Ampicillin

AMPure XP (beads)

Bicine

Hartmann Analytic
Hartmann Analytic
Sigma-Aldrich
Roth

BioRad

Roth

Beckman Coulter
Roth
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Blasticidin

Boric acid

Bovine serum albumin (BSA)

Bromphenol blue

Calcium chloride dihydrate

Chloroform

cOmplete ULTRA tablets (protease inhibitor)
Deoxynucleotide triphosphates (ANTPSs)
Digitonin

Dimethyl pyrocarbonate (DMPC)
Dimethylsulfoxide (DMSO)

Dithiothreitol (DTT)

Dulbecco’s Modified Eagle’s medium (DMEM)
ERCC RNA Spike-In Mix 1

Ethanol (EtOH)

Ethidium bromide
Ethylenediaminetetraacetic acid (EDTA)
Fetal bovine serum (FBS)

Formaldehyde

Glycerol

Glycine

Glycoblue

Glycogen

Halt protease inhibitor cocktail

HEPES

Hygromycin

Igepal CA-630 (NP-40)

Imidazole

InstantBlue Protein Stain

Isopropanol
Isopropyl-3-D-thiogalactopyranosid (IPTG)
LB-Agar

Lipofectamine 2000 transfection reagent
Lipofectamine RNAIMAX transfection reagent
Lumi-Light (PLUS) Western blotting substrate
Magnesium chloride (MgCl.)

Magnesium sulphate

Methanol

Milk powder (fat-free)

MOPS

MyONE Silane beads

Ni-NTA agarose

Nukleotides (dNTP mix, single NTPs, GMP)
NUuPAGE LDS sample buffer
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Thermo Scientific
Roth

Roche

Merck

Roth

Roth

Roche

Peglab
Sigma-Aldrich
Sigma-Aldrich
Roth

Roth

Gibco

Invitrogen

Roth

Roth

Roth

Gibco

Roth

Roth

Roth

Thermo Scientific
VWR Peglab
Thermo Scientific
Roth

Thermo Scientific
Sigma-Aldrich
Roth

Expedeon

Roth

Roth

Roth

Invitrogen
Invitrogen

Roche

Merck

Roth

Roth

Roth

Roth

Invitrogen
QIAGEN

VWR, Roche, Sigma-Aldrich
Invitrogen
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NuPAGE sample reducing agent Invitrogen

OptiMEM Gibco

Orange G Roth

PEG400 Roth

Phenol/chloroform/isoamylalcohol (25:24:1) Roth

PhiX Control v3 [Hlumina

Phosphate-buffered saline (PBS), X10 Gibco

Potassium chloride (KCI) Roth

Protein-A/G dynabeads Thermo Scientific

RLT buffer QIAGEN

Rotiphorese gel 30% (37.5:1) Roth

Rotiphorese gel 40% (19:1) Roth

Sodium acetate Merck

Sodium chloride (NaCl) Roth

Sodium di-hydrogen phosphate monohydrate Roth

Sodium dodecyl sulfate (SDS) Roth

Sodium hydroxide (NaOH) Roth

Super Optimal Broth (SOC) medium Invitrogen

SYBR Gold solution Roche

Tetracycline Sigma-Aldrich

Tetramethylethylenediamine (TEMED) Biorad

Tris(hydroxymethyl)aminomethane (Tris) Roth

TRIzol LS Invitrogen

TRIzol reagent Invitrogen

Trypsin-EDTA solution Gibco

Tryptone Roth

TurboFect transfection reagent Thermo Scientific

Tween 20 Sigma-Aldrich

Urea Roth

Yeast extract Roth

Yeast tRNA Roche

B-mercaptoethanol Sigma-Aldrich
2.9 Laboratory equipment

Equipment Company

Agfa Curix 60 processing machine (developing machine) AGFA

Bioanalyzer 2100 Agilent

BLX 254 UV-crosslinker Biolink

C25 incubator shaker

Centrifuge Heraeus Fresco 21

Criterion cell (midi electrophoresis system)
Excella Eco-170 CO- incubator

G:Box gel documentation

New Brunswick Scientific
Thermo Scientific
Bio-Rad
New Brunswick Scientific
Syngene
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Heraeus Multifuge X1R centrifuge

InLab Expert Pro-ISM pH meter
Micropipettors (0.5 pl to 1000 pl)

Mini PROTEAN electrophoresis system
Moxi Z Mini automated cell counter
NanoDrop 1000 spectrophotometer
NUuPAGE electrophoresis and blotting system
Pipetus pipet filler

QuantStudio 3 Real-Time PCR system
Qubit 2.0 fluorometer

Realplex Mastercycler (thermocycler)
StepOnePlus Real-Time PCR system
Subcell GT agarose gel system

SureBeads magnetic rack

Systec DB-23 autoclave

Thermo Scientific Safe 2020 (laminar flow)
ThermoMixer C

TMS inverted phase contrast microscope
Trans-Blot semi-dry transfer cell

Trans-Blot Turbo transfer system

Tri-Carb 1600TR liquid scintillation counter
Typhoon FLA 9500 Phosphorimager system
Veriti thermal cycler

Thermo Scientific
Mettler Toledo
Eppendorf, Gilson
Bio-Rad

ORFLO Technologies
Thermo Scientific
Invitrogen
Hirschmann
Thermo Scientific
Invitrogen
Eppendorf

Thermo Scientific
Bio-Rad

Bio-Rad

Systec

Thermo Scientific
Eppendorf

Nikon

Bio-Rad

Bio-Rad

Packard Instrument
GE Healthcare
Applied Biosystems

2.10 Consumables

Consumables Supplier
Cell culture dishes (10, 15 cm) Greiner
Cell culture plates (6, 12 wells) Greiner

Costar Spin-X centrifuge tube filters
Eppendorf tubes (1.5 ml, 2 ml; Safe Lock)
Falcon tubes (15 ml, 50 ml)

High performance autoradiography films
High performance chemiluminescence films
MicroAmp fast optical 96-well reaction plate
MicroAmp optical adhesive film

Mini Quick Spin RNA columns

Multiply PCR strips and lids

Needles

Phase lock gel tubes

Pipette tips (10, 20, 2000, 1250 pl)

gPCR seal optical clear films

gPCR semi-skirted plates

Rotilabo syringe filters (0.45 pm)
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Corning Incorporate
Sarstedt

Sarstedt

GE Healthcare
GE Healthcare
Thermo Scientific
Thermo Scientific
Roche

Sarstedt

Braun

5Prime

Sarstedt

VWR

VWR

Roth
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Sterile serological pipettes (5, 10, 25, 50 ml) Greiner
Syringes Braun
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3 Methods

3.1 Cloning of DNA fragments into E. coli

3.1.1 Preparation of plasmid DNA

Plasmid DNA was isolated using the QIAgen Plasmid Plus Maxi Kit from 50 ml of E. coli cell
culture, grown overnight in LB medium containing 100 pg/ml ampicillin at 37°C, 200 rpm.
DNA concentration and purity of plasmid DNA was determined by UV spectrometry at 260 nm
and 280 nm. Correct sequence of purified plasmids was ensured by sequencing (Microsynth
Seqlab) and alignment to generated plasmid maps.

3.1.2 Enzymatic restriction digest

DNA samples were digested with respective restriction enzymes (New England Biolabs) using
3to 4 units of enzyme per g DNA. The digestion mix was incubated at 37°C for 1 h and DNA
purified via agarose gel extraction.

3.1.3 Agarose gel extraction

Agarose and samples were prepared as described in 3.4.6. Agarose concentration was adjusted
to DNA fragment size, i.e. 0.8% were used for plasmid and 2% for inserts. For DNA markers,
the GeneRuler DNA Ladder Mix or GeneRuler 1 kb DNA Ladder were used. Gels were run at
120V in 0.5x TBE and visualised with a gel documentation system (SynGene). Appropriate
DNA bands were cut with a scalpel and DNA purified using the QlAquick Gel Extraction Kit.

Concentration of DNA was determined by UV spectrometry at 260 nm.

3.1.4 Ligation
Ligations of the insert with the vector were performed in a molar ratio of 3:1 or 5:1. 50 ng of
vector DNA were used for a 20 ul reaction using 1 pl T4 DNA ligase. The ligation reactions

were incubated overnight at 16°C.

3.1.5 Transformation

10 pl of ligation reaction or 50 ng of intact plasmid were added to 50 ul chemically competent
E. coli KRX or TOP10 cells. Transformation was performed according to the manufacturer’s
instructions. Appropriate volumes of bacteria suspension were spread on LB plates containing

100 pg/ml ampicillin and incubated overnight at 37°C or for 2 — 3 days at room temperature.

3.1.6 Screening and analysis of bacterial clones
Multiple bacterial clones were picked and analysed for plasmid content. This was done by
colony-PCR or enzymatic restriction digest. For colony PCR, a standard Taqg polymerase-
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mediated PCR with 30 cycles was applied with a few bacterial cells as DNA template and
primers amplifying the region of interest. The results were then analysed by agarose gel
electrophoresis. Selected positive clones were transferred into 5 ml LB-Amp medium and
grown overnight at 37°C, 200 rpm. Plasmids were isolated using the QlAprep Spin Miniprep
kit. If analysis occurred via enzymatic restriction digest, single colonies were picked and
directly transferred into 5 ml LB-Amp medium, grown overnight, and plasmid-DNA isolated
as described. Obtained RNA was then analysed by test enzymatic digestion with subsequent
agarose gel electrophoresis. Either way, isolated plasmid DNA of one positive clone was sent
for sequencing (Microsynth Seqlab) and DNA sequence compared to expected sequence.

3.2 Design and generation of constructs

3.2.1 Invitro circRNA sponge T7 templates

Previous work from our lab revealed an IMP3 RNA-binding motif based on SELEX analysis
(Schneider et al., 2019). The natural target ANKRD17 comprising the RNA-recognition
sequence was taken as a comparison to synthetic 101-mer RNAs (Schneider et al., 2019). In
this thesis, the sequence extracted of ANKRD17 (121 nt) was compared to two synthetic 101-
mer sequences harbouring either the same RNA-recognition elements (called 101-mer) or
mutated elements (allUG). Sequences needed as templates for in vitro transcription were
ordered as oligonucleotides (Sigma-Aldrich). Oligonucleotides were annealed by diluting equal
amounts of respective sense and antisense strand in oligo annealing buffer (10 mM Tris pH 7.5,
50 mM NacCl) and denaturing them at 95°C for 3 min with subsequent slow cool down to 25°C
within 39 min (annealed oligonucleotides were provided by Tim Schneider). Stem sequence
and a T7 promoter were attached by PCR using 1 ng of DNA (annealed oligonucleotides or
plasmid) as template. Quality of PCR products were controlled by agarose gel electrophoresis
and DNA purified either by gel extraction (as described in 3.1.3) or directly by addition of
5 volumes of PB buffer (QIAprep Spin Miniprep Kit) and subsequent column purification
(QIAquick Gel Extraction kit). Templates were quantified using UV spectrometry at 260 nm.

3.2.2 Design of IMP3 sponges for stable in vivo expression

Genomic integration of IMP3 sponge sequences was performed to achieve stable, inducible
expression of circRNAs. Since endogenous circRNAs consist on average of two to three exons
and are therefore rather large (Wilusz, 2018), constructs harbouring one or two repeats of the

respective sponge sequence were generated. The sequence extracted of the endogenous
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ANKRD17 RNA was chosen as an IMP3 sponge and the allUG construct as a control sponge
(as in 3.2.1). A short spacer of 15 nt was included between the two repeats of the sponge
sequence. In addition, flanking sequences were attached to mediate cloning and detection by
PCR. Constructs were ordered as two (1XANKRD17/allUG) or three (2xANKRD17/allUG)
oligonucleotides (Sigma-Aldrich) with overlapping regions. Equimolar amounts of
corresponding oligonucleotides were mixed and amplified using Phusion DNA polymerase.
PCR products were gel-extracted from agarose gels (3.1.3) and used as inserts for cloning. The
vector pcDNA3.1(+)-ZKSCAN1-MCS (Addgene; Kramer et al., 2015) containing inverted
repeats necessary for circRNA generation was used for the first cloning step. Vector and
plasmid were cleaved with EcCORV-HF and Sacll and cloning procedure performed as described
(3.1). Constructs plus the flanking inverted repeats were then cut out by Hindlll and Xhol and
re-cloned into a pcDNAS/FRT/TO genomic integration vector (Invitrogen) without the BGH
polyadenylation site (deletion performed by Silke Schreiner). Stable cell lines were generated
using these plasmids (see 3.3.4).

3.2.3 Cloning of Tornado sponge constructs

Transient overexpression of circRNAs was mediated by the Tornado system (Litke and Jaffrey,
2019). In principle, the same sequences were used as in 3.2.1, but U stretches containing more
than three uridines were partially altered to adenine residues to prevent premature stop of
transcription by DNA polymerase 111 in vivo. In addition, the ANKRD17 construct contained
flanking tag sequences as in 3.2.2 to prevent mispriming during PCR to the endogenous RNA.
All constructs were ordered as oligonucleotides (Sigma-Aldrich) and annealed as described in
3.2.1 (101-mer, allUG) or amplified by PCR as in 3.2.2 (ANKRD17). Generation of Tornado
constructs was achieved by cloning between the Notl and Sacll sites of the pAV-U6+27-
Tornado-Broccoli (Addgene; Litke and Jaffrey, 2019) vector, replacing the Broccoli aptamer

sequence.

3.2.4 Cloning of FLAG-IMP3 for transient expression in ES-2 cells

For iCLIP experiments, a FLAG-tagged IMP3 was used since attempts to target the endogenous
protein did not work (data not shown). The available pDEST-myclGF2BP3 vector (Addgene;
Landthaler et al., 2008) was used as the initial plasmid. The N-terminal myc-tag was removed
and replaced by a triple FLAG-tag, thereby also eliminating regions necessary for the gateway
cloning technique and instead introducing nucleotides coding for four glycines and one serine
to gain a short flexible linker region (resulting in 7 amino acids in total between the FLAG

sequence and the IMP3 start codon). The FLAG-tag sequence was ordered as oligonucleotides
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(Sigma-Aldrich) with overlapping ends after annealing (procedure as described in 3.2.1),
making it suitable for ligation. Cutting of the vector pDEST-myclGF2BP3 was performed with
Sacll and Sall-HF and cloning performed as described (3.1).

3.3 Eukaryotic cell culture methods

3.3.1 Cultivation

All cells were cultivated at 37°C in a humidified atmosphere containing 5% CO2. Dulbecco’s
Modified Eagle’s Medium (DMEM) was supplied with 10% (v/v) heat-inactivated fetal bovine
serum (FBS) and used as media for all cell lines. For cultivation of HeLa Flp-In T-REXx cell
lines, medium was additionally supplemented with 500 pg/ml hygromycin and 5 pg/ml
blasticidin. Cells were split twice a week to prevent overgrowing. For this, cells were washed
once with PBS and incubated with trypsin-EDTA solution at 37°C until detachment. Detached
cells were resuspended into medium and appropriate volumes of cell suspension seeded into

new dishes containing fresh medium.

3.3.2 Transfection of cells with plasmid DNA

Cells were harvested, counted with a cell counter, and desired number seeded one day prior
transfection (“forward” transfection) or directly transfected (“reverse” transfection). 10 or
20 pg plasmid DNA were used for transfection of cells in 10 or 20 cm dishes, respectively.
Transfection was mediated by the lipid-based transfection reagents TurboFect (for Tornado
constructs) or Lipofectamine2000 (for FLAG-IMP3 and generation of stable cell lines)
according to the manufacturer’s protocol. Mock transfection was performed only with
OptiMEM. Medium was exchanged 4 — 6 h after transfection to remove non-absorbed lipid-
DNA-complexes. After a specific time period, cells were harvested as described in 3.3.1 and
counted if desired. Cells were pelleted by centrifugation (300xg, 5 min, 4°C) and medium
discarded. Cell pellets were either resuspended directly in TRIzol for isolation of total RNA or
washed with PBS if used for RIP assays or subcellular fractionation. If not processed directly,

cell pellets were snap-frozen with dry ice or liquid nitrogen and stored at -80°C.

3.3.3 Transfection of cells with RNA

Transient IMP3 knockdown was mediated by transfection of ES-2 cells with siRNA duplexes.
One day prior transfection, 5x10° (10 cm dish) or 8x10* (6-well) ES-2 cells were seeded. Lipid-
based transfection was performed using RNAIMAX and 300 pmol (10 cm dish) or 50 pmol (6-

well) IMP3 or luciferase (control) targeting siRNAs according to the manufacturer’s
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instructions. Cells were harvested 72 h after transfection and a defined number subjected to
subcellular fractionation (3.7.2). Alternatively, cells were treated with actinomycin D (5 pg/ml)
for different time periods and RNA isolated using TRIzol (3.4.2). In addition, knockdown was
analysed by SDS-PAGE and Western blotting (3.6.3) of cell lysate. The data presentation and
curve fitting of MYC mRNA decay with a first-order decay function was performed with
OriginPro (OriginLab).

For transfection of in vitro produced circRNAs, 3x10° (6-well) ES-2 cells were seeded one day
prior transfection. Transfection was performed using Lipofectamine2000 or only OptiMEM
(mock). Medium was exchanged 4 — 6 h after transfection to remove non-absorbed lipid-DNA-

complexes. Cells were harvested 24 h after transfection and subcellular fractionated (3.7.2).

3.3.4 Generation of HeLa Flp-In T-REXx stable cell lines

For stable expression of circular IMP3 sponges, the Flp-In T-REx system (Invitrogen) was used.
HelLa Flp-In T-REXx cells as well as needed materials were a kind gift of Lienhard Schmitz, JLU
Giellen. In this system, HelLa cells are genetically modified to stably express a tetracycline
repressor and contain a Flp recombination target (FRT) site. The first step of generating stable
cell lines expressing the gene of interest (GOI) is a cotransfection of a Flp recombinase
expression plasmid (pOG44) and the vector pcDNAS/FRT/TO containing the GOl expressed
by a tetracycline inducible CMV promoter, a FRT site, as well as a hygromycin resistance.
When both plasmids are taken up by a cell, homologous recombination is catalysed by the Flp
recombinase between the FRT sites of the pcDNAS5/FRT/TO plasmid and the genome. Cells
containing the gene of interest are then selected based on the newly gained hygromycin

resistance.

