Human circular RNAs:
design, development and functional analysis

of protein sponges

Dissertation

vorgelegt von

Stephen Sukumar Nuthalapati

(Master of Science in Applied Microbiology)

zur Erlangung des akademischen Grades
doctor rerum naturalium

(Dr. rer. nat.)

Institut fr Biochemie, Fachbereich 08 Biologie und Chemie

der Justud_iebigUniversitat Giel3en

GielRenDezembe2021






Die vorliegende Arbeit wurde am Institut fir Biochemie des Fachbereichs 08 derUiettigs
Universitat Giel3en inat Zeit von September 2018 bis Oktober 2021 unter der Leitung von
Prof. Dr. Albrecht Bindereif angefertigt.

Dekan: Prof. Dr.Thomas Wilke
Institut fur Tierokologie und spezielle Okologie
Fachbereich fir Biologie und Chen(kB08)

JustusLiebigUniversitéat Giel3en

1. Gutachter: Prof. Dr. Albrecht Bindereif
Institut fUr Biochemie
Fachbereich fir Biologie und Chen(k808)

JustusLiebigUniversitat Giel3en

2. Gutachter: Prof. Dr. Reinhard Dammann
Institut fir Genetik
Fachbereich fur Blogie und Chemi¢~B08)

JustusLiebigUniversitat Giel3en






Contents

Contents

(0] g1 (=T 01 £ PP 5
ZUSAMIMENTASSUND. ...ttt e e e e e e e e e e e e e e e e e e e eeeeeeeeameesseeeeeeeneeee e e e e e s e e e ee e s ema e 8
IS 10 =TSP 10
O g1 oTo [0 o1 1] o PP PPPP P PPPPPPPPPPPPI 11
1.1. Splicing of nuclear PIARNA ... e a e e e e e e e e 11
1.1.2. SPICING PATNWAY.........eiiiiiieiiiie e e e 12
1.1.2. Basic splicing factors and their asSembly.............ccooiiiiiiiiieiiiiiiee e 15

1.2 Alternative splicing regulation MegiliSMS............ccccciiiiiiiiiiiiiirerer e e e e e 17
1.2.1 Splicing enhancers and SIIENCELS...........oooiiiii i 19
1.2.2 Transacting regulatory faCIOIS.........coviiiiiiiiiiiice e 21

1.3 RNA BINAING AOMAINS......ceiiiiiiiiiiiiie et e e s e e e e 24
1.4 hnRNP & global alternative splicing regulator..............ccoociiiiiiieeiiiiiiiee e 27
1.5 RBM24, muscle specific alt@ative splicing regulatar..............ccvvvvevieiiieeiiiiiieiieeeeeeeeeee, 30
1.6 CIrCUIAr RNA ...ttt e e e s e e abe s 32
1.6.1 CirCRNA DIOGENESIS. ... .uiiiiiieeiieiiite e ettt e e e e e e e e s e e e e e e nnreees 33
1.6.2 Functions of endogenous CIFCRNAS...........ociiiiiiie et 36

1.7 CircRNA expression systems in human.CellS..........cccooiiiiiiiiiiiiiiiieeeeeee e, 38
1.8 CircRNA overexpression by tOrN@BYGIEM...........cccccciiiiiriiiiiiniiiirirrerrrr e e e e e e e e eaaaaaaaeeeens 39
1.9 Splicing and diSEASE..........ccccciiiiiiiiiiiiiirrerr e e e e e e AL
1.10 Specific aiMS Of thiS WOIK..........ooiiiiiiiiiiieee e B3
2. Materials and METNOUS. .........veiiiiiiiiiiie e 45
2.1 MABEETIAIS ...ttt e e e e as 45
2.1.1 Chemicals and rEAGEIILS........uuuuiiiiiiiieiieeeeee e e e e e e e e eee e e e e e e e e e e reeeeeeeees 45
2.1.2 NUCIEOUES ...ttt et e e ekt e e asb et e e e e e e 47
2.1.3 Enzymes and Enzyme inhibitors..........cccvviiiiiiiii e 47
2.1.4 REACHION BUTTEIS. ...ttt e e e e e e 47
2.1.5 Molecular Weight MarkerS........uuuuueeiiiiiiiiiiiieee e 47

22000 LG = SRR A7
2000 A o - 1= o 1T £ OPOPOPPPPY” o
2.1.8 ANTIDOAIES ... a e e 48
2.1.9E.colistrains and Cell INES..........ccooiiiiiiiiiiee e 48
2.1.10 Laboratory EqUIPMENL. . .........uu e e e e e e e e e e e e e e e e e e e e e s e eeeees 49
2.1.11 Other CONSUMEADBIES.........coiiiiiiiiie e 49
2.1.12 OlIgONUCIEOLIARS. ... .euieiiieeiiiiiiee ettt e e e e e e et e e e e e s b e ee s 50