In this thesis, two sponge constructs (IXANKRD17, 2xANKRD17) as well as two control
constructs (1xallUG, 2xallUG) were cloned in pcDNA5/FRT/TO plasmids containing inverted
repeats for circRNA formation (see 3.2.2). 3x10° HeLa Flp-In T-REXx cells were seeded in a
6 cm dish one day before transfection. The transfection was performed with a mix of
Lipofectamine2000, 7.2 ug pOG44 and 0.8 pg of the respective pcDNAS/FRT/TO-BGH
plasmid diluted in Opti-MEM. Medium was exchanged 6 h after transfection to remove
unabsorbed material. Two days after transfection, cells were expanded to a 10 cm dish and
medium changed to selection medium containing 100 pug/ml hygromycin. The selection process
was intensified after several days by increasing the hygromycin concentration to 500 pg/ml and
adding 5 pg/ml blasticidin, the latter is needed for maintenance of the tetracycline repressor.
When cell clusters were recognisable, several were picked and cultured separately in high
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hygromycin containing medium until a decent number of cells were grown. Four of these clones
were tested for each cell line: First, expression of circRNA was induced with 1 pg/ml
tetracycline for 24 h and RNA isolated. Then, RT-PCR with primers targeting precursor,
circular, or ‘total’ (i.e. both linear and circular) RNA was performed. Cell clones with best
circRNA expression were chosen for each cell line (data not shown). A time course was

performed to determine the optimal time span for tetracycline induction.

3.4 General RNA-related methods

3.4.1 Analysis by denaturing polyacrylamide gel electrophoresis

In vitro produced transcripts or total RNA of Tornado transfected cells were visualised with
denaturing urea polyacrylamide gel electrophoresis (PAGE). Samples for testing were mixed
with one volume of 2x formamide RNA loading buffer (80% formamide, 10 mM EDTA pH 8.0,
0.025% (w/v) bromphenol blue) and denatured for 3 min at 95°C. Denaturing polyacrylamide
(PAA) gels were cast using the Mini-PROTEAN electrophoresis system (Bio-Rad). Gels were
prepared by mixing of a urea PAA solution (20% acrylamide (19:1 acrylamide/bisacrylamide)
and 50% (w/v) urea in 1x TBE buffer) with a urea buffer solution (50% (w/v) urea in 1x TBE)
in the desired ratio. Polymerisation was induced by adding 100 pl of 10% (w/v) ammonium
persulfate (APS) and 10 pl of tetramethylethylenediamine (TEMED) per 10 ml of the PAA gel
solution. The gels were pre-run for 10 minutes at 300 V in Mini-PROTEAN electrophoresis
chambers (Bio-Rad) in 1x TBE running buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA)
prior to sample loading. RNA was then electrophoresed for 30 — 45 minutes at 300 V. For size
comparison, the reference marker Riboruler Low Range RNA Ladder or GeneRuler Ultra Low
Range DNA Ladder was used. If radioactively labelled RNA was visualised, autoradiography
was performed. For detection of non-labelled RNAs, gels were stained with ethidium bromide
or SYBR Gold and documented with the SynGene Genetools program on a G:Box gel

documentation system.

3.4.2 Isolation of cellular RNA

Cellular RNA was extracted with TRIzol and subsequently precipitated with isopropanol or (if
desired RNA fragments were larger than 200 nt) purified with the RNeasy Mini Kit according
to the manufacturer’s instructions. If the RNeasy Mini kit was not used and/or cells were
transfected with plasmid DNA, samples were treated with RQ1 DNase at 37°C for 30 min to

remove remaining DNA. After that, RNA was phenolised by adding one volume of
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phenol/chloroform, mixed by vortexing, and centrifuged for 5 min at 20,000xg. The upper
aqueous phase was transferred to a new reaction tube and mixed with 0.1 volumes of 3 M
sodium acetate (pH 5.2), 3 volumes of ethanol, and 1 pl glycogen. Samples were precipitated
at -20°C for at least 20 min and centrifuged (21,000xg, > 30 min, 4°C). Pellets were washed
with 70% ethanol and centrifuged > 5 min as before. Dried pellets were dissolved in DMPC-
treated milliQ water.

3.4.3 Quantification

RNA concentration was measured on a NanoDrop1000 spectrophotometer by absorption at
260 nm (total RNA) or with a Qubit 2.0 Fluorometer using the Qubit RNA BR (Broad-Range)
assay kit (total RNA/ transcripts). For radioactive RNAs, the relative incorporation of [a-32P]-
UTP was determined by scintillation counting of the transcripts and comparison to the input.

Transcription yield was then calculated employing the following equation:
massgyalng] = concentration, ,igperica yre [WM] X reaction volume [ul] X incorporation [%] x 0.0132

3.4.4 Reverse transcription (RT)

For analysis of total RNA by (quantitative) PCR, RNA was first reverse-transcribed using
random hexamer and oligo(dT) priming. For this, the gScript cDNA synthesis kit was used
according to the manufacturer’s protocol. Typically, 50 ng — 1 g total RNA or 10% of RNA
from RIP assays were taken per reaction. For cytoplasmic/nuclear fractionation of Tornado-

transfected HeLa cells, equivalents were used for reverse transcription.

3.45 PCR

Semi-quantitative polymerase chain reaction (PCR) was performed with cDNA from the RT
reaction. Primers were designed by employing the program primer 3. For detection of linear
MRNAs, primers were set in two different exons to ensure the detection of spliced mRNAs. If
circRNAs should be detected, divergent pairs of primers were designed. The PCR was
performed in 25 pl reactions with 10% of RT reaction in Taq PCR buffer (10 mM Tris/HCI pH
9, 50 mM NaCl, 1.5 mM MgCly, 0.1% Triton X-100), 400 uM dNTPs (each), 0.5 mM MgCl,,
0.8 UM primers (each), and 0.5 pl of Tag DNA polymerase (expressed and purified by Silke
Schreiner). The following amplification profile was applied: denaturation at 95°C (2 min), 25
to 35 amplification cycles (20 sec at 95°C, 30 sec at 58°C, and 20-30 sec at 72°C), and a final
elongation step (7 min at 72°C). The number of PCR cycles was set to 30 — 35 for RIP assays

and reduced to 25 for the detection of expressed circRNAs.
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3.4.6 Agarose gel electrophoresis

Agarose was melted in 0.5x TBE buffer (44.5 mM Tris, 44.5 mM boric acid, 1 mM EDTA),
cooled down, and mixed with ethidium bromide (1:20,000 dilution, final concentration:
0.5 pg/ml). Samples were mixed with 6x DNA loading buffer (30 % glycerol, 3x TBE, 0.025%
(w/v) bromphenol blue or orange G) prior to loading. The GeneRuler DNA Ladder Mix was
used as a marker. Agarose gels (containing 2% agarose for PCR products) were run at 120V in
0.5x TBE and visualised with a gel documentation system (SynGene). For quantification of
stably expressed IMP3 sponges in RIP assays, the Fiji software (Schindelin et al., 2012) was
used.

3.4.7 Quantitative PCR

Real-time PCR was performed using the Luna Universal g°PCR Reaction Mix and the Realplex
Mastercycler, QuantStudio 3 or StepOnePlus real time PCR systems. Primers were designed as
described for semi-quantitative PCR (see 3.4.5) and suitability was tested by amplification
efficiency determination and melting curve analysis. Measurements were performed with 10%
cDNA from the RT reaction and conducted in triplicates, employing a two-step protocol.
Average cycle threshold (Ct) values were used for calculations with the AACt method. For
normalisation, the Ct values of the reference genes GAPDH (total RNA and cytoplasmic
fractions) or GANAB and FKBP10 (membrane organelle fractions) were used. In the mMRNA
stability experiment (actinomycin D treatment), 18S rRNA was used as a reference. In RIP
assays, the fraction of bound target RNA was calculated by normalisation to the corresponding
input fraction. To calculate the ratio of Tornado circRNAs in subcellular fractions, each fraction
was also normalised to input fraction prior to calculation of the relative expression of RNAs in

the extracts.

3.4.8 RNase R digestion

Circularity of synthetic circRNAs was examined by treatment with the exoribonuclease
RNase R. 2.5 units RNase R per 1 pg RNA were used for the digestion, and the reaction mix
was incubated for 30 min at 37°C. RNase R digested RNA was either purified or directly

subjected to denaturing polyacrylamide electrophoresis (3.4.1).
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3.5 RNA in vitro transcription and circularisation

3.5.1 Transcription of unlabelled RNA

IMP3 sponge templates for RNA transcription were generated as described above (3.2.1). In
vitro transcription was performed with the HiScribe T7 High Yield RNA synthesis kit with the
addition of GMP (40 mM). This 4-fold excess was employed to obtain mainly 5°-
monophosphorylated transcripts, which are required for efficient RNA ligation.

3.5.2 Transcription of 32P-labelled RNA

Radioactive in vitro transcription was performed using the same templates as for unlabelled
RNA generation. RNA was synthesised with equal amounts of ATP, GTP and CTP (0.5 mM
each), 0.04 mM UTP and 0.37 MBq (10 uCi) [a-*?P]-UTP. In addition, 10 mM DTT and a 4-
fold excess of GMP (2 mM) was employed. Transcription was performed by T7 RNA
polymerase with 1 pug of template DNA for 1 h at 37°C.

3.5.3 Purification of transcripts

Template DNA was removed by enzymatic digestion with RQ1 DNase for 30 min at 37°C.
Transcribed RNA was purified with the Mini Quick Spin RNA columns and quantified as
described (3.4.3).

3.5.4 CircRNA generation by ligation

Transcripts were ligated with T4 RNA ligase 1 at 16°C overnight. For this, max. 5 pg or 10 pl
RNA was used in a 50 pl reaction. The reaction was supplemented with 15% DMSO,
1 mM ATP and RNase inhibitor. After ligation, RNA was extracted with phenol/chloroform

and subsequently precipitated with ethanol.

3.5.5 CircRNA purification by gel extraction

To obtain pure circRNA for EMSA assays or transfection, RNA from the ligation reaction was
subjected to denaturing urea PAGE (see 3.4.1). The exact position of RNA was determined by
UV-shadowing (unlabelled RNA) or wrapping the gel in a plastic bag and exposing it to an
autoradiography film in a film cassette with intensifying screen (32P-labelled RNA). The film
was then used as a template to cut the respective circRNA band from the gel. Gel pieces were
transferred into 0.5 ml pierced tubes and crushed by centrifugation into 1.5 ml tubes. Elution of
RNA was facilitated by addition of 400 ul PK buffer (100 mM Tris/HCI pH 7.5, 150 mM NacCl,
125 mM EDTA, 1% SDS) and shaking for 1 h at 50°C. Gel pieces were removed by
centrifuging through Costar Spin-X centrifuge tube filters and phenol/chloroform extraction.
To lower the volume, RNA was precipitated with ethanol.
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3.6 General protein-related methods

3.6.1 SDS-PAGE

Proteins were gel electrophoresed using the discontinuous Laemmli system. An 8-10%
acrylamide/bisacrylamide (37.5:1) solution was prepared in separating gel buffer (375 mM
Tris/HCI pH 8.8, 0.1% SDS). Polymerisation was initiated by 0.01% APS and 0.005% TEMED.
Stacking gels contained 5% acrylamide/bisacrylamide (37.5:1) solution in stacking gel buffer
(125 mM Tris/HCI pH 6.8, 0.1% SDS) and polymerised as separating gels. Protein samples
were diluted in 2x SDS loading buffer (100 mM Tris/HCI pH 6.8, 20% glycerol, 4% SDS, 5%
R-mercaptoethanol, 0.025% (w/v) bromphenol blue) and boiled for 10 min prior to loading. Gel
electrophoresis was performed using the Mini-PROTEAN (mini gels) or Criterion (midi gels)
electrophoresis system. Gels were run in SDS running buffer (25 mM Tris/HCI pH 8.8, 192
mM glycine, 0.1% SDS) at 170 V (mini) or 200 V (midi) for 55 - 60 min. For size comparison,
the peqGOLD Protein Marker IV was used.

3.6.2 Coomassie staining

For general detection of proteins, gels from 3.6.1 were stained with the InstantBlue Protein
Stain (Coomassie solution). For this, gels were first washed three times with distilled water and
heated briefly to remove excessive SDS. Afterwards, gels were covered in Coomassie staining
solution and briefly heated in a microwave before shaking for 10 min at room temperature.
Background staining was removed by repeated washing and heating in distilled water.

Destained gels were transferred into transparent covers and scanned for documentation.

3.6.3 Western blot

For specific detection of proteins, Western blotting was performed. After SDS-PAGE, gels as
well as nitrocellulose membrane and blotting paper was equilibrated in transfer buffer (25 mM
Tris, 190 mM glycine, 0.023% SDS, 20% methanol). Equilibrated components were layered
and transfer performed using the standard settings (25 V, 1.3 A, 30 min) of the Trans-Blot
Turbo transfer system. Membranes were blocked for 1 h in milk solution (5% (w/v) milk
powder in PBS-T (0.1% Tween 20 in PBS)) at room temperature. Incubation with primary
antibodies diluted in milk solution (see 2.2) occurred overnight at 4°C. Excessive antibody was
removed by washing three times for 10 min with PBS-T. Secondary antibodies were diluted
1:10,000 in milk solution and added to membranes for 1 h at room temperature. Membranes
were washed as before and incubated with Lumi-Light or Lumi-Light™-YS Western blotting
substrate for 5 min. Excessive solution was removed and membranes exposed to Amersham

Hyperfilm ECL for visualisation.
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3.6.4 Purification of recombinant IMP3

E. coli BL21 cells were used to generate GST-His-tagged IMP3. First, cells were transformed
with the IMP3-expression plasmid pGEX-6P2-GST-IMP3-FL-TEV-His (Schneider et al.,
2019) and cultured in 5 ml LB-Amp medium at 37°C, 225 rpm overnight. The next day, LB-
Amp medium was supplemented with 1% of the overnight grown culture and grown at 37°C,
225 rpm until an ODgoonm 0f 0.4 — 0.6 was reached. Protein expression was induced with IPTG
(1 mM final concentration) and cultured overnight at 16 — 20°C. ODegoonm Was controlled and
cells pelleted by centrifugation at 4°C. Pellets were then either processed directly or snap-frozen
with liquid nitrogen and stored at -80°C.

Purification of recombinant IMP3 was performed with E. coli cell pellets from a 50 ml culture
provided by Tim Schneider. First, cells were lysed in 10 ml lysis buffer (50 mM NaH2POs, 2 M
NaCl, 50 mM imidazole, 10 mM R-mercaptoethanol, 10% glycerin, 0.05% Tween 20)
supplemented with protease inhibitor and lysozyme (1 mg/ml). Cell lysis occurred by
incubation on ice for 30 min with occasionally vortexing and subsequent sonification. RNase A
(10 pg/ml) and DNase | (5 pg/ml) plus MgClz (25 mM) was added to cell lysate, mixed, and
incubated for 15 min on ice. Then, lysate was centrifuged (21,000xg, 20 min, 4°C) and the
supernatant filtered (0.45 uM filter). Purification of GST-His-tagged IMP3 was mediated by
Ni-NTA agarose. Filtered lysate was added to equilibrated agarose beads and binding allowed
for 60 min at 4°C with end-over-end incubation. Agarose beads were pelleted (400xg, 3 min,
4°C) and washed six times with 10 ml lysis buffer to remove unspecifically bound proteins.
After washing, beads were resuspended in 1 ml lysis buffer and transferred to a
chromatographic column. The flow-through was discarded and the column sealed before the
beads were resuspended in 1 ml elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM
imidazole, pH 8.0). Protein was eluted for 30 min at 4°C and eluate 1 collected. The elution
was repeated for a second time. To remove imidazole, both eluates were combined and
transferred into a dialysis tube. Dialysis was performed by stirring overnight at 4°C in 2 |
dialysis buffer (20 mM Tris-HCI pH 7.8, 100 mM KCI, 0.2 mM EDTA, 20 % (v/v) glycerol,
1 mM DTT). Dialysed protein was aliquoted, snap-frozen in liquid nitrogen and stored at -80°C.
Purification of IMP3 was controlled by SDS-PAGE and Coomassie staining (see 3.6.1 and
3.6.2). Quantification of purified IMP3 was mediated by comparing a BSA standard to different

volumes of protein eluate via SDS-PAGE and Coomassie staining.
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3.7 Subcellular fractionation of eukaryotic cells

3.7.1 Cytoplasm/nucleus fractionation of Tornado-transfected HeLa cells

HeLa cells were harvested 72 h after transfection with Tornado constructs. Prior to
fractionation, 10 % of cells were taken for RNA extraction and 5 % for Western blot analysis
as input samples. Remaining cells were pelleted (300xg, 5 min, 4°C) and the volume of the
pellet estimated to be able to scale the buffer volumes of the employed NE-PER Nuclear and
Cytoplasmic Extraction Kit. Together with the Halt protease inhibitor cocktail, the kit was used
according to the manufacturer’s instructions to prepare cytoplasmic and nuclear extracts. From
both extracts, samples were taken for Western blot analysis and RNA extraction. Protein levels
in input, cytoplasmic and nuclear fraction were analysed by Western blotting by loading 1 %
of each fraction. RNA extraction was performed with TRIzol LS and subsequent isopropanol
precipitation. RT-qPCR was used to analyse the distribution of Tornado-circRNAs with circ-
specific primers and of the marker genes GAPDH (cytosol) and snoRD U78 (nucleus).

3.7.2 Cytoplasm/membrane organelle fractionation of ES-2 cells

ES-2 cells were harvested 72 h after sSIRNA treatment (control k.d. and IMP3 k.d., see 3.3.3) or
seeding (wt and IMP3 k.o. cells). Cells were counted and the following number of cells used:
3x10° cells for extraction of total RNA (“input”) and 6x10° cells for subcellular fractionation.
In addition, cells of control and IMP3 k.d. were taken for Western blot analysis of knockdown
efficiency. In the IMP3 sponge fractionation experiment, cells were transfected with Tornado
plasmids or in vitro produced circRNA and harvested after 24 h. 1x10° cells were used for
extraction of total RNA (“input”) and 5x10° cells for subcellular fractionation. All cells were
pelleted (100xg, 8 min, 4°C), washed with ice-cold PBS, pelleted again, and washed with 1 ml
ice-cold PBS to transfer cells into 1.5 ml tubes. Here, cells were centrifuged as before and
supernatant discarded. Pelleted cells for input samples were resuspended in TRIzol and stored
at -20°C.