Contents

2.2 MEENOUS. ...t e e e e e e e e e raae s 54
2.2.1 DNA CIONING N E. COlleiiiiiiiieiie et e e 54
2.2.2 Generation of hNRNP L SUDAOMAINS.........ccoiiiiiiiiiiiie e 55
2.2.3 Expression and purificationmDteins iNE.COli............ccccciiiiiiiiiieiieeeeeee, 56

2.2.4 Generation and purification of recombinant baculovirus expressethgtied hnRNP .58

2.2.5 SDS polyadaynide gel electrophoresis (SIPAGE) and Coomassie staining............! 60
2.2.6 Systematic Evolution of Ligands by Exponential Enrichment (SELEX).................. 60
2.2.7 RNA design based on SEUEKed data...........ceeeveiiiiiiiiiiiiiiiie e, 61
2.2.8IN VItrORNA TranSCHPOL. ... .uuuuiiiiiiiiiiiiiiiiiieee e e rr e e eeeeae e e e e e e e e e e s s e s e s s e s s ssenaneennennne 61
2.2.9 Electrophoretic mobility shift assaya(@ Shift)............ccccooiiiiiii, 63
2.2.10 HNRNP L SPONQGING @SSAYS.....ccuuurrrreeeesiiurtrnreeassaassnsreeeessassnssereessssasssnneeeessannnnns 63
2.2. 11 WeStErN BIOMNG....cccviiieiiiiiieeeee e e e e e e e e e e 64
2.2.12 NOrthern BIOtING.........coooiiiiiic e e e e e e e e e e e e e e e e e e s e e e s e e e e e nanns 64
2.2.13IN VIVOSPIICING @NAIYSIS.....ceiiiiiiiiiiiiiiii e 65
2.2.14 Design and expression Of CIICRNAL.......cooi e 66
2.2.15 Cell fraCtioNALION ... ....uviiieeiiiiii et e e e e e e e e e e e e s eas 67
2.2.16In vitrotranscription and circularisation of RNA..............ccoo il 6.7
2.2.17 Teting circRNA integrity by RNase R treatment.............c.ooooiciicciiiiiinniininninniennnnd) 6.7
B RESUILS. ...t e et e et e e e e e e e e e e eane 69
3.1 Analysis of RNA binding for hnRNP L and its subdomains.............ccccvveiiiiiiiiiineenns 69
3.1.1 SELEXased analysis of RNA binding for hnRNP L and subdamains...................... 69
3.1.2 Analysis of hnRNP L binding by band shift assays........ccccccccccenii, 16
3.2 SELEMased analysis of RN#Anding for RBM24...............ooooiiiiiiiii e 81
3.3 Comparing binding of hnRNP L to linear and circular.RNA............cccooiiiiiiiiiieeee 83
3.4 Baculoviral expression and purification of recombinant hnRNP.L.....................cooe. 85
3.5In vitropulldown assays for hLnRNP L with SEddfXed RNAS.......c.ccccvvvvveviiviiiiiiieieeeee, 87
3.6 Overexpression of endogenous circRNAS using tornado system...............ccoeeeeeeiinnnnns 89
3.7 Overexpression of CircRNA for hnRNP L SPONgiNg........cccccvvviviviemiiiiiieeieeeiieeeeeeeeeeeeeen, 93
3.8 Functional analysis Of NNRNP L SPONQJES........cuiiiiiiiiiiiiieeeeiiiiiiee e 99
3.8.1Design of optimal CIrCRNA SPONGE. .........uuiiiiiee et 99
3.8.2IN VIVOSPIICING @SS, ... e e e e e eeeieei ettt et e e e e e e e e e e e e e e e e e e e e e e e e e ens 106
3.8.3 Cell fraCtiONALION........ueeiieeiiiee e 111
I 1= o] 1 11 [ o 114
4.1 Determination bexact binding motifs for RBPS by SELEX..........cccoiiiiiiniis 114
4.2 A new and efficient role of CircRNAS in protein SPONGING.........cceeevviiirreeeeeeniiiiieeeeens 115
4.3 Global gene regulatn through protein SPONGiNg.........cccccocueiuriiiiiiiiiiieiieeeieeeeee e 117

6



Contents

4.4 Designer circRNAs for various clinical/ biotechnological applications......................... 118

4.5 POISPECTIVES. ...ceii ittt e e ettt et e e e e ettt e e e e e e e e e et e e e s e s e e et e e e e e e e e e e e e e e e e nnrrrreeeeeaane 122
Supplementary iNfOrMAatioN...........ooouiiiiii e e 125
RETEIBNCES ...ttt e e e e e 136
Abbreviations and SYMIDOIS.........uu e 163
SCIENtific AChIEBVEMENTS. ... 167
F ol [0 11T/ [=Te [o [T 41T o £ S 169
Eidesstattliche EFRIIUNG......cooo i eeie e e e e e e e e e aer e e e e 170