Subcellular fractionation of cells was performed according to Holden and Horton, 2009.
Therefore, cell pellets were gently resuspended in digitonin buffer (50 mM HEPES pH 7.4,
150 mM NacCl, 25 pg/ml digitonin) and incubated end-over-end at 4°C for 10 minutes.
Centrifugation of the cell suspension (2,000xg, 5 min, 4°C) was performed and supernatant
transferred to a new tube. The supernatant corresponded to the cytosolic fraction. Parts of it
were mixed with 2xSDS-LD (Western blot analysis) or TRIzol (RNA extraction) and stored at

-20°C; the remaining supernatant was snap frozen with liquid nitrogen.
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The cell pellet was washed twice with 1 ml PBS to be sure of removal of any remaining
digitonin extract. The pellet was then resuspended into NP40 buffer (50 mM HEPES pH 7.4,
150 mM NaCl, 1% NP40) by vortexing and incubated for 30 min on ice. The cell suspension
was centrifuged (7,000xg, 10 min, 4°C) to pellet nuclei and cell debris. The supernatant
comprised membrane organelles such as endoplasmic reticulum, Golgi complex and
mitochondria, and was transferred to a new tube. Again, samples for Western blotting and RNA
extraction were taken and the remaining extract snap frozen. The nuclear/cell debris pellet was
washed once with PBS and then either resuspended in TRIzol for RNA extraction or SDS-LD
for protein analysis.

RNA purification of all samples was performed simultaneously with TRIzol and RNeasy Mini
columns or, in the case of IMP3 sponges, with TRIzol, isopropanol precipitation and DNA
digestion. Protein analysis by Western blotting was performed by loading equivalents of
fractions. Digitonin concentration was optimised beforehand by fractionation of equal numbers
of ES-2 wt and IMP3 k.o. cells with 0 — 200 pg/ml digitionin in the first buffer.

3.8 Electrophoretic mobility shift assay (EMSA)

EMSAs were performed with purified, recombinant IMP3 (see 3.6.4) and radioactively labelled
linear or circular RNA (see 3.5), which was quantified by a scintillation counter (see 3.4.3).
Binding reactions were conducted in binding buffer (10 mM Tris-HCI, pH 7.5, 150 mM NacCl,
0.5 mM EDTA, 0.5 mM DTT, 0.1% NP-40, 5% glycerol, supplemented with RNaseOUT, as
well as 1 ug tRNA and 1 pg BSA as nonspecific competitors) containing 5 nM of labelled RNA
and varying IMP3 concentrations ranging from 0 —40 nM (ANKRD17, 101-mer) or 0 — 160 nM
(@lluG). The reactions were first incubated for 30 min at 25°C and then placed on ice for 5 min.
Loading buffer (1x TBE, 0.025% bromophenol blue) was added to each sample prior to loading
on a cold, native 5% TBE gel (containing 5% glycerol), which was pre-run for 20 min. Gel
electrophoresis was performed for 45 min with 45 mA at 4°C. Visualisation of radioactive
signals was conducted by the Typhoon FLA 9500 Phosphorimager system and intensities
quantified. Curve fitting of raw data using the quadratic binding equation (Altschuler et al.,
2013) and Kp calculations from experimental triplicates were performed with OriginPro
(OriginLab).
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3.9 RNA immunoprecipitation (RIP)

In vivo binding of IMP3 to RNAs was examined by RNA-immunoprecipitation experiments.
For circular RNA sponges, either HeLa Flp-In T-REXx cells stably expressing ANKRD17
sponge constructs or HelLa cells transiently expressing Tornado sponge constructs were
examined. The expression of circular RNAs in stable cell lines was induced with 1 pg/mi
tetracycline for 3 days prior to harvesting. Transfection of Tornado sponge constructs was
performed 8, 24 or 72 h before cells were collected. Validation of iCLIP experiments were
performed with ES-2 cells transfected with FLAG-IMP3 or mock for 24 h to examine binding
to RNA candidates to transiently expressed FLAG-IMP3 or endogenous IMP3, respectively.

For all RIP experiments, cells were harvested using trypsin-EDTA (see 3.3.1) and counted.
Equal numbers of cells were collected, pelleted, and washed once with PBS. Cell pellets were
either processed directly or snap frozen in liquid nitrogen and stored at -80°C. Cell lysis was
achieved by resuspending pellets in RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl,
5mM EDTA, 1% NP-40, 0.1% SDS, protease inhibitor) and incubation on ice for 15 min with
vortexing in between. Insoluble material was removed by centrifugation (21,000xg, 20 min,
4°C) and supernatant was filtered through a 0.45 pum membrane-filter. Lysate was pre-cleared
by end-over-end incubation with protein G dynabeads for 15 min at 4°C. Beads were removed
by putting samples on the magnetic stand and transferring the supernatant to new tubes. Here,
input samples were taken for Western blot analysis (2%) and RNA extraction (5%). Pre-cleared
lysates were then split for immunoprecipitation of target proteins (i.e. IMP3, FLAG-IMP3, or
IMP1) or mock controls (anti-FLAG antibody except for FLAG-IMP3 experiments, here anti-
c-Myc antibody). After the addition of equal amounts of antibodies to equal volumes of cell
lysates, all samples were supplemented with RNaseOUT and incubated end-over-end at 4°C
overnight. The next day, precipitated complexes were removed by centrifugation (21,000xg,
10 min, 4°C) and protein G (IMP3, IMP1, FLAG as negative control) or protein A (FLAG-
IMP3, c-Myc control) dynabeads added. Samples were incubated on a wheel for 2 h at 4°C.
Protein-RNA complexes were washed multiple times with TBS-T (50 mM Tris-HCI pH 7.4,
150 - 600 mM NaCl, 0.05% Tween 20) by increasing the stringency up to 600 mM NaCl. To
examine protein pulldown, Western blot IP samples were taken from the last wash. Remaining
beads were subjected to RNA extraction with TRIzol. To examine binding to circRNA sponges,
TRIzol extracted RNA was precipitated with isopropanol. For iCLIP validation, purification by

RNeasy Mini columns (see 3.4.2) was performed after TRIzol extraction. Either way, RNA was
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further purified by DNase digestion (3.4.2) and precipitated again with ethanol. RNA pellets
were dissolved in 20 pul DMPC-H>0 and equivalents used for RT-(q)PCR analysis.

3.10 Library preparation for RNA-seq

Subcellular fractionated ES-2 cells were analysed by high-throughput sequencing. For each cell
type (i.e. ES-2wt, ES-2 IMP3 k.0., ES-2 control k.d., and ES-2 IMP3 k.d., see 3.7.2), the cytosol
and membrane organelle fraction as well as unfractionated (“input™) cells were used for RNA
library preparation. RNA quality was first controlled by Bioanalyzer measurements using the
RNA 6000 Nano kit and concentrations determined using a Qubit fluorometer (3.4.3). Then,
the ERCC RNA Spike-In Mix 1 was added to 1 pg of each sample according to the
manufacturer’s instructions. Samples were first depleted of ribosomal RNA using the NEBNext
rRNA Depletion Kit as described in the manual and depletion controlled by Bioanalyzer
measurements with the RNA 6000 Pico kit. Libraries were prepared using the NEBNext
UltraTM Il Directional RNA Library Prep Kit for Illumina according to the manufacturer’s
instructions. Within the protocol, the only modification was the usage of AMPure XP beads
instead of NEBNext Sample Purification beads for cDNA/PCR product purification. The

following NEBNext index primers were used:

Input  Cytosol MO

ES-2 wt #37 #38 #39
ES-2 IMP3 k.o0. #40 #41 #36
ES-2 ctr k.d. #43 #44 #45

ES-2 IMP3 k.d. #46 #47 #48

Libraries were quality controlled with the DNA 1000 kit run on a Bioanalyzer and
concentrations measured using the Qubit dSDNA HS Assay Kit. Sequencing was performed on

an lllumina NextSeq 500 (single-end read, 150 bp) in the Max Planck Institute in Bad Nauheim.

3.11 Individual-nucleotide resolution crosslinking and immunoprecipitation
(iICLIP)
RNAs bound by IMP3 in subcellular fractionated ES-2 cells were determined by iCLIP

experiments according to the iCLIP2 protocol (Buchbender et al., 2020) with minor

modifications.
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Step 1: UV-crosslinking and cell lysis

First, several 10 cm dishes of ES-2 cells were transfected with FLAG-IMP3 (3.3.2). 24 h after
transfection, cells were washed twice with PBS. Liquid was removed and cells were irradiated
with 300 mJ/cm? UV light at 254 nm for crosslinking of proteins to nucleic acids. Cells were
harvested in PBS using a cells scraper and washed again twice with PBS. Pelleted cells were
either subjected to cell lysis with RIPA buffer (as in RIP assays, see 3.9) or subcellular
fractionated (3.7.2).

Step 2: DNA and partial RNA digestion

Cell extracts were diluted 1:2 with RQ1 buffer (40 mM Tris/HCI pH 8, 10 mM MgSOs, 1 mM
CaCl,), and supplied with TURBO DNase (1:500) and RNaseOUT (1:1000). Partial RNA
digestion was mediated by preparing different dilutions of RNase I (1:10, 1:100, 1:500, and
1:1000) and adding 1:1000 of these dilutions to the corresponding extracts. Samples were
incubated for 3 min at 37°C, 800 rpm and subsequently put on ice for 5 min. Then, 1:50 of a
5 M NaCl solution was added to achieve a final concentration of ~150 mM NaCl and samples

were centrifuged (21,000xg, 5 min, 4°C) to precipitate large complexes.

Step 3: Immunoprecipitation

In the meanwhile, protein A dynabeads pre-bound to 3 pg anti-FLAG or anti-c-Myc antibody
in TBS-T 150 (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.05% Tween 20) for 2 h at 4°C, were
washed twice with TBS-T 150. Supernatant of centrifuged extracts was then added to the beads
and incubated rotating for 2 h at 4°C. Immunoprecipitated complexes were stringently washed
four times with TBS-T 1000 (50 mM Tris-HCI pH 7.4, 1000 mM NacCl, 0.05% Tween 20) and
twice with PNK buffer (70mM Tris/HCI ph 7.5, 10mM MgCl;, 0.05% NP-40). At this point,
high RNase control samples were stored in PNK buffer at 4°C overnight until radioactive

labelling.

Step 4: Dephosphorylation and first adapter ligation
All other samples were dephosphorylated in PNK dePPL buffer (5x: 350 mM Tris-HCI pH 6.5,
50 mM MgCl,, 5 mM DTT) by adding the following mixture to the beads:

4 ul 5x PNK dePPL buffer
0.5 ul RNaseOUT
0.5 pul T4 Polynucleotide Kinase
15yl DMPC-H20
20 pul  total volume
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On-bead dephosphorylation reactions were incubated for 20 min at 37°C, 1000 rpm and washed
twice with TBS-T 400 (50 mM Tris-HCI pH 7.4, 400 mM NaCl, 0.05% Tween 20) and twice
with PNK buffer. Samples were now prepared for ligation of the pre-adenylated first adapter to
the 3’end of the RNA. Therefore, the pre-mixed RNA-linker ligation reaction was added to the
beads:

2 ul 10x T4 RNA ligase buffer
1 pl  Pre-adenylated L3-App (20 puM)
0.5 ul RNaseOUT
4 ul PEG400
1 pl T4 RNA ligase
11.5 ul  DMPC-H,0
20 pl total volume

Ligation was allowed to proceed overnight at 16°C, 1000 rpm. The next day, samples were
washed twice with PNK buffer.

Step 5: Radioactive RNA 5’-labelling
RNA of all samples (including those treated with high RNase I concentrations) was 5’end-

labelled with the following [y-32P]-ATP containing mixture:

1 ul 10x PNK buffer
1ul [y-32P]-ATP (12.33 uM, 800 Ci/mmol)
0.25 ul RNaseOUT
0.5 pul T4 Polynucleotide Kinase
7.25 I  DMPC-H20
10 ul  total volume

The mixture was added to the beads and incubated at 37°C for 20 min. Then, beads were washed
once with TBS-T 150 and once with PNK buffer.

Step 6: SDS-PAGE and nitrocellulose transfer

Beads were resuspended in 25 pl 1x LDS loading buffer (supplied with reducing agent) and
protein-RNA complexes eluted by incubating for 10 min at 70°C, shaking. SDS-PAGE and
nitrocellulose transfer were mediated using the NUPAGE Electrophoresis and Blotting System.
First, samples were placed on a magnetic rack and supernatants loaded on a 4-12% NuPAGE
Bis-Tris gel together with the peqGOLD Protein Marker V. The gel was run for 2.5 h at 200 V
in 1x MOPS SDS running buffer (2.5 mM MOPS, 2.5 mM Tris Base, 0.05 mM EDTA, 0.005 %
SDS, pH 7.7). After electrophoresis, protein-RNA complexes were transferred to a

nitrocellulose membrane by blotting for 1 h at 30 V in 1x transfer buffer (12.5 mM bicine,
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12.5 mM Bis-Tris, 0.05 mM EDTA, 20% (v/v) methanol, pH 7.2). The membrane was wrapped
in a plastic bag and exposed to an autoradiography film in a film cassette with intensifying

screen for different time intervals at -80°C.

Step 7: RNA isolation

The film was used as a template to cut the regions above the FLAG-IMP3 crosslink band in
FLAG-IMP3-IP and c-Myc-IP samples. Proteins were digested by adding 20 ul proteinase K
in 400 pl CLIP-PK buffer (100 mM Tris/HCI pH 7.4, 50 mM NaCl, 10 mM EDTA, 1% SDS)
to nitrocellulose pieces. After incubation for 20 min at 37°C, 1000 rpm, 400 pl of urea
containing PK buffer (PK buffer + 7 M urea) were added and incubated for another 20 min at
55°C. RNA was extracted by adding 800 pl phenol/chloroform, incubating for 5 min at 30°C,
1000 rpm and centrifuging using phase lock heavy gel tubes (21,000xg, 5 min, 4°C). The
aqueous upper phase was transferred into a new tube and RNA precipitated with 0.1 volumes
of 3 M sodium acetate (pH 5.2), 0.7 volumes isopropanol, and 1 ul glycoblue overnight at
-80°C. Samples were centrifuged (21,000xg, > 30 min, 4°C) and pellets washed with
80% ethanol. Air-dried pellets were dissolved in 12 pl DMPC-H.0.

Step 8: Reverse transcription

To prepare cDNA, RNA is reversed transcribed. In a first step, primer and dNTPs were added:

1ul RT1oligo (0.5 uM)
1l dNTP mix

12 ul RNA

14 ul  total volume

Samples were incubated for 5 min at 70°C and then left at room temperature until addition of

the remaining reaction mix:

4 ul 5x RT buffer

1l DTT (0.1 M)
0.5 pul RNaseOUT
0.5 pl  SuperScript 11l RT
20 pl  total volume

Reverse transcription was mediated by incubation for 5 min at 25°C, for 20 min at 42°C and
40 min at 50°C. Samples were left at 4°C if not proceeded directly. After reverse transcription,
1.65 pul 1 M NaOH were added and incubated for 20 min at 98°C to hydrolyse RNA. Then,
20 ul 1 M HEPES-NaOH (pH 7.3) were added to ensure elimination of radioactivity.
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Step 9: Second adapter ligation

Prior to ligation of the second adapter at the 3’ end of the cDNA, cDNA was purified using
MyONE Silane beads. For each sample, 10 pl bead suspension were used. Beads were washed
with 500 pl RLT buffer and resuspended in 125 pl RLT buffer before the sample was added
and mixed to obtain a homogeneous suspension. Then, 150 ul 100 % ethanol were added, mixed
by pipetting and incubated for 10 min with mixing by pipetting after half of the time. Beads
were magnetically attracted and the supernatant discarded. Washing of beads was performed
three times with 1 ml 80 % ethanol each and change of tubes after the first wash. Beads were
air-dried for 5 min at room temperature before the addition of 5 pl DMPC-treated water.
Samples were incubated for 5 min at room temperature before ligation of the second adapter.

The second linker contains also the barcode, which is why different linkers are chosen for each

sample. For the two ICLIP replicates, the following linkers were chosen:
Total Cytosol MO Myc-IP (neg. ctr)

iCLIP 1 | LO1clip2.0 | LO2clip2.0 | LO4clip2.0 | L21clip2.0
iICLIP 2 | LO3clip2.0 | LO8clip2.0 | L10clip2.0 | L16¢lip2.0

Each second adapter was added (2 pl, 10 uM) as well as DMSO (1 pl, 100 %) and the mix

heated briefly for 2 min at 75°C with subsequent cooling on ice.

A ligation master-mix was prepared and 12 ul added to each cDNA-adapter-bead solution:

2 ul 10x RNA ligase buffer
0.2 ul  ATP (100 mM)
9 ul PEGB8000 (50%)
0.5 pul T4 RNA ligase (high concentration)
0.3 ul DMPC-H,0
12 ul total volume

After thoroughly mixing, an additional 1 pul RNA ligase was added to each sample and mixed
by stirring. The ligation was allowed to proceed overnight at room temperature, stirring at
1100 rpm.

A second clean-up with MyONE Silane beads was performed the next day. For each sample,
5 pl of bead suspension were used. Beads were washed with 500 pl RLT buffer and resuspended
in 60 pl RLT buffer before the sample was added. After mixing, 60 ul 100 % ethanol were
added and the suspension mixed again by pipetting. Incubation times and washing was as

described for the first MyONE clean-up. Air-dried beads were then resuspended in 23 ul
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DMPC-treated water. The mix was incubated for 5 min at room temperature to elute the cDNA.
Beads were magnetically attracted and eluate subjected to the first PCR.