Zusammenfassung

Zusammenfassung

Zirkulare RNAs (circRNAs) sind eine verhéltnismaRig neue Klasse von stabilen
nichtkodierenden RNAs, die in vielen Fallen von proteinkodierenden Genen exprimiert
werden. Sie entstehen durch einen sggk y vy B&ckspli@ngMechanismus, wobei ein

Exon oder mehrere benachbarte Exons in zirkularer Konfiguration aus einenRMNA
herausgeschnitten werden. Die Funktion der meisten circRNAs ist nicht bekannt und
wahrscheinlich divers. Mehrere mdgliche Fuaken wurden zwar fir diese RN@asse
G2NHSaOKt I ASy I { Bz ¢ VangrmRNAs Ddes RNRiIrRIéproteinen (RBPs),

oder auch Proteintranslation, aber nur wenige davon wurden sorgfaltig validiert. Diese Arbeit
befasst sich mit derBpongingzon RBB als einer neuen Funktion von circRNAS.

Der primare Fokus dieser Arbeit lag darin, artifiziell entworfene circRNAs als molekulare
Werkzeuge for RBBequestrierung einzusetzen, mit dem Ziel, wichtige zellulare Prozesse wie
Spleil3en zu modulieren. Zuersttarsuchten wir die kombinatorische Erkennung von RNA
Motiven durch RBPs auf der Grundlage von SEBE¥IfhatischeEvolution vonLiganden

durch EXponentielle Anreicherung), in Kombination mit Hochdurchssg¢guenzierung und
Motivanalyse. Dadurch wurden bbspezifische und malRgeschneiderte RBP
Bindungssequenzen identifiziert. Diese wurden in circRNAs integriert, wo sie éBpBRiis
wirkten. Um die Machbarkeit zu demonstrieren, setzten wir diese Strategie bei zwei
Regulatoren des alternativen Spleil3ensRINP LheterogenesnukledresRiboNukledProtein

D und RBM24. HnRNP L ist ein globaler Regulator von alternativem Splei3en, der bevorzugt
an CArepetitive und CAeiche RNASequenzen bindet, RBM24 ist ein muskelspezifischer
Regulator von alternativem SpRein, der an Gleiche Sequenzen von ZiRNAs bindet. Wir
beobachteten, dass zirkulare RNAs einen klaren Vorteil gegenuber den entsprechenden
linearen RNAs besitzen, dies aufgrund ihrer héheren Stabilitdt und Resistenz gegenuber
zellularen RNasen.

Zweiters wurde die Bindungsaffinitdt von SEtdbgeleiteten, hochspezifischen Konsensus
Sequenzen und der RNAoteinrWechselwirkung mittels elektrophoretischer Mobilitatsd

in vitro PulldownAssays validiert. Uberraschenderweise zeigten unsere Ergebnissegidas
RNABiIndungspraferenz von hnRNP L nicht nur von Sequenzspezifitat abhéngt, sondern auch
von der relativen Positionierungpacing der RNAViotive. Die vier Domé&nexes hnRNP-L
Proteins binden die entsprechenden REmente mit préaferierten Abstanden

Zuséatzlich wurden auch direkten vivo hnRNP 1RNA Interaktionen durch RNA
Immunprazipitation (RIP) aus HeZalllysaten erfasst. Uinm viveSponging von hnRNP L in
vivo nachzuweisen, sowie Effekte auf SpleiRen, konzentrierten wir uns schliel3lich auf
circRNAUberexpression. Ein tRN#ssiertes Tornad®ibozymSystem wurde hier fur die
circRNAExpression eingesetzt, wie auchvitro-generierte circRNAs. Alternatives Spleil3en
von hnRNP -Zielgenen wurde mittels RFCR analysiert. Interessanterweise bedttaten



Zusammenfassung

wir hnRNP erlagerung von der uberwiegenden nuklearen Lokalisation, hervorgerufen
durch hnRNP-Bpongingzu einer starkecytoplasmatische Verteilung in Hel-Zellen.

Diese Arbeit demonstrierte ein betrachtliches Potential von DesigimteRNAS, die
Aktivitaten von RN/Aindeproteinen und alternative Spleil3prozesse zu modulieren. Solche
DesignercircRNAs konnen als eine vielversprechende Alternative zu pharmakologischer
Hemmung von Proteine angewandt werden, &hnlich wie splei3regulierende Oligotidk,

die auf individuelle Spleil3ereignisse abzielen. Dies bildet die Grundlage fiir das Design von
optimalen circRNAroteinSchwammen§ponge} die fur jedes RBP mit klinischer Relevanz
angewandt werden kdnnen.