Step 10: First PCR amplification
For cDNA pre-amplification, a first PCR was performed with shorter primers. The following

PCR mix was prepared and underwent the described programme:

22.5ul cDNA
2.5 pl  Primer mix of P5Solexa_s and P3Solexa_s, 10 uM each
25 pl - 2x Phusion HF PCR MasterMix
50 pl total volume

98°C 30s
98°C 10s
72°C 30s
72°C 3 min
16°C Hold

6 cycles

Step 11: ProNex size selection

Primer dimers were removed through ProNex Size-Selective Chemistry. For each PCR sample
(50 pl), 147.5 pl of room temperature equilibrated ProNex Chemistry (beads) were added,
corresponding to a 1:2.95 sample to bead ratio. Samples were resuspended and incubated for
10 min at room temperature. Beads were magnetically attracted and supernatant discarded.
Washing was performed twice using 300 ul ProNex Wash Buffer with short incubation times
(30 — 60 s) each but without removal from the magnetic rack. Samples were air-dried for ca. 8
— 10 min until cracking of the beads started. Beads were resuspended in 23 ul ProNex Elution
Buffer and incubated for 5 min at room temperature. Samples were returned to the magnetic

stand and eluted cDNA transferred to a new tube.

Step 12: Second PCR amplification

Step 12.a: Analytical PCR
Numbers of PCR cycles must be optimised for each sample individually to obtain a library with
sufficient yield but without over-amplification. Therefore, analytical PCRs with two different
numbers of cycles were performed to estimate the cycle number needed for the preparative

PCR. The following PCR mix was prepared and underwent the following programme:
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2ul cDNA

1 pl Primer mix of P5/P3Solexa, 10 uM each
10 I 2x Phusion HF PCR MasterMix

7ul DMPC-H20
20 pl  total volume - split to 2x 10 pl reactions

98°C 30s
98°C 10s
65°C 30s
72°C 30s
72°C 3 min
16°C Hold

7-13
cycles

Each sample was supplied with 2 pl 6x DNA loading buffer and 6 pl loaded on a 7% native
PAA-TBE gel. For size comparison, the GeneRuler Low Range DNA Ladder was used. The
gel was run for 30 min at 200 V in 1x TBE and stained for 10 min with an ethidium bromide
solution (1XTBE, 1:20,000 EtBr). DNA was visualised with a gel documentation system

(SynGene) and necessary cycle number estimated according to the signal.

Step 12b: Preparative PCR
Preparative PCR was carried out using the same PCR programme as described for analytical

PCR. The reaction setup included now half of the remained cDNA.:

10 uI cDNA

2 I Primer mix of P5/P3Solexa, 10 UM each
20 pl - 2x Phusion HF PCR MasterMix

8 ul DMPC-H,0
40 ul total volume

For quality control, 5 pl PCR was supplied with 1 pl 6x DNA loading buffer and loaded on a
7% native PAA-TBE gel together with the GeneRuler Low Range DNA Ladder. The gel was

run, stained and visualised as before (12.a).

Step 13: Second ProNex size selection

For this step, the library of the negative control (c-Myc IP) was excluded as it was not subjected
to sequencing. From all three FLAG-IMP3 iCLIP experiments, 1% input was taken, pooled and
mixed with 6x DNA loading buffer. The following size selection occurred as before but with a
different sample-ProNex ratio of 1:2.4 (v/v) due to the longer primers. Thus, 82.8 ul of room
temperature equilibrated ProNex Chemistry (beads) were added to each sample. Mixing,

incubation and washing and drying of beads was performed as in the first ProNex size selection
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(step 11). Beads were finally resuspended in 20 pl ProNex Elution Buffer and incubated for
5 min at room temperature for elution. Samples were returned to the magnetic stand and eluted
cDNA transferred to a new tube. 0.5 pl of each library was pooled and mixed with 6x DNA
loading buffer for analysis of primer removal. 1% of pooled inputs and pooled libraries were
loaded on a 7% native PAA-TBE gel together with the GeneRuler Low Range DNA Ladder.
The gel was run for 25 min at 200 V in 1x TBE, stained and visualised as before.

Step 14: Next-generation sequencing

ICLIP libraries were additionally examined using the High Sensitivity DNA Kit (Bioanalyzer)
and the Qubit dsDNA HS Assay kit. This way, the concentration of each library could be
determined and libraries pooled in equimolar amounts. During the library preparation for
sequencing, 5 % of a PhiX library were spiked-in as a control according to the manufacturer’s
instructions. High-throughput sequencing was performed as 150 bp single-reads using the
MiSeq Reagent Kit v3.

3.12 Bioinformatic analyses of high-throughput sequencing data

The high-throughput sequencing data analysis was done by my colleague Lee-Hsueh Hung.
Methods are described in Schreiner et al. (2020) for RNA-seq and Rossbach et al. (2014) for
ICLIP-seq, applied here for the analysis of IMP3/IGF2BP3.
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4 Results
4.1 IMP3 circRNA sponges

CircRNAs have been shown to be efficiently used as sponges for microRNAs, thereby
inhibiting their function. We proposed that this mechanism should be also applicable to RNA-
binding proteins, given that the RNA-binding motif of the respective protein is known. Previous
work from our lab has revealed the RNA-recognition code of the multidomain IMP3 protein by
SELEX-seq analysis and confirmed it by multiple validation experiments (Schneider et al.,
2019). In this model, CA-rich sequences are bound by RRM1, KH2 and KH3 domains, whereas
GGC-rich elements are bound by KH1 and KH4 (Fig. 4.1).

22 nt 10 nt 16 nt 3nt
ANKRD17 5% ﬂ—| CACA |—| CACA|—| CGCCA [(H AACAACAACACU| 3°
(endogenous) 7 X > H ™
1 ] \ AN AN
1 I \ A A
IMP3 C | KH4 KH3 KH2 ——— KH1 —RRM2RRM1 N
i i i i s
* /
101-mer 5 |Gceca CACA CACA CGCC H CACACACA | 3
(SELEX-derived) —
20 nt 14 nt 22 nt 4nt

, ,
alluUG 5 |ucuc UGUG UGUG‘—{ UGUGH UGUGUGUG | 3

(neg. control)

Figure 4.1: RNA-recognition code of IMP3 and constructs used in this thesis.

The RNA-recognition code of IMP3 protein was derived from SELEX-seq and iCLIP data integration
(Schneider et al., 2019). The sequences of the motif arrays found within exon 29 of ANKRD17, a natural
IMP3 target (121 nt), and in the synthetic 101-mer RNA, are shown, both containing the appropriate
spaced CA and GGC elements. The specific recognition of these RNA motif elements by the KH- and
RRM-domains of IMP3 are indicated. In addition, a mutant derivative of the 101-mer RNA, allUG, in
which all binding motifs were converted to UG elements, was used as a negative control. All constructs
contain additional, short 5’°- and 3’-sequences (not shown).

The motif array was found in multiple targets of IMP3, one of them the endogenous ANKRD17
MRNA, where it is present in exon 29. Interestingly, there are also two natural circRNAs of this
gene, comprised either of exon 29 alone, or of exon 29 and exon 30, and IMP3 is known to bind
to these (Schneider et al., 2016). Therefore, the short region (121 nt) of ANKRD17 exon 29
containing the RNA motif array was used as a positive control and compared to a series of
synthetic 101-mers containing either the endogenous motif, with optimal spacing between
individual elements, or swapped and/or mutated motifs (Schneider et al., 2019). As these assays
revealed in depth insight into the sequence-dependent binding of IMP3 to linear RNAs, we
asked whether IMP3 might be also able to bind these RNAs if they were circularised. Given the

high stability of circular RNAs, this would be beneficial in developing a potential new tool for
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IMP3 inhibition. Therefore, we decided to pick a subset of the described RNAs and examined
it further within this thesis. We chose both RNAs containing the full RNA-recognition code,
which is the endogenous ANKRD17 sequence and the synthetic 101-mer construct, and directly
compared them. In addition, the mutant derivative of the 101-mer RNA “allUG”, in which all
RNA motif elements were converted to UG repeats, was used as a negative control (Fig. 4.1).

4.1.1 IMP3 binds to circRNA sponges with high affinity in vitro

In a first step, binding of IMP3 to the described RNAs was assayed in vitro. To improve
circularisation, a short, terminal stem sequence was attached to all constructs, as circularisation
efficiency without the stem was rather low, especially for the ANKRD17 construct (data not
shown). The stem sequence comprises 10 nt: 6 nt for base-pairing and 4 nt as short overhangs
(designed by Oliver RoRRbach). The influence of the attached stem sequence on the accessibility
of the RNA-binding elements was examined by secondary structure predictions (Fig. 4.2). We
found no big changes in the overall RNA secondary structure nor on the positioning of the
RNA-recognition elements, although the attached stem sequence led to shorter 5’ and 3’

unpaired sequences, thereby decreasing the flexibility of the ends as desired.

Circular RNAs were generated by T7 polymerase-mediated in vitro transcription and ligation
by T4 RNA ligase (Fig. 4.3A). Comparison of the ligated transcript to a control ligation reaction
without RNA ligase revealed a second, upshifted band in denaturing polyacrylamide gel
electrophoresis (Fig. 4.3B). This upshifted band is stronger than the remaining linear transcript
band and its exact position dependent on polyacrylamide percentage (data not shown),
indicating circularity of the RNA. To further confirm circularity of the transcript, an enzymatic
digest with the 3’—5’ exoribonuclease RNase R was performed, since this enzyme degrades
linear but not circular RNA. All transcripts showed degradation of the linear RNA upon RNase

R treatment, whereas the upper bands remained (Fig. 4.3C), supporting circularity.
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Figure 4.2: Influence of stem sequence on secondary structures of IMP3 sponge constructs.

Predicted RNA secondary structures of ANKRD17, 101-mer and allUG without (top) or with (bottom)
stem sequence. Linear sequences without stem have been analysed for IMP3 binding previously
(Schneider et al., 2019). Possible influence of the introduced stem sequence on IMP3-binding motifs
was examined by RNA secondary structure prediction. CA and GGC motifs recognised by IMP3 are
coloured in blue and red, respectively, mutated motifs to UG are denoted in grey. The attached stem

sequence to enhance circularisation efficiency is highlighted in yellow.
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Figure 4.3: Generation of synthetic circular RNAs in vitro.

(A) Schematic overview of in vitro circularisation of short RNAs. After transcription of a DNA template
by T7 polymerase, the resulting RNA is ligated (T4 RNA ligase) to form a covalently closed circle (left).
Circularisation was facilitated by addition of a terminal, short stem sequence (arrows), leading to correct
positioning of the 5 and 3° ends of the RNA (right).

(B) In vitro circularisation of IMP3 sponge RNAs. Circular RNAs were generated as described in (A)
and compared to the corresponding linear transcripts. Analysis of ligated RNA shows a characteristic
shift of the circular RNA compared to its linear counterpart in denaturing polyacrylamide gel
electrophoresis (EtBr staining).

(C) Quality control of in vitro generated circRNAs by RNase R treatment. Equal amounts of ligated or
non-ligated (+/- ligase) transcripts were treated with or without (+/-) RNase R and analysed by
denaturing polyacrylamide gel electrophoresis (EtBr staining).

To be able to examine binding of the circRNAs to IMP3, recombinant IMP3 protein was
produced in E. coli cells and isolated. Purification occurred via its C-terminal His-tag with Ni-
NTA agarose and subsequent elution with imidazole (see Methods section 3.6.4). The
procedure was controlled by Coomassie staining after SDS-PAGE and resulted in a clean
protein product after elution (E1 and E2, Fig. 4.4 left). Remaining imidazole was removed by
dialysis, which did not affect protein stability (Ep, Fig. 4.4 left). The protein concentration was
determined by comparing different volumes of protein eluate to a BSA standard and estimated
to 140 ng/ul (Fig. 4.4 right).
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Figure 4.4: Purification of recombinant IMP3.

IMP3 containing a GST- and His-tag was purified from E. coli cells and purification controlled by SDS-
PAGE and Coomassie staining (left). Samples were taken of lysed cells after removal of cell debris (L),
supernatant after incubation with Ni-NTA beads (SN), during washing (W), after both elutions (E1 and
E2) as well as after dialysis of the combined eluates (Ep). For a first concentration estimation, defined
amounts of BSA were loaded as indicated. Precise concentration of purified IMP3 was determined by
comparing different volumes of eluate to a BSA standard in Coomassie stained SDS-PAGE (right).

Finally, in vitro binding of IMP3 to circular RNA sponges could be examined by electrophoretic
mobility shift assays (EMSAS). For this, transcripts were radioactively labelled with 32P-UTP.
Purified transcripts were either directly tested for binding (linear RNA) or ligated and gel-
extracted to yield pure circular RNA. Binding reactions with constant concentrations of RNA,
but increasing concentrations of purified IMP3 protein were subjected to native gel
electrophoresis (Fig. 4.5A). In all constructs, the formation of a protein-RNA complex was
observed that clearly shifted above the unbound RNA. More of the complex was formed at
higher protein concentrations. Of note, up to 4-fold higher concentrations of IMP3 were used
to examine binding to the negative control. Radioactive signals were quantified and bound
fractions calculated (Fig. 4.5B left). Dissociation constants (Kq) were determined by curve
fitting and compared between the constructs in their circular and linear isoform (Fig. 4.5B
right). The two constructs containing the IMP3 RNA-recognition code, ANKRD17 and 101-
mer, were bound with similar high affinities (Kq values between 8.5 — 10.4 nM), whereas the
negative control RNA allUG was bound with ~5-7 fold lower affinity by IMP3. In addition, no
significant differences in Kq values were found for linear or circularised RNA within each
construct (Fig. 4.5B right). We therefore concluded that circular RNAs can be efficiently bound
by IMP3 in vitro and that they might present a useful tool for IMP3 sponging.
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Figure 4.5: IMP3 binds to synthetic circular RNA in vitro.

(A) Binding of IMP3 protein to linear (upper) and circular (lower) versions of the three RNAs (natural
ANKRD17 motif array; synthetic 101-mer and allUG mutant derivative). In vitro ligated RNAs were
gel-extracted to yield only circular RNA. *P-labelled RNAs (5 nM) were incubated with recombinant
IMP3 protein (0 — 40 nM or 0 — 160 nM range) and binding analysed by EMSA.

(B) Dissociation constants for IMP3-RNA binding derived from EMSA experiments. Curve fits were
generated for linear and circular RNA binding using the quadratic binding equation (left). Kq values are
depicted with standard deviations of experiments performed in triplicates (right).

4.1.2 Stable expression of circRNA sponges in vivo
Next, we asked if our circRNA constructs can also sponge IMP3 in vivo. To clarify this, we
pursued two different strategies: sponging of IMP3 by stably expressed circRNAs or by

transiently overexpressed circRNAs from plasmids (for the latter, see section 4.1.3).

Following the first strategy, we decided to use the Flp-In T-REX system (Invitrogen). In this
system, genetically modified cells are used in which the expression of a gene of interest is
driven by a tetracycline-inducible CMV promoter (for details, see Methods section 3.3.4). We
generated HeLa Flp-In T-REx cells, which stably and inducibly express IMP3 circRNA
sponges (Fig. 4.6A). In vivo circRNA generation was facilitated by long inverted repeats (IR;
~300 nt) flanking the sponge sequences. Expression of generated constructs after tetracycline

induction was tested by RT-PCR using different primer sets: primers detecting the linear and
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circular form (“total”, black), outward facing primers detecting only the circular form

(“circular”, red) or primers detecting the linear, unspliced transcript (“precursor”, grey) (Fig.

4.6A).

We decided to focus on the ANKRD17 sequence and generated cell lines expressing either one
or two repeats of the sequence (IXANKRD17 or 2xANKRD17, respectively), to additionally
test the influence of circRNA length and motif repetition on IMP3 binding. Two corresponding
control cell lines, 1xallUG and 2xallUG, were also generated. Within cell line generation,
several cell clones were tested for circRNA expression after tetracycline induction and the ones
with the highest expression picked (data not shown). A time course was performed to assess
the optimal time span for tetracycline induction (Fig. 4.6B). Here, tetracycline was added for
one, two or three days and the expression of stably integrated sponge constructs examined by
RT-PCR. As a control, no tetracycline induction was performed (“0 days”). Construct
expression was examined by using the three primer sets described above; U6 expression served
as a loading control. In all four cell lines, expression of the precursor clearly increased with
correspondingly longer tetracycline induction (Fig. 4.6B). For both ANKRD17 cell lines, this
led also to increased expression of circular RNA. By contrast, the two allUG control cell lines
showed almost no circRNA expression, independently of the tetracycline induction time
interval. We therefore decided that these cell lines do not represent appropriate negative

controls and did not include these in the following experiments.

Furthermore, we asked whether the stable expression of ANKRD17 sponges influenced the
expression level of IMP3 or one of its two paralogues IMP1 and IMP2 (Fig. 4.6C). Western
blot analysis revealed no differences in any of the protein levels examined between the original
HeLa Flp-In cell line or the generated ANKRD17 cell lines, independently of tetracycline
induction. The GAPDH loading control confirmed that these constant levels were not due to
unequal sample loading. Hence, we concluded that the stable expression of ANKRD17

circRNA sponges is possible in vivo and does not modulate IMP3 protein expression.
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Figure 4.6: CircRNAs can be inducibly and stably expressed in vivo.

(A) Schematic of stable circRNA expression in HeLa Flp-In T-REX cells. Transcription is controlled via
a tetracycline-inducible CMV promoter. Inverted repeat (IR) sequences facilitate generation of circular
RNA by bringing the 3° and 5’ splice sites (3’ss / 5’ss) into proximity. IMP3 sponge sequences are
flanked by tag sequence for RT-PCR detection; primers for precursor, circular or linear/circular (total)
detection are indicated by arrows. The resulting circRNA with the characteristic circ-junction (grey line)
is illustrated.

(B) Time course of tetracycline-induced stably expressed IMP3 and control sponge constructs detected
by RT-PCR. One (1x) or two (2x) repeats of the IMP3 binding sequence ANKRD17 or the control
sequence allUG were stably expressed in HeLa Flp-In T-REX cells. Linear/circular (total), circular and
precursor forms were detected, U6 served as a loading control.

(C) Endogenous IMP3/1/2 level in cell lines stably expressing IMP3 circRNA sponges. Protein levels
were examined with (+) or without (-) tetracycline induction. Equal amounts of cell lysates were loaded
on SDS-PAGE for Western blot detection. For comparison, HelLa cells and wildtype HelLa Flp-In T-
REX cells were loaded. GAPDH served as a loading control.

Finally, we wanted to know if the stable expressed circRNA sponges are bound by IMP3. To
examine this, we performed RNA-immunoprecipitation experiments. Cell lysates were
prepared, followed by immunoprecipitation with anti-IMP3 antibody, or with anti-IMP1 or anti-
FLAG antibodies as specificity controls. Immunoprecipitated RNAs were detected with RT-
PCR, using circRNA, total or precursor-specific primer pairs (Fig. 4.7). The quality of the RIP
assays was controlled by testing for binding to ferritin light chain (FTL) RNA (positive control)
and U6 RNA (negative control). We found that IMP3 bound to circular ANKRD17 sponges,
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but hardly to precursor RNA (1.9% or 2.9% compared to 0.1%). Furthermore, this binding was
specific for IMP3, since there was no enrichment of ANKRD17 circRNA in the IP of its
paralogue IMP1 (0% or 0.4% efficiency, respectively). The negative control U6 RNA bound
IMP3 at low levels (0.9% or 1.3% efficiency). The comparison between the 1XANKRD17 and
2xANKRD17 constructs proved to be difficult given the differences in overall RIP efficiency
and background, as seen by differences in the FTL and U6 control. Nevertheless, this confirms
that IMP3 binds specifically to synthetic, stably expressed ANKRD17 circRNAS in vivo.
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Figure 4.7: Stably expressed circRNA sponges are specifically bound by IMP3 in vivo.

RIP experiments of cell lines stably expressing IMP3 sponge constructs were examined by RT-PCR.
Expression of ANKRD17 circRNA sponges was induced with tetracycline prior to cell harvest.
Specificity of IMP3 sponges was tested by performing RIP experiments with anti-IMP1 and anti-IMP3
antibodies, anti-FLAG antibody served as a negative control. RNA sponge binding was examined by
RT-PCR targeting linear/circular (total), circular or precursor form of the sponge constructs. RIP
specificity was examined by FTL (positive control) and U6 (negative control). Corresponding samples
were loaded together on one gel, but empty lanes in between were removed. RIP efficiency was
quantified by densitometry and is shown below each lane.

70



4 Results

4.1.3 Transient expression of Tornado circRNA sponges

Following our second strategy, we examined the binding of IMP3 to transiently expressed
circRNA sponges. We decided to use the Tornado system (Litke and Jaffrey, 2019) in which
circRNAs are transcribed by RNA polymerase 111 from a transfected plasmid (Fig. 4.8A). The
formation of the circRNA occurs via cleavage by two flanking twister ribozymes (5’ and 3’
ribozyme) and ligation by the endogenous RtcB tRNA ligase. Similar to in vitro produced
circRNAs, in vivo circularisation is enhanced by short, flanking stem sequences. Since this
system is more suitable for smaller circRNAs, we decided to use the original three constructs
ANKRD17, 101-mer and allUG, each with only single copies of the motifs, resulting in
circRNAs not longer than 200 nt. We transfected HeLa cells with the Tornado sponges and
examined the expression of our constructs by RT-PCR testing for circular and linear (precursor)
RNAs (Fig. 4.8B). The circRNAs were easily detectable, in contrast to the precursor form,
which was most likely due to its fast processing not visible. Next, we wanted to know if we can
detect the overexpressed Tornado circRNAs in SYBR Gold-stained denaturing polyacrylamide
gels of total RNA (Fig. 4.8C). Abundant endogenous small RNAs such as 5S (121 nt) and 5.8S
rRNA (157 nt) could be visualised this way. By comparing Tornado-transfected cells to mock-
transfected controls, we observed one additional band for each Tornado sponge (Fig. 4.8C, left).
This band was at the same height for Tornado-101-mer and Tornado-allUG and just above the
5.8S rRNA, which matched to their length of 144 nt. The additional band in the Tornado-
ANKRD17 total RNA ran higher compared to the other two constructs, which was expected
due to its larger size. Increase of the acrylamide concentration shifted the respective band to
higher molecular weights (Fig. 4.8C, right), which is typical for circular RNAs. Thus, we

conclude that circular Tornado sponges are expressed in high amounts in vivo.
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Figure 4.8: Expression of Tornado circRNA sponges.

(A) Schematic of Tornado circRNA expression constructs. Pol Il transcription is driven by U6 promoter
with the first 27 nucleotides of U6 snRNA. Stem sequences flank the circularising IMP3 sponge
sequences to mediate cleavage by the twister ribozymes (5’ and 3’ ribozymes) and efficient
circularisation of the RNA. Pol 11l transcription is terminated by a T-stretch within the U6 terminator
region. The resulting circRNA containing the characteristic circ-junction (grey line) is illustrated and
the respective lengths of IMP3 Tornado sponge RNAs indicated. Primers for detection of precursor
(linear) and circular RNA are illustrated by arrows.

(B) Detection of IMP3 Tornado sponge RNAs by RT-PCR. HeLa cells were transfected with Tornado
constructs and isolated RNA examined for Tornado circRNA (O) and precursor (—) expression.

(C) Visualisation of overexpressed Tornado circRNAs in total RNA. Total RNA (5 g) was subjected
to denaturing polyacrylamide gel electrophoresis (7% and 8%) and stained with SYBR Gold. Bands
corresponding to Tornado circRNAs are indicated by red arrows; asterisks mark putative position of
CircRNAs.

Due to the expression of Tornado circRNAs from plasmids, the first step in cells is the
transcription in the nucleus. Since IMP3 is mainly cytoplasmic, we wondered where the

Tornado sponges are localised in cells and whether they influence the localisation of IMP3. We
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performed subcellular fractionation with Tornado-transfected or control (mock)-transfected
cells into cytoplasmic and nuclear extracts (Fig. 4.9). Prior to cell fractionation, a proportion of
the cells were saved as input samples. Examination of the protein distribution in the subcellular
fractions showed no visible differences in IMP3 localisation in the presence or absence of
Tornado sponges (Fig. 4.9A), as the protein remained in the cytoplasm. The cytosolic protein
GAPDH and the predominantly nuclear protein hnRNP Al localised as expected and thereby
validated the fractionation procedure. Furthermore, the RNA distribution was examined by
performing RT-gPCR with RNA isolated from the fractions (Fig. 4.9B). As marker RNAs, the
cytosolic GAPDH mRNA and the nuclear U78 snoRD were used. Comparison of the relative
cytoplasmic to nuclear RNA level showed the expected distribution of the marker RNAs and
an enrichment of Tornado circRNA sponges in the cytoplasm. This means that both IMP3 and
the Tornado sponges are localised in the cytoplasm, which is beneficial for our purpose, making
an interaction of them more likely.
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Figure 4.9: Tornado circRNAs are predominantly localised in the cytoplasm.

(A) Detection of IMP3 nuclear/cytoplasmic distribution. HeLa cells were transfected with Tornado
IMP3 sponge constructs or mock and harvested 72 h post-transfection. Cells were fractionated into cyt
and N extracts. Equivalent lysate amounts of both fractions and input (In) samples were analysed by
Western blotting against IMP3, GAPDH (cytosolic marker), and hnRNP Al (nuclear marker).

(B) RNA distribution analysis of fractionated HelLa cells as described in (A) by RT-gPCR. Equivalent
amounts of cytoplasmic and nuclear extracts were taken for RT-qPCR. Levels of the respective Tornado
circRNA, GAPDH (cytosolic marker) and snoRD U78 (nuclear marker) were assayed. Data were
normalised to input to see cytoplasmic/nuclear distribution. The graph shows combined data obtained
from two independent biological replicates with the respective standard deviations.
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As a final step, we wanted to know if IMP3 binds to Tornado sponges in vivo. To address this
question, we performed RIP experiments targeting IMP3 or, as a specificity control, FLAG.
Since the Tornado expressed circRNAs are present in high concentrations in cells after 72 h
(Fig. 4.8C), presumably exceeding endogenous IMP3 protein concentrations, we performed
RIP experiments at three different time points after transfection (8, 24 or 72 h, respectively,
Fig. 4.10). Immunoprecipitation was first controlled by Western blotting of input and IP
fractions (Fig. 4.10A). IMP3 was successfully precipitated in all samples with comparable
efficiency. In addition, IMP3 precipitation was specific as no GAPDH was found in IMP3
precipitated samples and no IMP3 protein was pulled down by anti-FLAG antibody. Next,
binding of Tornado sponges was examined by performing RT-gPCR with circular Tornado
primers of immunoprecipitated RNAs (Fig. 4.10B). The quality of the RIP assays was
controlled by testing for binding to two lowly abundant endogenous circRNAs, CAMSAP1
(negative control) and ANKRD17 (large isoform; positive control). Both endogenous control
circRNAs confirmed the functionality of the assay, since circCAMSAP1 was bound at very low
efficiency (up to 0.9 % at the 8 h time point) and endogenous circANKRD17 at high efficiency
(up to 28.4 % at the 8 h time point). Regarding Tornado circRNA sponges, we observed an
enrichment in all IMP3 IPs compared to FLAG IPs. Further, Tornado-ANKRD17 and Tornado-
101-mer were immunoprecipitated with higher efficiencies compared to the negative control
Tornado-allUG. For a more detailed view into this enrichment, we calculated the fold change
of RIP efficiencies of both Tornado IMP3 binding sponges relative to the negative control
alluG sponge (Fig. 4.10C). We found that Tornado-ANKRD17 and Tornado-101-mer were
clearly enriched compared to Tornado-allUG and that this enrichment is highest 24 h after
transfection (14.3-fold or 15.8-fold enrichment of Tornado-ANKRD17 or Tornado-101-mer,
respectively). Overall, we could demonstrate specific binding of IMP3 protein to Tornado

circRNA sponges in vivo.
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Figure 4.10: IMP3 binds to Tornado circRNA sponges in vivo.

(A) Detection of IMP3 and GAPDH protein levels after RIP experiments. HelLa cells were transfected
with Tornado constructs and harvested 8, 24 or 72 h after transfection. Cell lysates were incubated with
anti-IMP3 or -FLAG (negative control) antibody. Input and both IP samples were then analysed by
Western blot with anti-IMP3 and -GAPDH antibodies.

(B) Binding of overexpressed Tornado circRNAs by IMP3. RNA isolation was performed with input
and IP samples of RIP experiments and analysed by RT-gPCR to calculate RIP efficiency [%] (left).
RIP was controlled by detection of the lowly abundant endogenous circRNAs CAMSAPL (negative
control, middle) and ANKRD17 (large isoform, positive control, right) in each experiment and is shown
for the 8 h time point.

(C) Fold change enrichment of Tornado-ANKRD17 or -101-mer circRNAs relative to Tornado-allUG
in IMP3 RIP experiments. RT-gPCR data shown in (B) were compared to assess specificity of IMP3
binding to Tornado circRNAs.
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4.2 Function of IMP3 in RNA localisation

Besides finding a tool for inhibition of IMP3 by circRNA sponging, we further wanted to obtain
deeper insights in the endogenous function of this RNA-binding protein and tumour marker.
Since several indices hinted at a role of IMP3 in the secretory pathway, we decided to set up
experiments to test this hypothesis (Fig. 4.11). For this purpose, we used the ovary carcinoma
cell line ES-2, which had previously been established for IMP research (Mdller et al., 2018;
Schneider et al., 2019), and for which we had a CRISPR/Cas9-mediated IMP3 knockout (k.0.)
cell line available. In addition, siRNA-mediated transient IMP3 knockdown (k.d.) and a
corresponding control knockdown (ctr k.d.) were established in ES-2 cells. All cells were
fractionated into cytosol (cyt) and membrane organelles (MO), followed by extract preparation.
Furthermore, total extracts were prepared by standard cell lysis procedures. High-throughput
RNA-sequencing was then performed to enable global detection of changes in RNA levels in
fractions upon IMP3 depletion. Differentiation between directly or indirectly affected RNAs
was possible by performing IMP3 iCLIP experiments in fractionated ES-2 cells (Fig. 4.11). The
combination of both RNA-sequencing approaches should reveal direct IMP3 target mRNAS,

which display altered levels in the MO fraction upon IMP3 depletion.

ES-2 cells
Cell lysis Fractionation
Total Cytosol Membrane organelles
(cyt) (MO)

RNA-seq (wt / IMP3 k.o. / ctr k.d. / IMP3 k.d.)
+

iCLIP (W)

Figure 4.11: Project outline to examine the endogenous function of IMP3.

The human cell line ES-2 was used to test the hypothesis that IMP3 plays a role in the secretory pathway.
For this, wildtype (wt) or IMP3 knockout (k.0.) cells were used as well as IMP3 knockdown (k.d.) and
corresponding control knockdown (ctr k.d.) cells. All cells were fractionated into cytosol (cyt) and
membrane organelles (MO), or lysed to obtain whole cell lysate (total). RNA from all samples was
subjected to high-throughput RNA-sequencing and bioinformatically analysed. In addition, iCLIP was
performed in fractionated and unfractionated ES-2 wt cells expressing FLAG-tagged IMP3 to identify
direct IMP3 targets.
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4.2.1 Establishment of the subcellular fractionation procedure

Before the analysis of IMP3’s functional role in RNA localisation could begin, a procedure for
subcellular fractionation needed to be established. Since many researchers are more interested
in the comparison of cytoplasm to nucleus, fractionations into cytoplasm and membrane
organelles are less common. Nevertheless, a standard method relies also on detergent-based
fractionation. A protocol published by Holden and Horton (2009) was employed for the
fractionation procedure and is illustrated in Fig. 4.12. In this set-up, cell membranes are first
lysed by incubation with a digitonin-containing buffer. Centrifugation yields cytosol-enriched
supernatant, which is transferred to a different tube and preserved. The remaining pellet is
further lysed by an NP40-containing buffer. Again, centrifugation after incubation is performed
to obtain membrane organelle fractions. The extract is retained and the remaining cell
components, comprising nuclei and insoluble components, are dissolved in TRIzol for isolation
of RNA. Washing in between the extractions shall insure prevention of contamination between

extracts.

digitonin NP40
buffer buffer TRIzol
incubate, incubate, nucleus + insoluble
centrifuge centrifuge protein fraction
transfer transfer
supernatant supernatant
cytosol fraction membrane organelle fraction
(cyt) (MO)

Figure 4.12: Overview of subcellular fractionation of ES-2 cells.

Experimental flowchart of the subcellular fractionation. ES-2 cells were harvested, counted, and equal
numbers of cells used for the experiment. Cell pellets were resuspended in digitonin-containing buffer
to lyse the cell membrane. After incubation and centrifugation, the supernatant contained the cytosol
fraction. The remaining pellet was resuspended in NP40-containing buffer to lyse membranes of
organelles. After incubation and centrifugation, the supernatant contained the membrane organelle
fraction. RNA was isolated from the remaining pellet, i.e. nuclei and insoluble proteins, as well as from
both fractions. In addition, total RNA was extracted from input samples.

Since cell lysis by digitonin depends on the cholesterol content of the cell membrane, the
optimal digitonin concentration needs to be determined for each cell line. Therefore, a test
fractionation with ES-2 wildtype and ES-2 IMP3 k.o. cells was performed with digitonin
concentrations ranging from 0 — 200 pg/ml in the first fractionation buffer. The second NP40-
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containing buffer was identical for all samples. The outcome of the experiment was analysed
by loading equivalents of fractions on SDS-PAGEs and probing for specific protein markers by
Western blot (Fig. 4.13). As control, unfractionated cells were also loaded. The cytosol markers
GAPDH and y-tubulin were shifted in the cytosol fraction with a digitonin concentration
> 25 pg/ml, whereas the endoplasmic reticulum-resident protein calnexin resided in the MO
fraction independently of the digitonin concentration. Since IMP3 is mainly cytosolic, it
behaved similar to GAPDH and y-tubulin, but the proportion remaining in the MO fractions
was higher compared to the cytosol markers. In conclusion, a digitonin concentration of
25 pg/ml was sufficient to extract cytosolic components in ES-2 wt and k.o. cells and was thus

used in all further experiments for the fractionation procedure.
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Figure 4.13: Optimisation of digitonin concentration for subcellular fractionation.

ES-2 wt and ES-2 IMP3 k.o. cells were harvested from 12-well plates and lysed in different digitonin-
containing buffers with increasing digitonin concentrations (0 — 200 pg/ml). The following steps of cell
fractionation were identical for all samples. Equivalent lysate amounts of obtained cytosol and
membrane organelle fractions were analysed for efficient cell membrane lysis by Western blot.
Distribution of GAPDH and y-tubulin (cytosol markers), calnexin (ER marker), and IMP3 were
analysed.

4.2.2 Combined analysis of RNA-seq and iCLIP data reveals target mRNAs

To generate samples for RNA-sequencing, an IMP3 knockdown had to be established first. ES-
2 cells were treated with siRNA for three days and transient depletion of IMP3 was controlled
by Western blot (Fig. 4.14A). The overexposed Western blot clearly shows that the depletion
was very efficient, and there were only low levels of IMP3 protein remaining; the GAPDH blot

proves that this was not due to unequal sample loading. Subcellular fractionation was then

78



4 Results

conducted with all cells simultaneously and quality-controlled by Western blot (Fig. 4.14B).
As expected, the cytosol markers GAPDH and y-tubulin were located in the cytosol fractions,
whereas the ER marker calnexin was found in the MO fractions. IMP3 was detected in cytosol
and MO fractions of ES-2 wt and ctr k.d. cells, but not in IMP3 k.d. or ES-2 IMP3 k.o. cells.
Moreover, IMP3 levels were higher in cytosol fractions than in MO fractions, with a similar
distribution in wt and ctr k.d. cells. Thus, the experiment was found to be suitable for RNA-
sequencing. An experimental flowchart of sample preparation is depicted schematically in
Fig. 4.14C. For all four cell types, RNA was isolated from cytosol and membrane organelle
fractions as well as from unfractionated cells, which were harvested from the same culture,
hence referred to as “input”. Before further processing, a commercial RNA spike-in control was
added to all samples, which could later be used for normalisation in bioinformatic analyses.
Samples were depleted of ribosomal RNAs and libraries prepared. Constructed libraries were
quantified and quality-controlled before they were handed to a sequencing facility for high-
throughput Hlumina sequencing. As an example, quality control by Bioanalyzer measurements
of IMP3 k.d. samples are shown (Fig. 4.14D). The electropherograms showed the expected
distribution of library fragment sizes with an average size of around 350 bp. Hence, libraries

were successfully prepared and sequencing data generated.