Summary

Summary

Circular RNAs (circRNAs) anelatively new class of stable, namoding RNAs often derived

from protein-coding genesThey are generated by the salled backsplicinmpmechanism,
whereby one singler several adjacent exons are excised in circular configuration from-a pre
MRNA.The functional roles of the vast majority afrcRNAs are largely unknown and likely
diverse.While several putative functions have been suggested for this class of RNAs, such as
MiRNA sponging, templates for translation and RBP (RNA binding protein) sp@ding

few of these proposed functionbave been thoroughly validated. This work explores RBP
sponging as a novel function of circRNAs.

The primary focus of this work was employing artificially designed circRNAs as molecular
tools for RBBequestrationwith a view to influence key cellular processes such as splicing.
Firstly we investigated the combinatorial recognition of RNA motifs by RBPs SiSirgX
(SystematicEvolution of Ligands byEXponential enrichmenttoupled with highthroughput
sequencing ad motif analysis, to identify highly specific and tailored RBiding sequences.
These were implementethto a circular RNA, which functioned as an RBP sponge. As a proof
of principle, weutilised this strategy for two RBPs regulating alternative spljieinnRNP L
(heterogeneousnuclear RboNucledProtein L) and RBM24. HnRNP L is a global regulator of
alternative splicing, binding preferentially to @8h RNA sequences, while RBM24 is a
musclespecific alternative splice regulator that binds to-@th gretches on target mRNAs.

We observed that circular RNAs have a clear advantage over their conventional linear
counterparts due to their higher stability and resistance to degradation by cellular RNases.

Secondlythe binding affinity of the SELHEXrived, highly specific consensus sequences and
the proteinRNA interaction was validated by electrophoretic mobility shift assayrawidro
pulldown assays. Surprisingly, our findings revealed that the binding preference of hnRNP L
with its cognate RNA not ontlepends on sequence specificity, but also on the spacing of the
motifs within the RNA. The four domains of hnRNP L appear to psgiecificnucleotide
spacing for binding.

Finally to demonstraten vivosponging of hnRNP L and its effects on splsiedgocused on
circRNA overexpression and applied a tRid8ed, ribozymariven Tornado circRNA
expression system, as well asvitro-generated circRNAs. Alternative splicing of hnRNP L
target genes was analysed by-RTR. Interestinglygs a result of spnging,we observed
hnRNP Lltrandocation from the predominant nuclear locsdtion to a more cytoplasmic
distributionin HeLa cells.

This work demonstrates the considerable potential of designer circRNAs for modulating
activities of RBPs or for alteratisrof particular alternative splicing events. As a promising
alternative to pharmacological inhibition of proteins, they can be applied in a way similar to
antisense splicawitching oligonucleotides targeting individual splicing events. This forms the
bass for the design of optimal circRNp&otein sponges, which can be applied to any RBP of
clinical importance.
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1. Introduction

1. Introduction

The human genome is designed such that it contains only about 25,000 genes that code for

at least 100,000 proteins, which consti the proteome of the human body. One of the

reasons for such large diversity in gene expression lies in the fact that, in contrast to bacterial

gene organization, higher eukaryotes are made up eDdof f SR Wa L) ’tlal, ISy Sac¢
1977; Chowet al, 1977). The protekD2 RAYy 3 NBIA 2y a 27F ekpre3dBly S>  { ¢
regions) are interrupted by longno®2 RA Y 3 & S|j dzSy O $tervenidglrdgingg R WA y U
The entirety of this array of coding and roading elements is transcribed as a {n&RNA

(pre- messenger RNA)Yy RNA polymerases. This discovery of the discontinuous architecture

of eukaryotic genes is one of the most unanticipated findings in molecular biology (Lee & Rio,
2015).

Active genomic regions of the DNA where proteoding genesire stored, are transcribed

by RNAP Il (RNA polymerase Il) into precursor RNAT(RIA), while ribosomal RNA (rRNA)

and transfer RNA (tRNA) are transcribed by RNAP | and lll, respectively (RNA polymerases |
and lll, reviewed by White, 2008). TranscriptafrRNA is followed by processing of RNA and
translation of mature mRNA into proteins. This sequence of events represents the central
dogma of flow of genetic information (Crick, 1970), involving several processes that are
continuously coupled and highlggulated. Maintaining proper temporal and spatial control

of gene expression is fundamental for all organisms.