Our RNA-sequencing approach cannot reveal differences between direct or indirect effects of
RNA-level changes upon IMP3 depletion. Thus, IMP3 iCLIP experiments were performed with
fractionated ES-2 wildtype cells to find direct IMP3 RNA targets. Since CLIP assays employ
an UV-crosslinking step, the impact of crosslinking to the established fractionation procedure
and the optimal UV dosis was first determined. No significant changes in subcellular
fractionation were found by using the optimal UV dosis (data not shown). For iCLIP
experiments, an N-terminal triple FLAG-tagged IMP3 was used. Thus, subcellular fractionation
was again quality-controlled by comparing FLAG-IMP3 expressing cells to mock-transfected
cells in Western blot analysis (Fig. 4.15A). Here, the remaining nuclear and insoluble protein
fraction was resuspended in SDS-loading buffer and also analysed. The marker proteins showed
the expected distribution as before. In addition, the predominantly nuclear protein hnRNP Al
was detected in the nuclear fractions. FLAG-IMP3 distribution was monitored by anti-FLAG
and anti-IMP3 antibody, the latter showing both the endogenous and the tagged protein. FLAG-
IMP3 distribution between the fractions was comparable to endogenous IMP3 protein, although
the protein levels were higher compared to endogenous one. Nevertheless, the same localisation
makes FLAG-IMP3 suitable for the following iCLIP procedure. For the iICLIP experiment,

volumes of each (sub-)cellular extract were adjusted to achieve similar levels of FLAG-IMP3
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in the IP reactions. Due to the different volumes and buffers of the extracts, RNase I
concentrations had to be individually adjusted for each sample to obtain RNA fragments of
suitable length. For unfractionated (“total”) cells, several controls were included: cells were
also non-crosslinked (-UV) or crosslinked but precipitated with c-Myc antibody as a negative
control (ctr +UV) (Fig. 4.15B). In addition, all total cell samples were treated with two different
RNA concentrations (“H, high” and “M, medium”) as controls. The autoradiograph of the
iICLIP membrane showed characteristic smears above ~90 kDa for all preparative samples (Fig.
4.15B top). By contrast, no or low radioactive signal was detected for the control IP and the
minus-UV samples. Red boxed regions indicate the areas, which were cut from the membrane
and further processed. After cutting, the membrane was probed with anti-FLAG antibody (Fig.
4.15B bottom). Protein signals at the expected height were found in all samples, except for
control IP samples, with similar levels of pulled-down protein. Signals around 55 kDa are
related to the heavy chains of the antibody and prove the use of an antibody in the control-IP
samples. Finally, RNA was isolated from the cut membranes and libraries prepared. Within the
library preparation, test PCRs were performed to determine the amount of cycles needed for
each sample. Aliquots of preparative PCR reactions were then again controlled by native
polyacrylamide gel electrophoresis (Fig. 4.15C). Library fragment sizes were between ~170
and 300 bp for FLAG-precipitated samples, whereas no cDNA was found in the control IP
sample. Bands below 50 bp correspond to primer dimers from the PCR reaction and were
removed for the sequencing samples after successful quality control. Final libraries were
analysed by Qubit and Bioanalyzer measurements (Fig. 4.15D). All samples had a similar
concentration and library fragment size distribution with an average of ~260 bp length. Since
both adapters and the barcodes are together 134 bp long, this results in an average length of
around 126 bp for the insert of an RNA sequence. Thus, libraries were loaded on a MiSeq flow

chamber and sequenced.
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Figure 4.14: Subcellular fractionation of ES-2 cells for RNA-seq.

(A) IMP3 knockdown efficiency in ES-2 cells. Cells were treated with control (ctr; luciferase) or IMP3
SiRNA for three days and knockdown efficiency analysed by Western blot. GAPDH served as a loading
control.

(B) Quality control of subcellular fractionation. ES-2 wt, IMP3 k.o., or wt cells treated with siRNA
(ctr/IMP3) for three days were fractionated and equivalents of fractions examined by Western blotting.
GAPDH and y-tubulin served as cytosolic markers, whereas calnexin represents an ER marker.

(C) Schematic workflow of library preparation for RNA-seq. RNA was isolated from cyt and MO
fractions as well as input samples. A spike-in was performed prior to rRNA depletion. Libraries were
prepared, quality controlled and subjected to high-throughput Illumina sequencing.

(D) Distribution of library fragment size analysed with Bioanalyzer. As a representative, IMP3 k.d.
libraries of input, cyt and MO samples are shown. After successful quality control, libraries were passed
to an RNA sequencing facility.

81



4 Results

A B total cyt MO

mock  FLAG-IMP3 Cfrr . N Y
¢yt MO N cyt MO N -

[kDa] HMHWMNMUHNMN L LL RNasel
70- pemnd
IMP [kDa] =
130-
55- .

BEEs ST S | 70 RNase I:
- calnexin )
100~ R H=10"
-4
L=10"
40- LL=10°
autoradiography
C
total cyt MO ctr FLAG
Western blot
D
[FUl total [FU] cyt
1504 150
100 100 I
50 50 I
o-_Lf“"‘\ L 0
35 150 300 500 1000 7000 [bp] 35 150 300 500 1000 7000 [bp]
[FU] MO
1504
100
50
04 l k L
PCRcycles 8 9 10 10 35 150 300 500 1000 7000 [bp]

Figure 4.15: Representative FLAG-IMP3 iCLIP experiment.

(A) Protein distribution in fractionated ES-2 cells. ES-2 cells were transfected with FLAG-IMP3 or
mock and UV-crosslinked prior to harvest 24 h after transfection. Equivalents of fractions were analysed
by Western blotting. Distribution of tagged IMP3 was examined by anti-FLAG and anti-IMP3 antibody.
Quality of fractionation was controlled by analysis of GAPDH and y-tubulin (cytosolic marker),
calnexin (ER marker) and hnRNP Al (nuclear marker) distribution.

(B) Analysis of iCLIP membrane by autoradiography (top) and Western blot (bottom). FLAG-IMP3
immunoprecipitations of ES-2 cell lysates (total), cyt or MO fractions were examined. As controls, cell
lysate was precipitated with anti-c-myc antibody (ctr) or not UV-irradiated (-UV). All total samples
were treated with high (H) or medium (M) RNase | concentrations as indicated; for cell fractions RNase |
concentration was lowered (L or LL). Boxed regions were cut and subjected to RNA isolation and library
preparation. After cutting, membrane was analysed by anti-FLAG Western blot. Bands at 55 kDa height
represent heavy chain of the antibodies used for IP.

(C) Library preparation from iCLIP samples. Number of PCR cycles was adjusted (indicated on bottom)
to yield libraries for high-throughput sequencing and visualised by 7% native PAGE (EtBr staining).
Myc-immunoprecipitated material (ctr) was taken as a control for the iCLIP procedure but not subjected
to sequencing.

(D) Distribution of library fragment size analysed with Bioanalyzer. Graphs show IMP3-iCLIP samples
from (C) after removal of primer dimers.
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RNA-seq and iCLIP-seq data were analysed by Lee-Hsueh Hung (see Methods section 3.12).
Gene expression correlation between all 12 samples was verified to ensure the quality of the
RNA-seq datasets (Fig. 4.16A). As expected, cytosolic and membrane-bound samples have the
lowest correlation with a minimum of only 61%. Moreover, MO extracts of ctr k.d. and wt
samples were more similar than extracts depleted of IMP3 by knockdown or knockout. The
read coverage (RNA-seq) and iCLIP-tag-count (iCLIP-seq) in Chromosome M (Fig. 4.16B/C)
further confirmed the validity of the datasets. RNA-seq total samples contained between 2.4 —
3.2% ChrM reads, whereas cytosol extracts were depleted to 0.02 — 0.03% (Fig. 4.16B). By
contrast, sequencing data of MO extracts possessed up to 18.5% ChrM reads. For the iCLIP-
seq data, the same trend of enrichment and depletion between the extracts was found (Fig.
4.16C). Furthermore, iCLIP tags were mainly found in the 3’UTR (up to 52%) as well as in
exonic region (up to 25%) of coding transcripts (data not shown). Since IMP3-bound mRNAs
possessed ICLIP tags in all cellular extracts, only iCLIP data of total cells were analysed and
normalised with RNA-seq read coverage in ES-2 wt cells for measurement of IMP3 binding.
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Figure 4.16: Quality analysis of RNA-seq and iCLIP data.

(A) Gene expression correlation (Pearson) between samples.

(B) Percentage of chromosome M (ChrM) reads in RNA-seq samples.

(C) Overview of ICLIP data from two biological replicates. Total tags after filtering as well as
percentage of ChrM reads are indicated for each replicate.

All bioinformatic analyses were performed by Lee-Hsueh Hung.
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A simplified workflow to reveal IMP3 target RNAs, which show a change in gene expression
levels in MO extracts upon IMP3 depletion, is illustrated in Fig. 4.17A. The focus was set on
protein-coding transcripts, i.e. mMRNAS, because we were interested in the role of IMP3 in the
secretory pathway. To find transcripts with gene expression changes in MO extracts, a fold
change of minimally factor 1.4 (log2(0.5)) was set between IMP3 k.o./wt or IMP3 k.d./ctr k.d.
MO extracts. This way, around 200 transcripts were found to be up- or down-regulated by
comparing IMP3 k.o. to wt extracts, whereas this was the case for around 300 — 400 transcripts
in IMP3 k.d./ctr k.d. extracts. In the last step, targets were finally selected. An additional
important criterium was applied, which states that the fold change differences between IMP3
k.o./wt or IMP3 k.d./ctr k.d. should be more pronounced in MO extracts than in cytosol extract.
Moreover, both iICLIP replicate datasets were combined. The final gene counts showed only
few targets which were upregulated in the MO extracts upon IMP3 depletion (0 upon IMP3
k.d., 6 upon IMP3 k.0.). For IMP3 k.o., only slightly more targets were downregulated
compared to wt. By contrast, transient IMP3 k.d. yielded 159 target mRNAs, which were
downregulated. Therefore, the focus was set to these targets. GO-term enrichment analysis

regarding cellular components (http://geneontology.org) revealed that the most significant

enriched terms are related to membrane/ER/Golgi association (Fig. 4.17B). This mirrors the
enrichment of transcripts coding for proteins within the secretory pathway as well as the good

quality of the subcellular fractionation procedure.
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Figure 4.17: Combined bioinformatic analysis of RNA-seq and iCLIP data for target
identification.

(A) Simplified workflow of bioinformatic analysis. The focus was directed at the 159 genes bound by
IMP3 which were downregulated in the MO fraction upon IMP3 knockdown.

(B) GO term (cellular component) enrichment of IMP3 bound RNAs downregulated in the membrane
organelle fraction upon IMP3 knockdown. The most significantly enriched terms are listed (FDR < 1E-
06).

All bioinformatic analyses were performed by Lee-Hsueh Hung.

4.2.3 Experimental validation of target mRNAs

Within the 159 bioinformatically found targets, several targets were chosen for biochemical
validation. The chosen targets are all part of the secretory pathway, downregulated in the MO
fraction upon IMP3 k.d. at least 1.7-fold compared to ctr k.d., and encode proteins in different
cellular components with different functions. This way, a broad spectrum should be covered.

As a representative, the iCLIP profiles of the two sequenced iCLIP replicates are shown for the
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selected target C-X-C motif chemokine 5 (CXCLS5) (Fig. 4.18A). In all samples, iCLIP tags are
located in the exons and in the long 3’UTR. Validation of iCLIP data was conducted by RIP
experiments with FLAG-IMP3 and endogenous IMP3. Importantly, no UV-crosslink was used
to reflect more physiological conditions. In addition, a control-1P with anti-c-Myc antibody (as
in iICLIP experiments for FLAG-IMP3) or anti-FLAG antibody (as in previous RIP assays for
endogenous IMP3) was performed. Input as well as IP samples were analysed by Western blot
(Fig. 4.18B) and RT-PCR (Fig. 4.18C). (FLAG-)IMP3 was shown to be specifically pulled
down by the respective antibody (Fig. 4.18B). Analysis of selected target MRNAS revealed that
they were present in the IP of FLAG-IMP3 and endogenous IMP3, but were not found in ctr IP
reactions (Fig. 4.18C). The control RNAs FTL (positive ctr) and snoRD U78 (negative ctr)
confirmed the quality of the RIP assays.
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Figure 4.18: IMP3 binds to selected target mMRNAs.

(A) iCLIP tags in CXCL5. CXCL5 is downregulated in the MO fraction upon IMP3 knockdown and
shown as an example target. iCLIP tags of both replicates are shown in total cells, cytosol and MO
fraction, exon/intron structure is shown schematically at the bottom.

(B) (C) Validation of iCLIP targets by RNA immunoprecipitation with endogenous and FLAG-tagged
IMP3. Input, (FLAG-)IMP3 IP and ctr IP samples were first analysed by Western blot (B) and then by
RT-PCR (C). Binding to selected targets, which are part of the secretory pathway, was tested. The two
RNAs FTL and snoRD U78 served as positive (+) or negative (-) control, respectively.
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Having IMP3 binding to the selected targets validated, the downregulation in the MO fraction
upon IMP3 k.d. should be also biochemically confirmed. For this purpose, RT-gPCR was
performed with isolated RNA from three independent subcellular fractionation experiments.
RNA levels in IMP3 k.d. fractions were calculated relative to RNA levels in ctr k.d. samples
(Fig. 4.19). All targets showed a decrease of RNA levels upon IMP3 depletion, which was
significant for eight of the nine selected targets as indicated by the arterisks (p < 0.05 — p <
0.00005). In addition, three targets showed an overall downregulation of the RNA level (as can
be seen in “input” samples), and two targets a weak significant downregulation in cytosol
fractions. In conclusion, IMP3 binding to mRNAs and their downregulation in MO fractions
upon IMP3 depletion, as revealed by ICLIP and RNA-seq data, could be experimentally
validated.
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Figure 4.19: IMP3 knockdown leads to downregulation of target mRNAs in MO fractions.

RNA level changes of validated bound targets in input (total), cyt or MO fractions. mMRNA levels are
shown for IMP3 k.d. relative to ctr k.d. Error bars represent standard errors of mean (n = 3 biological
replicates, * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.00005).

However, the molecular mechanism of this downregulation remained elusive. Since the IMP
family is also known to regulate the stability of RNAs, the observed effect might be explained
by decreased stability of target MRNAs upon IMP3 depletion. To clarify this, stability assays
with the transcription inhibitor actinomycin D were performed. Again, ctr or IMP3 k.d. was
performed and analysed by Western blot and RT-gPCR (Fig. 4.20A + B). Upon knockdown,
IMP3 mRNA levels decreased to ~23% compared to ctr k.d. mRNA levels, consistent with the
protein levels detected by Western blot. To examine the stability of RNAS, a time course with
actinomycin D treatment was performed and cells harvested up to 3 h. Additionally, cells were
harvested before actinomycin D was added (“0” time point). Isolated RNA of all time points
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was subjected to RT-qPCR and obtained data set relative to RNA levels in the respective “0”
time point (Fig. 4.20C + D). As a positive control, MYC mRNA, a known IMP3 target with a
short half-life of ~1 h (Huang et al., 2018) was used (Fig. 4.20C). Within three hours, MYC
MRNA levels dropped to 5.6 % or 3.9 % in ctr k.d. or IMP3 k.d. cells, respectively, confirming
the functionality of the assay. However, looking at the target mMRNAs, no decrease in mRNA
levels was observed in ctr k.d. or IMP3 k.d. cells (Fig. 4.20D). This implies that all selected
MRNAs have a long half-life in vivo. Nevertheless, since we did not see any changes upon
IMP3 knockdown, we conclude that IMP3 has no dramatic influence on the stability of the
selected target mMRNAs.
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Figure 4.20: IMP3 knockdown does not influence stability of target mRNAs.
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(A) (B) Knockdown verification of IMP3 protein level by Western blot (A) or IMP3 mRNA level by
RT-gPCR (B). IMP3 k.d. was compared relative to control k.d., the latter was set to 100% in gPCR
analysis. Error bars show the standard error of mean of three independent biological replicates. GAPDH

served as a loading control for Western blotting.

(C) Changes in MYC mRNA levels (positive control) upon actinomycin D treatment. MYC mRNA levels
were assessed by RT-qPCR upon actinomycin D treatment in ctr k.d. (black) or IMP3 k.d. (red) cells.
RNA levels during the time course were calculated corresponding to the respective 0 time point. Error
bars show the standard error of mean (n = 3). Data were fit with a first-order decay function.

(D) Changes in target mRNA levels upon actinomycin D treatment. mRNA levels were calculated as in

(C) and are depicted the same way.
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4.2.4 Functional analysis of IMP3 circRNA sponges on target mRNAs

Last but not least, we asked whether our circRNA sponges might have a similar effect on target
MRNA levels in MO fractions as an IMP3 knockdown. To clarify this aspect, we pursued two
different strategies of sponging: (1) We used again the Tornado system, in which circRNAs are
expressed from a transfected plasmid in vivo, or (2), directly transfected purified, in vitro
synthesised circRNAs. For the latter, two different amounts of circRNAs were transfected (1 pg
or 4 pg). All sponge constructs possessed one repeat of the ANKRD17, 101-mer or allUG
sequence, respectively, with allUG serving again as the negative control. 24 h after transfection
of ES-2 cells, cells were fractionated, as controlled by Western blot (data not shown). RNA
isolated from the cytosol and MO fractions was examined by testing for the top three target
mRNAs by RT-gqPCR (Fig. 4.21A). Target RNA levels were set relative to respective allUG
samples. In addition to the comparison of the effect of the circRNA sponges, a mock
transfection was included in the experiment and depicted in the qPCR graphs. The expected
decrease of RNA levels in MO fractions upon the presence of ANKRD17 or 101-mer circRNAS
in comparison to allUG circRNA could not be seen for any of the three targets in any of the
three different conditions. By contrast, the RNA levels of CXCL5 were strongly increased upon
transfection of purified ANKRD17 and 101-mer circRNAs (Fig. 4.21A, upper left). However,
the transfection itself seemed to have an influence on target RNA levels, since these were
mostly overall lower in mock-transfected cells, with again CXCL5 showing the strongest
discrepancy between mock transfection and transfection of circRNA sponges (up to 7-fold
higher RNA levels). Trying to understand this effect, we wondered where the sponges are
located within the cells. We therefore performed RT-gPCR on the circRNA sponges and
calculated their relative cytoplasmic/membrane organelle distribution (Fig. 4.21B). All three
Tornado sponges were predominantly located in the cytoplasm. Concerning the transfected
circRNAs, their localisation was less distinct, with a tendency towards the cytoplasm. To sum
up, we could not reproduce the effect on target mMRNA levels with circRNA sponging as for

IMP3 knockdown. However, this might be due to technical issues (see discussion).
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Figure 4.21: Influence of IMP3 circRNA sponges on target mRNA regulation.

(A) RNA levels of CXCL5, MMP1 and TNC in input, cyt or MO fractions upon presence of IMP3
sponges allUG, ANKRD17 or 101-mer. Plasmids encoding Tornado circRNAs, 2 different amounts (1
or 4 ug) of in vitro produced circRNAs or mock control were transfected in ES-2 cells. Cells were
harvested 24 h after transfection and subcellular fractionated. Effect of sponges on three selected target
mMRNAs was examined by RT-gPCR. RNA levels are shown relative to corresponding allUG
transfection. Error bars represent standard deviations (n = 3 technical triplicates).

(B) IMP3 sponge circRNA distribution analysis of fractionated ES-2 cells from (A) by RT-gPCR. Levels
of the respective Tornado circRNA or in vitro produced circRNA were assessed. Data were normalised
to input to see cytoplasmic/membrane organelle distribution. Error bars show standard deviations
(n = 3 technical triplicates).
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5 Discussion

5.1 Designer circRNAs function as IMP3 sponges
5.1.1 Invitro interaction of IMP3 with circRNA sponges

CircRNAs have great potential to be used as a tool in biotechnological and molecular-medical
applications. Thus, we investigated whether a relevant RNA-binding protein could be sponged
by designer circRNAsS, thereby inhibiting its binding to endogenous target RNAs. We focussed
on IMP3, an RBP upregulated in a variety of cancers and hence classified tumour marker, for
which previous work from our lab revealed a defined RNA-binding motif (Schneider et al.,
2019; Fig. 1.2). We selected two constructs possessing the full-length CA- and GGC-rich IMP3
binding motifs, which were either extracted from the natural ANKRD17 sequence or from
SELEX-seq analysis (“101-mer”; Fig. 4.1). A construct, in which all binding motifs were
converted to UG-repeats (“allUG”), served as a negative control. Since these constructs had
previously been analysed for IMP3 binding in vitro as linear RNAs (Schneider et al., 2019), we
asked whether their binding properties are similar for RNAs in a circular configuration.

A stem sequence was attached to all constructs to restrict flexibility of the 5’ and 3” ends and
thereby enhance circularisation efficiency, a well-known strategy for circRNA synthesis
(Breuer and Rossbach, 2020; Miller and Appel, 2017). The stem sequence did not alter
positioning of the IMP3 RNA-binding motifs in RNA secondary structure predictions (Fig. 4.2),
making it usable for in vitro circRNA generation. Analysis of ligated transcripts revealed the
presence of a second upshifted band (Fig. 4.3B), which was stronger than the band representing
the linear transcript and changed its position respective to linear markers depending on the
polyacrylamide concentration of the gel (data not shown). This altered migration in
polyacrylamide gels is a typical feature of circRNAs (Jeck and Sharpless, 2014). Another
circRNA characteristic is their resistance to the exoribonuclease RNase R, which is commonly
used for validation of circularity (Hansen et al., 2013a; Jeck et al., 2013; Memczak et al., 2013;
Salzman et al., 2012). Only ANKRD17 circRNA was not fully resistant to RNase R treatment,
but showed increased stability compared to its linear counterpart (Fig. 4.3C). Since some
circRNAs were reported to be RNase R sensitive (Szabo and Salzman, 2016), we propose that
ANKRD17 belongs to this group.

Binding of IMP3 to circRNA sponges was examined by EMSAs using radioactively labelled
RNAs. EMSA assays have been performed with biotinylated circular RNAs before (Li et al.,

2019a), but to our knowledge neither with radioactively labelled circRNAs nor, more
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importantly, in a direct comparison of the circRNA to its linear counterpart. IMP3-RNA
complexes were visualised after gel electrophoresis and showed one distinct band representing
the bound RNA (Fig. 4.5A), suggesting a 1:1 stoichiometry of protein and RNA, consistent
with the literature (Schneider et al., 2019). Dissociation constants of ANKRD17 and 101-mer
were similar and demonstrated high affinity of IMP3 binding to linear and circular RNA (Fig.
4.5B). The negative control RNA allUG was bound with ~5-7 fold lower affinity by IMP3, with
again no relevant difference in binding affinity for the linear or circular RNA isoform. The
obtained Kq values were in the same range as has been reported for the linear RNA constructs
without stem sequence (Schneider et al., 2019). Linear RNAs containing the full-length IMP3
recognition motif seemed to be less tightly bound upon presence of the stem sequence
(ANKRD17 -/+ stem: K¢ 1.6 nM / 8.7 nM; 101-mer -/+ stem: Kq 3.5 nM / 9.3 nM), whereas the
negative control showed a slightly higher affinity upon presence of the stem (allUG -/+ stem:
Kq 61.1 nM / 48.8 nM) (Kq values of linear RNAs without stem from Schneider et al., 2019).
Thus, no clear influence of the stem structure on IMP3 binding could be observed. However,
these small differences are likely not biologically relevant and might result from differences
within the experiment, for example the usage of a different purified protein batch. We therefore
concluded that the attached stem sequence has no influence on IMP3 binding and that circular
RNA sponges are bound with affinities comparable to their linear counterparts in vitro. The

here obtained results are promising that circRNAs can be used as a tool for RBP sponging.

5.1.2 In vivo sponging of IMP3

Going one step further, we examined binding of IMP3 to circRNA sponges in vivo. In the first
strategy, we genomically integrated the circRNA sponge sequences in HeLa Flp-In T-REX cells.
In vivo backsplicing should be facilitated by using inverted repeat sequences from the
ZKSCANL gene, as has been previously shown to transiently generate circRNAs after plasmid
transfection (Liang and Wilusz, 2014). Addition of tetracycline led to induced expression of
precursor RNAs for all constructs and this increased steadily over three days (Fig. 4.6B). The
two ANKRD17 constructs containing either one (1XANKRD17) or two (2xANKRD17) repeats
of the full-length IMP3 binding motif showed also increased expression of the corresponding
circRNAs, in contrast to the negative controls 1xallUG and 2xallUG. For the latter, circRNA
expression was not visible independent of the time interval of induction. It was observed before
that the circularisation efficiency of this vector depends on the collaboration of the exon and

intron sequences, i.e. exon length and sequence are decisive factors (Liang and Wilusz, 2014).
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Since the length of the allUG and ANKRD17 constructs was almost identical, we assume that
the sequence must be pivotal in this case. Further, as we detected allUG circRNA expression
from transiently transfected ZKSCAN1 vectors (data not shown), it seems like the genomic
integration plays a role, presumably by reducing the overall expression of the constructs.
Regardless of the reason, we decided that our allUG cell lines do not represent appropriate
negative controls and did not use them in the following experiments.

RNA-immunoprecipitation experiments in ANKRD17 stable cell lines revealed specific
binding of IMP3 to the circRNA and not to the precursor (Fig. 4.7). This was also observed for
the splicing regulator hnRNP L, as it bound to an identical genomically integrated circRNA
sponge with higher efficiency than to its precursor form (Schreiner et al., 2020). Considering
the higher expression of the precursor compared to the circRNA, as suggested by experiments
(Fig. 4.6B) and the literature (Liang and Wilusz, 2014), the preference of IMP3 for the circRNA
isoform is especially remarkable. However, it cannot be concluded whether the IXANKRD17
or the 2xANKRD17 circRNA sponges sequester IMP3 better, since the overall RIP efficiency
and background varied slightly (as indicated by the FTL positive and U6 negative RNA
control). In sum, we conclude from these experiments that stable and inducible expression of
circRNAs is sequence dependent, but generally possible, and that IMP3 specifically binds to

these.

Testing a second strategy, we transiently overexpressed circRNA sponges using the Tornado
system (Litke and Jaffrey, 2019). Here, one copy of each sponge sequence was inserted, since
polymerase 111 is specialised in synthesizing short RNAs. Tornado circRNA sponges could be
detected by RT-PCR in contrast to the linear precursor form (Fig. 4.8B), which is of low
abundance in this expression system (Litke and Jaffrey, 2019). In addition, detection of Tornado
circRNAs was possible by SYBR Gold staining of total RNA separated by PAGE and the
circRNA position changed with the polyacrylamide percentage of the gel, representing a typical
circRNA migration behaviour (Fig. 4.8C). Tornado circRNA band intensities were just below
those of 5S and 5.8S RNA, indicating high expression of the sponges. Indeed, expression of a
Tornado Broccoli aptamer containing circRNA (96 nt) was estimated to achieve a concentration
of 16 uM in HeLa cells (Litke and Jaffrey, 2019) and Tornado circRNAs with varying length
and sequence were calculated to reach ~10° — 107 copies per cell (Schreiner et al., 2020). Further
characterisation of Tornado circRNA sponges showed that they were enriched in the cytoplasm,
as expected (Fig. 4.9B; Litke and Jaffrey, 2019). Expression of circRNAs did not disturb
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subcellular localisation of IMP3, which is also cytoplasmic (Fig. 4.9A; Nielsen et al., 1999).
Hence, both IMP3 and Tornado circRNA sponges are present in the cytoplasm.

RIP experiments demonstrated an enrichment of Tornado-ANKRD17 and Tornado-101-mer
sponges in IMP3 IPs compared to control FLAG IPs (Fig. 4.10B). In comparison to the lowly
abundant endogenous circANKRD17 target, RIP efficiencies of Tornado sponges were rather
low. We assume that this is due to the high copy number of the sponges present in the cells,
probably exceeding IMP3 cellular concentration, as the latter is estimated to be present in the
high nanomolar range in HeLa cells (Itzhak et al., 2016). Interestingly, also RIP efficiencies of
Tornado circRNA sponges targeting hnRNP L were rather low (3.8 — 10.7%), in contrast to RIP
efficiencies previously obtained with different generated circRNAs (up to ~82%) (Schreiner et
al., 2020). This suggests that hnRNP L is also a limiting factor, although its cellular
concentration is estimated to be 5.5-fold higher than IMP3 in HelLa cells (~4.1 pM, ltzhak et
al., 2016). Since Tornado circRNA levels were reported to reach their maximum after 72 h
(Litke and Jaffrey, 2019), we performed RIP experiments after shorter expression of Tornado
sponges. Overall obtained RIP efficiencies for Tornado circRNAs were not higher (Fig. 4.10B),
but comparison of the Tornado-ANKRD17 and -101-mer circRNAs to the negative control
circRNA Tornado-allUG revealed the highest RIP efficiency after 24 h (Fig. 4.10C). In sum,
we conclude that Tornado circRNA sponges are specifically bound by IMP3 and that the

relative abundances of protein and circRNA has to be considered, when using this system.

Both in vivo applied methods for the generation of circRNA sponges demonstrated specific
binding of IMP3. When deciding for one method, the benefits and drawbacks should be
considered. The usage of a pol 11 expression system in which the circRNA sequence is flanked
by inverted repeat sequences facilitates the generation of a circRNA similar to the natural
context, meaning in turn that the backsplicing efficiency is rather low and the predominant
outcome is a linear RNA. Thus, the circRNA will be present in a low copy number and might
be the limiting factor for the desired circRNA-RBP interaction. By contrast, Tornado circRNAs
are massively overexpressed in the cell. This relies partly on the pol I11-based expression used,
which is known to be more efficient in generating small circRNAs in comparison to pol Il-
based systems (Noto et al., 2017). Usage of pol Ill expression also requires the circRNA
sequences to be carefully controlled for polyU stretches, since four or more consecutive
thymidines lead to transcription termination (Richard and Manley, 2009). This can make the
introduction of sequence modifications necessary. Moreover, it should be considered that the

targeted binding protein of the Tornado circRNA will likely be the limiting factor in this system.
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Hence, a circRNA expression system should be chosen dependent on the introduced circRNA
sequence properties and the purpose of the experiment.

5.2 IMP3 functions in RNA localisation

5.2.1 RNA-seq and iCLIP experiments reveal a subset of target mRNAS

The IMP family is known to regulate RNAs in terms of localisation, stability and translation.
We wanted to obtain further insights in the role of IMP3 in RNA localisation, since there is
currently only literature available for IMP1/ZBP1 or the IMP3 frog orthologue Vg1RBP in
regulating RNA localisation. In addition, preliminary data from our lab suggested that IMP3
might function in the secretory pathway. We decided to employ a subcellular fractionation
technique to enable separate analysis of cytosol and membrane organelle fractions (Fig. 4.12).
For this purpose, cytosol fractions were obtained by a digitonin-based extraction, a procedure
commonly used (Holden and Horton, 2009; Wang et al., 2012). The non-ionic detergent
digitonin interacts with cholesterol in membranes and this binding is linearly dependent on the
cholesterol content (Nishikawa et al., 1984). Since the cholesterol content of the plasma
membrane is higher than that of membrane organelles such as mitochondria or the ER (Mesmin
and Maxfield, 2009), digitonin can be used to extract the cytosol without perturbation of
membrane organelles, provided that the concentration was optimised beforehand. In this
procedure, the separation of components relies on their biochemical properties, which in turn
means that also spatially distinct regions may co-purify into the same fraction (Taliaferro,
2019). However, biochemical fractionation has been successfully applied to reveal asymmetric
distribution of (non)coding RNAs in Drosophila and human cells or to examine the role of
muscleblind-like proteins in mMRNA localisation (Benoit Bouvrette et al., 2018; Wang et al.,
2012).

For ES-2 cells, a digitonin concentration of 25 pug/ml in the first fractionation buffer was found
to be optimal (Fig. 4.13). This is in agreement with the literature, since cytosol extracts of other
human cell lines as HEK293 or HeLa cells were prepared by applying 25 pg/ml or 100 pg/ml
digitonin, respectively (Holden and Horton, 2009). Subcellular fractionation of ES-2 wt and
ES-3 IMP3 k.o. cells as well as ES-2 wt cells treated with siRNAs was performed. All marker
proteins showed the expected distribution, since GAPDH and y-tubulin were found in the
cytoplasm whereas the ER-resident protein calnexin was present in the membrane organelle

fraction (Fig. 4.14A,B). IMP3 was enriched in the cytoplasm, but also clearly present in the
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MO fraction, in agreement with its perinuclear localisation (Nielsen et al., 1999; Fig. 1.4). A
similar distribution was observed for transiently expressed FLAG-IMP3, suggesting that its
slightly stronger expression compared to endogenous IMP3 does not impede its function (Fig.
4.15A). In addition, the applied UV-crosslinking of the cells expressing FLAG-IMP3 prior to
fractionation did not interfere with the fractionation procedure, as displayed by the marker
proteins. In the iICLIP experiments, an optimised RNase | concentration was used to achieve a
partial RNA digest (Fig. 4.15B). Optimising this step is crucial to obtain RNA sizes suitable for
library preparation, which correspond to RNAs of 50 nt to 300 nt length (Huppertz et al., 2014).
Total cell lysates were additionally treated with high RNase | concentrations as controls. In
these samples, the pulled-down protein will be bound to short RNAs and migrate at
approximately 5 kDa above the expected molecular weight of the protein alone (Buchbender et
al., 2020). Unexpectedly, we observed this effect also in non-crosslinked FLAG-IMP3 iCLIP
samples (Fig. 4.15B), although the overall radioactive signal was strongly reduced compared
to crosslinked samples. Since FLAG-IMP3 was pulled down in all iCLIP samples incubated
with anti-FLAG antibody (Fig. 4.15B, bottom), one possible explanation could be strong
binding of FLAG-IMP3 to some RNAs, which were not removed through stringent washing
and thus labelled. An additional possibility is the co-purification of a kinase, which could label
the protein radioactively during the IiCLIP procedure (Oliver RoRbach, personal
communication). However, since all UV-crosslinked samples showed the expected radioactive

smear on the membrane, iCLIP libraries were generated.

Bioinformatic analysis of iCLIP and RNA-seq datasets revealed mRNAs bound by IMP3,
which showed altered gene expression upon IMP3 depletion in MO extracts. The final selection
revealed only a few upregulated targets in MO extracts upon IMP3 depletion (Fig. 4.17A).
Looking at the downregulated targets, we found 11 mRNAs in IMP3 k.o. samples and 159
MRNAs in IMP3 k.d. samples. Discrepancies between gene knockdown and gene knockout has
been observed in a variety of studies in different model organisms, ranging from plants to
humans (summarised in EI-Brolosy and Stainier, 2017). In these studies, knockout/mutants
showed now or only little phenotypes in contrast to knockdowns, which is consistent with our
observations. A possible explanation is genetic compensation upon knockout, i.e. changes in
other protein levels that counterbalance the loss of function of the target protein (El-Brolosy
and Stainier, 2017). This might be facilitated by the upregulation of a paralogue or other related
protein. In our case, ES-2 IMP3 knockout cells seemed not to possess an increased expression
of IMP1 or IMP2, as indicated by Western blot (Schneider et al., 2019). However, this does not

exclude the compensation by other factors within a regulatory network. By contrast, SIRNA-
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mediated knockdown leads to transient depletion of a protein without large compensatory
effects. We therefore hypothesise that IMP3 k.d. and IMP3 k.o. cells have different properties,
which lead to the discrepancy in target numbers. We decided to focus on IMP3 knockdown
targets, since the knockdown cells might be physiologically closer to the natural ES-2 wt cells.
Gene ontology analysis showed that selected targets were associated with cellular membranes
or membrane organelles (Fig. 4.17B). This confirms the quality of the subcellular fractionation
procedure and is in agreement with an enrichment of transcripts encoding proteins that undergo

the secretory pathway.

5.2.2 Biochemical validation of target mMRNAS

Experimental validation of bioinformatically predicted targets is crucial, since more and
different biological replicates as used in the RNA-seq experiments verify the biological
conclusion (discussed in Fang and Cui, 2011). Therefore, we chose a subset of the 159
bioinformatically found downregulated targets for validation by RIP experiments and RT-
gPCR. The selected subset contained mRNAs encoding for proteins localised in different
cellular components with different functions, but all mMRNAs entered the secretory pathway and
were downregulated in the MO fraction upon IMP3 k.d. at least 1.7 fold compared to ctr k.d..
Some of the target mMRNAs have been also reported in context with IMP3 before, e.g. CXCL5
was among the most downregulated genes in a hepatocellular carcinoma cell line depleted of
IMP3, as revealed by microarray analysis (Jeng et al., 2008). Similarly, microarray studies
revealed MMP1 to be downregulated upon simultaneous knockdown of IMP1 and IMP3 in
HelLa cells (Vikesaa et al., 2006).