1.1.Splicing of nuclear piaRNA

I LINP2OSaa G(GSNXYSR WaLX AOAY3AQ LXLea y SEGNBYS
protein diversty through alternative splicingThis might partially explain the apparent
discrepancy between gene number and organismal complexity (Graveley, 2001). There are

four known mechanisms of splicing described for eukaryet®o mechanisms of intron

group land Il splicing, tRNA splicing, and pn&NA splicing governed by the spliceosome.

The RNA splicing machinery involves a highly dynamic macromolecular complex, termed the
spliceosome that assembles at the boundaries of exons and intror S W& IQf RS GEKSH
precursor mRNA. The spliceosome catalyses the splicing reaction, in which introns are
removed from the primary transcript, and exons are joined to yield the mature mRNA, which

is exported to the cytoplasm and translated into protein. Therefore, tidisk of the mRNA

splicing machinery is teecognse exons in the precursor RNA sequences and to catalyse the
juxtaposition of correct exoimtron junctions, thus processing precursor mRNA into
functional translatable mRNA.

Like other processes in eukatiogene expression, splicing is also coupled to other processes,
such as capping, polyadenylation, nuclear export, and translation. RNA transcripts from
mammalian genes are processed within seconds or minutes after their synthesis, which
provides opportuity for a functional connection between transcription and splicing

(Custdodio & Carméonseca, 2016). Several links between splicing and transcription are
known, and both transcription rate and chromatin structure can influence splicing outcomes

11



1. Introduction

(Bentley, ®14). However, splicing also feeds back on transcription (Braunscleweib,
2013). Apart from the enormous proteome expansion (Ule & Blencowe, 2019) by alternative
splicing, the splicing machinery can also elaborately modulate when, where, and aewiat |

a gene product should be expressed in an organism.

On an average, a human gene contains about 8 intromith a median length of
approximately 1 kb interspersed with exons that average <300 bp in length (Sakebakar
2004). One extreme exceptiomas reported for the human dystrophin gene (Pozeolal.,
2002), where the prenRNA (> two million nt) is processed into a 14,000 nt mRNA by removal
of 78 introns. To produce a functional protein, 78 pairs of inteson junctions need to be
accuratelyrecognised in this case. Therefore one of the major challengesimBi€A splicing

is reliable determination of these exantron boundaries.

1.1.1. Splicinggthway

The most common model of splicing mechanism relies on intron definition. Introns are
deFAYSR 08 GKNBS AYLERNIIYyG ardSaz GKS pQ &aLx A
aLX A0S aAaidsS 06o0Q {{uvz Iff 2F HKAOK IINB RSTAy
sequence elements important for intron recognition are depictedrigure 1.1AIn budding
@Slradaz GKS pQ {{ Aa F2tt26SR o0& | KAIKES&

A v oA v oA

ydzOf S2ARS LINBOSRSa (KS oQ {{=X o, A0 I LJRN
ydzOf S2ARS& dzZLJAGNBIFY 27F (KS, WQUAC{in whighthe KA 3K
bold A denotes the BP adenosine (Spingtlal., 1999). The first and the last two nucleotides

of the intron (GUand AGdinucleotide, respectively), as well as the branch point adenosine

are invariable figure 1.1B In humans,t8 & S1j dzZSy OS& & dzNNRdzy RAyYy 3 (K
less stringently conserved (Sheth al,, 2006); however the polypyrimidine tract is highly
conserved.

Using radioactively labelled model substrates, the molecular mechanism-ofiRi¢A splicing

was first amlysedin vitro, and the subsequent identification of splicing intermediates led to

a mechanistic view of the splicing reaction (Padgetal, 1984). In 1984, several groups
independently carried out biochemical characsation of splicing intermediatesvhich

established a twestep phosphoryl transfer mechanism of splicing (Padegedt., 1984; Ruskin

et al., 1984; Rodrigueet al., 1984 Domdeyet al., 1984) similar to that of group Il intron self

splicing. In the first reaction (termed branching), thed? K& RNRE&f 3INRdzLJ 2F
GFNBS(G& (GKS LIK2ALK2RASAGSNI ANRdzL) 4 GKS pQ {
exon and a lariaintronco Q@ SE2y AYGSNYSRAIFIGSES Ay 6KAOK (K
nucleotide (G) is linked td&tS H Q 2 E&3Sy 2 Figuiel.$ Inthe setoiSR & Ay S
6SE2y fAILGAZ2Yy 0T (GKS ySéteée SELRASR 0Q KeéRNZ
ydzOf S2LIKAEAO GGl O] 2y GUKS LK2ALK2RASAGSNI 3
form mRNA ad releasing the lariat intron.

12



1. Introduction

A -
5'splice site sz 3'splice site
Yeast {GUAUGU UACUAAC YAGE
Polypyrimidine
NN:GURAGN tract :
Human AG:GUNNNN YNYURAY Yu YAGé
5'exon o * 3'exon
B
I intron 1
Exon1 |GU A AG| Exon2
Gg G géG 2 g gG ﬁ g
gbelVVJ8sXUA  GYaodcCuukl  ssasgaaacd |ViSc
5 splice site Branch site 3’ splice site

CAIdNBIadm I Yy Ry KaeY | ¥ dA00BB NI (0 S a

(A)Introns are charactesS R 0& GKNBES &AK2NI O2yaSNBSR &S
point sequence (AP~ | YR 0Q &L A0S aAxidsS 6o0Q{{vd .t
around splice sites are stringently conserved in yeast but more degenerate in humans. Hum:
MRNA is characte®dd by a polypyrimidine tract for binding of splice factorst jnefore the YAG
ONRyYydzOf S20ARS (i (KS et@d2020),Jnodife8. aA 0Sd® CNRY
(B) Conserved motifs at or near the intron ends. BP adenosine is shown in orange, the im

RAYydz0ft S2GARS D! 4G GKS pQ{ howh iy tiue.IFidm Caiiteget &.S
(2002).
Lariat
H
UG\ \ UG\ UG Structure
? jo—n 1+ Transesterification o - _—A 2" Transesterification \O _A
> > (o]
o=r-|'—o- A, o=p|»£o- A D:'Li 5 h
G
54 Exonl I—f) ° 54 Exonl —OH ° oH
| (_//r-\ | j 0
O0=—P—0 O0=P—0O
- i = 54 Exonl | Exon2 F3'
o—/{ Exon2 -3 — Exon2 }3 -

Spliced mRNA
CAIJdzNK Swarra ( WBvb2 T ALINE OA y 3

Schematic diagram of the praRNA with exons (in teal) and introns (in purple) depicting the f
transesterification reactions required for intron removal. The brancimip®iOH residue mediates
attack on the 5phosphate of the intron guanosine residue located at theice site. This release
the 3' hydroxyl of Exon 1, which subsequently mediates attack of the 5' phosphate of the
guanosine residue in Exon 2.€T8' hydroxyl of the intron guanosine residue is released forrr
the lariat structure (debranched and degraded) and Exon 1 is ligated to Exon 2 [adapted from
2021. RNA Processing].

[Available at: https://bio.libretexts.org/@go/page/15198 (Accessegt8mber 2, 2021)].



1. Introduction

Thus, by two transesterification reactions, exons are ligated and the intervening introns are
spliced out. These two transesterification reactions are catalysed by a complex molecular
machine termed the splemsome (Brody Abelson, 1985).

In 1993, Steitz & Steitz proposed a general twetation mechanism for catalytic RNA, in

which the pentacovalent transition states of the two splicing transesterifications are stabilised

by two metal ions in the active sitd the spliceosome (Steitz & Steitz, 1993; Begure 1.3.

For the first phosphoryl transfer reaction, one of the two metal ions (M1) ssabithe leaving
INRdzLIET GKS 0Q KeRNREeéet 2F GKS t1ad pQ SE2y vy
thS GddF Ol Ay ydzOt S2LKAE ST GKS HQ Ke@RNREeéet 3N
60N} YOKAYIOE GKS .t FRSy2aAySs Ydzaid tSIF@S (K
the active site. In the second phosphoryl transfer reaction (ekoB I G A2y 0 X am I Ol A ¢
KERNRE&f 3INRdzL) 2F ©BEKE pS SESIYAEA Y Y RI MR AzIIL | DR $
the last intron nucleotide. Both M1 and M2 are coordinated by spliceosomal RNA{gica

2013); therefore the spliceosome is alsmsidered a ribozyme (reviewed by Wilkinstral.,

2020).

Step I: Branching

Lariat intron

\ o §)
]

Intron

5 sPIlce site Q- }O
Bt
-~ 9)3
© e ?’-“—P 6’;?;"’ A Branch point A \ v

5" exon . @ ------ @ 5’ exon ’

Step Il Exon ligation

3’exon , Intron 3" exon Intron Ligated exon 3'exon . Intron

SV s O o
\OH,EQ/&—*XOMP?,/&—*\OH /é

5’ exon 5’ exon 5’ exon

CAIdzNBARWIH ZY YSOKIFIYyAaY FT2N aLX AOAy3 Ol
Schematic representation of twmetalA 2y YSOKF yAaY>X LINRPLR2ASR
RSLAOGSR Ay 2NIy38 FyR GKS o0Q { { Theywo iaafidng
labelled as M1&M?2 in green are located in the active sites of the spliceosome (in light blue).
adenosine is shown in purple and the two nucleophilic attacks are pointed out by red al
(mechanism is explained in the text). FraVilkinsonet al. (2020), modified.