IMP3 iCLIP tags were located in the exons and the 3’UTR of targets, as shown for CXCL5 (Fig.
4.18A). Other CLIP studies have also found IMP3 to bind preferentially in these regions
(Ennajdaoui et al., 2016; Hafner et al., 2010; Huang et al., 2018; Palanichamy et al., 2016).
RIP experiments to experimentally verify binding of IMP3 to the targets were performed with
transiently expressed FLAG-IMP3 and endogenous IMP3, as we wanted to exclude that the
observed ICLIP tags were artefacts from FLAG-IMP3 expression. Moreover, no UV-
crosslinking was applied in these experiments. Consequences of this are, first, potential co-
immunoprecipitations of other bound proteins resulting in the capture of other, indirectly bound
RNAs and, second, loss of transient/weak interacting RNAs during the RIP procedure (Riley
and Steitz, 2013). We think that omitting the crosslinking step can be considered as a
complementary method to iCLIP, since UV-crosslinking introduces biases of its own (Wheeler
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et al.,, 2018). All nine selected targets could be validated by RIP experiments for both
endogenous IMP3 and FLAG-IMP3, as shown for a representative biological replicate (Fig.
4.18C). Moreover, they were specific as seen by immunoprecipitations with control antibodies.
We therefore considered the validation of the iICLIP experiments to be successful and continued
with verifying the RNA-seq data.

RNA was isolated from extracts resulting of three independent subcellular fractionation
experiments and analysed. For eight of the nine selected targets, the downregulation in the MO
fraction upon IMP3 k.d. compared to ctr k.d. was found to be significant (Fig. 4.19). This
reinforces the RNA-seq data and the reproducibility of the experiment. The three targets
CXCL5, SERPIN B7 and TNC displayed overall reduced RNA levels upon IMP3 k.d. (see
“input” samples) with CXCL5 and TNC being additionally downregulated in the cytosol
fraction. In our hypothesis, RNA levels of the targets are reduced in the MO fraction upon IMP3
depletion because they are less efficiently targeted to the ER membrane for translation. If the
RNA level is overall decreased, this could potentially arise as a consequence of a feedback loop
upon less efficient RNA localisation. However, another possibility is that the RNA becomes
destabilised upon IMP3 knockdown. To examine the latter aspect, stability assays with the
transcription inhibitor actinomycin D were performed. ES-2 cells treated with siRNA targeting
luciferase (control) or IMP3 were supplemented with actinomycin D for up to three hours. This
time interval was chosen to avoid secondary effects of cytotoxicity arising from longer
treatment with actinomycin D (Lai et al., 2019). For all nine targets, no reduction in RNA levels
was observed for ctr k.d. or IMP3 k.d. cells (Fig. 4.20D). The general functionality of the assay
was proven by examining MYC mRNA, a known IMP3 target with a short half-life ~1 h (Huang
et al.,, 2018), which displayed the expected decrease upon actinomycin D treatment (Fig.
4.20C). Thus, we conclude that the chosen RNA targets possess relatively long half-lives of
more than 6 h, which would require an extension of the time interval of actinomycin D treatment
to non-recommended periods (Lai et al., 2019). An alternative way to measure RNA stability
is in vivo labelling of RNA transcripts with uracil analogues (Wada and Becskei, 2017). Most
commonly used analogues are 4-thiouridine (4sU) and 5-bromouridine (BrU), with the latter
displaying a less general toxic effect than 4sU (Wolfe et al., 2019). However, incorporation of
modified nucleotides might alter RNA turnover, for example by influencing RNA structure
(Wada and Becskei, 2017; Wolfe et al., 2019). In addition, the labelled RNAs need to be
specifically captured after harvesting of the cells, which means elaborate handling times and
higher risks of greater variability in the results. Thus, RNA half-lives measured by different

techniques were not shown to correlate well (Wada and Becskei, 2017; Wolfe et al., 2019).
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In conclusion, we could demonstrate that in the chosen time interval of actinomycin D
treatment, we did not see an effect of IMP3 depletion on RNA stability. We therefore suggest
that IMP3 functions in RNA localisation and propose the following model (Fig. 5.1): Multiple
IMP3 proteins bind to the 3’UTR of mMRNAs and serve as an additional factor to localise these
MRNAs. Upon the start of translation, other factors such as the signal recognition particle
recognise a signal sequence in the nascent polypeptide chain and help to guide the mRNA to
the ER membrane by interacting with the SRP receptor. Translation of the mRNA continues
with the polypeptide chain being directly translocated into the ER lumen. During the whole
process, IMP3 likely interacts also with other proteins within mMRNP complexes.

Cytoplasm T
ER lumen

mRNA = 3‘UTR @ 'vr3 ribosome @  Potential
® IMP3
interaction
? nascent polypeptide chain SRP T SRP receptor partners

Figure 5.1: Model of IMP3 participation in mRNA localisation.

IMP3 binds to the 3‘UTR of mRNAs coding for proteins that undergo the secretory pathway. IMP3
helps to localise these MRNAs to the ER membrane for translation and serves as an additional factor to
e.g. the signal recognition particle, which binds to an N-terminal signal sequence on the nascent
polypeptide chain of ribosomes and temporarily stalls translation. Targeting to the ER membrane is
facilitated by protein-protein interactions of SRP with the SRP receptor, and of IMP3 with other
cytoplasmic or membrane proteins.

5.2.3 Effect of circRNA sponges on target mRNA localisation
In a last step, we asked if our IMP3 circRNA sponges affect target mRNA levels similar as a

SiRNA-mediated IMP3 knockdown. Our lab had previously shown that alternative splicing
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patterns of hnRNP L target transcripts were comparably influenced by transfected circRNA
sponges as upon hnRNP L knockdown (Schreiner et al., 2020). To examine the effect on IMP3
MRNA target localisation, we transfected Tornado circRNA-encoding plasmids or in vitro
produced circRNA sponges in ES-2 cells and performed subcellular fractionation 24 h
afterwards. All circRNA sponges were preferentially localised in the cytoplasm compared to
the membrane organelle fraction (Fig. 4.21B). For the three Tornado sponge constructs, the
cytoplasmic localisation was most pronounced, in agreement with the reported
cytoplasmic/nuclear distribution and previous results (Litke and Jaffrey, 2019; Fig. 4.9B). The
transfected circRNAs showed a less clear distribution profile, but possessed also a tendency
towards the cytoplasm. In general, no uniform cellular localisation was reported for transfected
circRNAs, as some were enriched in the cytoplasm, others in the nucleus, or evenly distributed
between both compartments (Chen et al., 2017; Jost et al., 2018; Schreiner et al., 2020). Hence,
circRNA localisation is likely dependent on their intracellular interactions e.g. with RBPs, and
thus sequence dependent (Schreiner et al., 2020). All in all, since IMP3 is mainly found in the
cytoplasmic fraction, we conclude that the localisation of the here examined circRNAs is

beneficial for IMP3 sponging.

Furthermore, RNA levels of the top three targets were examined and are displayed relative to
the allUG control (Fig. 4.21A). In short, we did not see a reduction of target mMRNAs in the MO
fraction upon presence of the ANKRD17 or 101-mer sponge, as we observed before upon IMP3
knockdown (Fig. 4.19). Moreover, there was a remarkable difference in RNA levels between
allUG sponge transfections and mock transfection, with mock transfection showing overall
lower RNA levels. This suggests an influence of the transfection itself. Indeed, a cytotoxic
effect was observed for all transfected cells resulting in a lower cell confluence compared to
mock-transfected cells (not shown). This lower cell confluence was not obtained in the previous
siRNA-mediated IMP3 knockdown experiments, in which siRNA was transfected three days
prior to subcellular fractionation. The changed cell confluence results in a different average cell
proliferation state, since confluence is accompanied by contact-induced inhibition and cell cycle
arrest (McClatchey and Yap, 2012). The here made observations might therefore also result
from cell-cycle dependent gene expression changes. Besides, transfection reagents can induce
transcriptome changes (discussed in Stepanenko and Heng, 2017). In general, it seems like the
transfection of 4 ug purified ANKRD17 or 101-mer circRNA induces an increase of all three
target RNAs in all cellular extracts compared to allUG circRNA. For CXCLS5, this effect is the
strongest and already present when 1 pg circRNA was transfected. One possible explanation

for this observation might be a stimulation of the immune system, since introduction of any
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vector or nucleic acid can generally lead to such effects (Chen et al., 2003). Interestingly, the
upregulation seems to be sequence- and/or structure-dependent and not only based on the
introduction of circRNA, as the effects for the more sequence similar ANKRD17 and 101-mer
are comparable with each other but not to allUG. Taking a closer look at CXCLS5, the
discrepancy of allUG to mock transfection is the largest. CXCL5 is a chemokine known to
activate neutrophils, which in turn mediate first responses to microbial infection and tissue
injury (Rajarathnam et al., 2019). Thus, the transfection might have triggered an immune
response, which led to enhanced chemokine production. However, whether foreign circRNAs
truly trigger immune responses is currently highly debated in the field. Whereas an activation
of the intracellular immune receptor RIG-I (retinoic acid-inducible gene 1) was first suggested
(Chen et al., 2017), later evidences indicated that the observed effects did not depend on the
circRNA itself, but on by-products created during the circRNA synthesis procedure such as
structured linear (5°-triphosphorylated) RNAs (Wesselhoeft et al., 2019). Since the circRNAs
used in this work were gel-purified, by-products should have been removed. To exclude that
the observed effects are not due to impurities, another purification of the synthesised circRNAs
could be tested as e.g. HPLC purification in combination with phosphatase treatment to remove
RNAs with 5’-triphosphates (Wesselhoeft et al., 2019). However, concerning that all three
target MRNA levels were upregulated, the observed phenomenon might reflect a more general
cellular stress response. Cellular stress can lead to the formation of stress granules, in which
IMP3 has been shown to be part of (Huang et al., 2018; Taniuchi et al., 2014a; Wéchter et al.,
2013; Zeng et al., 2020). Under stress conditions, IMP3 stabilises target mMRNAs. The increase
in MRNA target levels observed here could therefore also potentially arise from a transfection-
induced stress response, in which IMP3 tightly associates with its target mMRNASs in stress

granules.

In conclusion, circRNA sponges did not affect target MRNA levels as IMP3 knockdown.
However, this is likely due to the transfection procedure. Therefore, a change in the
experimental setup by employing e.g. stable inducible expression of circRNA sponges might
lead to a different outcome. Further research would be necessary to finally clarify the effect of
IMP3 circRNA sponging.
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5.3 Future perspectives

IMP3 is a tumour marker with an upregulated expression in a variety of cancer types, leading
to poor prognosis for patients. Understanding its biological function will therefore also
contribute in developing anti-cancer strategies. In this thesis, insights into IMP3’s function in
RNA localisation were obtained. The data suggest that IMP3 plays a role in the secretory
pathway and helps to guide mRNAs to the endoplasmic reticulum for translation. However, the
exact mechanism and potential interaction partners remain unknown and need to be clarified in
further research. Potential questions could address if IMP3 interacts with different proteins in
cytosolic or membrane organelle extracts as well as the role of post-translational modifications,
e.g. phosphorylation, of IMP3. High-resolution microscopy approaches could also reveal the
exact cellular localisation of IMP3 with target RNAs and, together with biochemical
approaches, the stoichiometry of the interaction.

Despite getting insights into the function of IMP3, circRNA sponge strategies were employed
to inhibit IMP3. In general, the elevated stability of circRNAs makes them a promising tool in
molecular medicine approaches. Here, we generated evidence that designer circRNA sponges
can bind IMP3 in vitro and in vivo. Further, it would be interesting to see if this is also true in
more complex cellular systems such as spheroids or in model organisms. Here, anti-cancer
effects of the IMP3 circRNA sponges as for example reduced migration and metastasis could
be directly monitored. This would also give additional insights in the general application of

circRNAs in therapeutic strategies.
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7 Abbreviations

7 Abbreviations

X

°C

V1

A

A

aa
ACTB
ADAR
Ago2
amp
ANKRD17
APS

as
ATGI16L1
BGH
BSA
BSJ

C
CAMSAP1
Cas9
CD44
CDR1las
CDS
CiRS-7
CLIP
CMV
CRD
CRD-BP
CRISPR
ctr
CXCL5
cyt
DHX9
dIMP
DMEM
DMPC
DMSO
DNA
DNase
dNTPs
dsRNA
DTT
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times gravity

degree Celsius

micro

adenine

Ampere

amino acid(s)

R-actin MRNA

double-stranded RNA-specific adenose deaminase
argonaute 2

ampicillin

ankyrin repeat domain-containing protein 17
ammonium persulfate

antisense

autophagy-related gene 16 like 1

bovine growth hormone

bovine serum albumin

backsplicing junction

cytosine

calmodulin-regulated spectrin-associated protein 1
CRISPR-associated protein 9

cluster of differentiation 44

cerebellar degeneration-related protein 1 antisense
coding sequence

circular RNA sponge for miR-7

crosslinking and immunoprecipitation
cytomegalovirus

coding region stability determinant
CRD-binding protein

clustered regularly interspaced short palindromic repeats
control

C-X-C motif chemokine 5

cytosol

ATP-dependent RNA helicase A
Drosophila IMP

Dulbecco’s modified eagle’s medium
dimethyl pyrocarbonate

dimethylsulfoxide

deoxyribonucleic acid

deoxyribonuclease

deoxynucleotide triphosphates
double-stranded ribonucleic acid
dithiothreitol



7 Abbreviations

E. coli
EDTA
ElciRNA

ELTD1

EMSA
ER

et al.
FBS
FKBP10
Flp

FRT
FTL
FUS
fwd

G

g
GANAB
GAPDH
GOl
GST

HDV
HMGAZ2
hnRNP
HuR
iCLIP
IGF2
19G
IMP
IP
IPTG
IRES
k.d.

kb
KCI
K
KH
KOC

LAMA4
LB
let-7

Escherichia coli
ethylenediaminetetraacetic acid
exon-intron circRNA

epidermal growth factor, latrophilin, and 7 transmembrane domain-
containing protein 1

electrophoretic mobility shift assay
endoplasmic reticulum

et alii

fetal bovine serum

FK506 binding protein 10

flippase

Flp recombination target

ferritin light chain

fused in sarcoma

forward

guanine

gram

glucosidase 1l alpha subunit
glyceraldehyde-3-phosphate dehydrogenase
gene of interest

glutathione S transferase

hour(s)

hepatitis delta virus

high-mobility-group AT-hook protein 2
heterogeneous nuclear ribonucleoprotein
hu antigen R

individual-nucleotide resolution CLIP
insulin-like growth factor 2
immunoglobulin G

insulin-like growth factor 2 mRNA binding protein
immunoprecipitation
isopropyl-3-D-thiogalactopyranosid
internal ribosome entry site

knockdown

knockout

kilobases

potassium chloride

dissociation constant

hnRNP K homology

KH domain containing protein overexpressed in cancer
litre

laminin subunit alpha-4

lysogen broth

lethal-7
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7 Abbreviations

LIN28B
M

m

msA
MBL
MCOLN2
MCS
MFSD1
MgCl
min
miRNA
MMP1
MO
MRNA
MRNP
mTOR
N

n

NaCl
NaOH
NFATC3
NF-xB
nt
PABPN1
PAGE
PBS
PCR
PIE
PKR
PNK
pol
gPCR
RBD
RBM
RBP
rev
RIG-I
RIP
RNA
RNase
RNA-seq
RNP
rpm
RRM
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abnormal cell lineage 28 B

molar

milli

NO-methyladenosine

muscleblind

mucolipin-2

multiple cloning site

major facilitator superfamily domain containing 1
magnesium chloride

minute(s)

microRNA

matrix metalloproteinase-1
membrane organelle

messenger RNA

messenger ribonucleoprotein complex
mammalian target of rapamycin
nuclear

nano

sodium chloride

sodium hydroxide

nuclear factor of activated T cells 3
nuclear factor kappa B
nucleotide(s)

nuclear poly(A)-binding protein 1
polyacrylamide gel electrophoresis
phosphate-buffered saline
polymerase chain reaction
permuted-exon intron

protein kKinase R

polynucleotide kinase

polymerase

quantitative PCR

RNA-binding domain
RNA-binding motif

RNA-binding protein

reverse

retinoic acid-inducible gene |
RNA immunoprecipitation
ribonucleic acid

ribonuclease

(next generation) RNA-sequencing
ribonucleoprotein complex

rounds per minute
RNA-recognition motif



7 Abbreviations

rRNA
RT

RtcB

S

SDS

sec
SELEX
SERPINB7
SIA
SsiRNA
snoRD U78
SOC

SR
SRGN
Sry
sSRNA
T
TEMED
TNC
Tornado
Tris
tRNA

U

U

U6

UTR
uv

\/

viv

Vera
Vgl
Vg1RBP
VgLE
wiv

wt

ZBP1
ZKSCAN1

ribosomal RNA

reverse transcription

RNA 2',3"-cyclic phosphate and 5’-OH ligase
sense

sodium dodecyl sulfate

seconds

systematic evolution of ligands by exponential enrichment
serine protease inhibitor B7

scaffold independent analysis

small interfering RNA

small nucleolar RNA U78

super optimal broth

serine/arginine-rich

serglycin

sex-determining region Y

singe-stranded ribonucleic acid

thymine

tetramethylethylenediamine

tenascin C

twister-optimised RNA for durable overexpression
tris(hydroxymethyl)aminomethane

transfer RNA

uracil

unit(s)

small nuclear RNA U6

untranslated region

ultra violet

Volt

volume per volume

VgLE binding and ER association

vegetal 1

Vg1l RNA-binding protein

Vg1 RNA localisation element

weight per volume

wildtype

zipcode-binding protein 1

zinc finger protein with KRAB and SCAN domains 1
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Ich erklare: Ich habe die vorgelegte Dissertation selbststdndig und ohne unerlaubte fremde Hilfe
und nur mit den Hilfen angefertigt, die ich in der Dissertation angegeben habe. Alle Textstellen,
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