14



1. Introduction

1.1.2.Basic splicing factors and theisaembly

The spliceosome is a highly dynamic macromolecular machinery that catalyses the removal
of introns from eukaryotic prenRNA (Stale§ Guthrie, 1998), and combines flexibility with
accuracy. The spliceosome is composed of five small nuclear RNAs (SnRNASs) bdmeB,

U4, U5 & U6, and approximately 100 proteins (Kastteal., 2019). Each snRNA binds a
specific set of seven common proteitise Sm proteins, which assemble as a heptameric ring
on the snRNA to form the small nuclear ribonucleoprotein (ShnRNP) patrticle (Lerner & Steitz,
1979). An exception is the U6 snRNA which is transcribed by RNAP Il and associates with a
preassembled ring foseven paralogous LSm proteins (LSpZZhouet al., 2014). ULU5
SnRNAs are transcribed by the RNAP Il. Severasm@hBassociated proteins and protein
complexes, including splicing factors and eight-d&pendent helicases, are also involved in
spliang. Initial mass spectrometric analysis of mixed population of affputyfied
spliceosomal complexes indicated that between 150 (Zébal., 2002) and 300 different
proteins (Rappsilbeet al.,2002) cepurified with the spliceosome. Within the splmsome,

the snRNAs perform the essential roles of substrate recognition and catalysis.

The spliceosome is not preassembled, but rather is formed anew on its substrate through
sequential and highly coordinated interactions between the-pi@NA, the snRNPs cn

numerous splicing factors. The sequence of events in an idefimed spliceosome is
schematically depicted iRigure 1.4 . NASTFf &> ¢KS !'m aywbt Aa NEX
GKSNBE (KS pQ SYRI2REGEBIEY WK S upsgudtdiiofamd & A G S
the early spliceosomal complex-€Bmplex). Alongside AJiRdependent binding of Ul

snRNP, SF1 (splicing factor 1) and U24R@%ichrecognse the branch site in the intron and

the polypyrimidine tract, respectively, are also recruited

U2AF65 together with U2AF35 constitute the U2AF (U2 auxiliary faadgorplex, which
RANBOGf& AYGSNIOla ¢6A0GK (GKS o0Q &L A0S aAiAidsSo
point sequence displacing SF1, via bpa&ing between the branchite and the U2 snRNA in
an ATRdependent manner. This complex containingpm&NA, U1l and U2 snRNP constitutes
the pre-spliceosomal AZomplex. Ul and U2 snRMBsociated proteins interact with each
other, bringing the two splice sites in close proximdy fecruitment of U4/U6.U5 trsnRNP.
The prespliceosome then associates with the preassembled U4/U6..$5RNP to form the
fully assembled spliceosome known as the -pagalytic B complex. U6 snRNA, which
ultimately folds to form the active site of ¢hspliceosome, is extensively bgsaired with U4
snRNA within the trsnRNP (Plaschket al, 2019). The complex is stabilised by direct
interaction of U4/U6 snRNAs and the U5 snRNP, which is associated by -protein
interactions.

At this stage, mar rearrangements in RNRNA and RNArotein interactions occur: The
DEARD 2 E KStAOI &S t NLHy NBftSIFIasa GKS pQ {{ TFTNR
box within U6 snRNA. The RNA helicase Brr2 then separates U4 snRNA from U6 snRNA and
allows the U6a y wb ! aS1jdzZSy O0S | R8unddAOABAGA Box tib kolsl angl Q  { {
associate with part of U2 snRNA to yield the active site harbouring two catalytic metal ions.

The Ul and U4 snRNPs leave the spliceosome, which is now termed the activated B complex
(B*%Y). The B complex is then transformed into the catalytically active B* complex by Prp2
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RNA helicase, and the first step of the splicing reaction takes place when the BP adenosine is
docked into the active site C* complex (compare tBigure 1.3.

Lariat intron ILS
U2 J Ui}
o Prp43 0 Retive site Ntr1 complex
NTC-NTR e FNTC-NTR Prp43
Prp22
Pre-mRNA 5SS 355 L uUs ®
L Ve J P complex
RNA 3 Active site
o m \ NTC-NTR
U2AF Prp22
I f
| o1& step Il factors Us
Ecomplex ¢ G } Step II: Exon ligation
Prps V\ U2 U2 C* complex
O} Active site
NTC-NTR
R -
y " —
A complex LSm Prp22 us
U4/Ué step Il factors Prp'l6z Prp16
s U4/U6.US tri-snRNP step | factors
U2 U2
. ( = 'ZActive site
LSm NTC-NTR
U4/U6 NTC-NTR P":‘G
Ul step | factors
~ prp2s | U2 Yol " s Ccomplex
¢ us p
ASg o U‘_ U2 Step I: Branching
Pre-B complex LtSm " (--' ;Anive site
Ud/U6 ™ Active site C-NTR
U1 NTC-NTR

Brr2

U5  B*complex
us Us P

B complex =
U4snRNA B complex SF3a/b
di-snRNP proteins Prp2

CAJdzNBRL asdymf & | YR RAalaaSyvyofte 0eodftsS 27
Canonical crosimtron assembly and disassembly pathway of the spliceosome is depicted. |
and introns are indicated by boxes (orange and yellow) andkttilaes, respectively. Stages at whi
ATPases in the DEAIOX, DEAH box and Skifamilies (red) play crucial roles is indicate
9O NBOAFGAZ2YaAaY pQf{ YR 0 Q{-Y6s snRNEJK; ALS, Sntrtdriat {
spliceosome; MRNA, messen§MA; NTC, Prpissociated complex; NTR, Prpgated complex;
snRNP, small nuclear ribonucleoprotein. From Wilkiretcad. (2020), modified.

The two exons in the preIRNA are kept in close proximity throughout the B and C complexes
GKNRdzZAK AYyUGSNI OGA2Yya gAGK !'p aywb! |yR GKAA
remains in the active site, but the branch point adenosine must eeatted active site for the
AyO2YAYy3 o0Q {{ aAdGS F2NJI GKS aSO2yR aidSLI Ay a
exons are joined, and the resulting mRNA (ligated exons) is released from the active site of

the spliceosome. Following this, thplEeosome structure dissociates, SnRNPs are recycled

to participate in new rounds of splicing and the intron lariat is instantly removed by DBR1
debranching and degraded (MohanfaChakrabarti, 2020).

In case the intron length exceeds ~200 to 2B5Ghe spliceosome cannot assemble across the
intron (FoxWalshet al, 2005). Most mammalian introns are several hundred to several
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thousand nucleotides in length (Deutsch & Long, 1999), therefore a mechanism of exon
definition has been suggested to be favouiadnammals figure 1.5.

ZA
pralsn

u

B—YY Y Y — E-EIIFH- u

(B po—-

CAIdzNE mdp az2RStf 2F AYyGiSNIXOdlGA2ya 200dz
Splicing enhancers like SR proteins bind nhacer sequences of exon (ESE) and establi:
network of proteinprotein interactions across the exon thus stabilizing the edefined complex.
From Will & Lihrmann (2011).

5d2NAy3 SE2Yy RSTAYyAGA2YZ GKS !'m aywbt o0AYRA
LINPY2(0Sa GKS aaz20AldAz2y 2F 'wuwl Cc (2 GKS o
recruitment of the U2 snRNP. Splicing enhancer sequences within the exas) (EESruit
proteins of the SR protein familggesection1.2.2), which establish a network of protejn

protein interactions across the exon thatabilise the exondefined complex (Reed, 2000).
However, the subsequent switch from the exdafinition compex to the intronrdefined
spliceosome is poorly understood until now (reviewed by Will & Lihrmann, 2011). In a recent
article, Wanet al. (2021),proposed and validated a unified theoretical model to explain the
general features of transcription and perwas stochastic splice site selection, through
nascent RNA profiling in single cells, transcriptemée footprinting of U2AF complex and

lariat sequencing. This study presents a model of pervasive stochastic splice site selection
rather than exclusive sging at annotated splice sites.

1.2 Alternative plicingregulationmechanisms

According to the International Human Genome Sequencing Consortium, the human genome
contains only about 20,000 proterpding genes. This estimate is not large compared to the
primitive nematodeC. elegang19,000 genes) and the common fruit by melanogaster
(~14,000 genes). However, the complexity of the proteome produced by this limited set of
genetic information is quite large in each organism. The diversity of the humdaims is
clearly more complex than that of invertebrates. Although the fruit fly has much fewer genes,
it has a more complex proteome than the undoubtedly simpler orgaiselegansand one
reason for this is alternative splicing. Alternative spliam@ crucial mechanism, allowing
individual genes to express multiple mRNAs that encode proteins with diverse and sometimes
even antagonistic functions. This phenomenon was first observed when one gene could
encode both a membranbound as well as a secest antibody (Earlgt al., 1980). Genome

wide sequencing and bioinformatic analyses revealed that approximately 95% ofexriti
human genes are alternatively spliced (feaal., 2008; Wangt al., 2008). Alternative splicing

can generate more transcriptfrom a single gene than the number of genes in an entire
genome (Graveley, 2001). One exceptional example was the discovery @frdsephila
Dscam(Down syndrome cell adhesion molecule) gene, which codes for a cell surface protein
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responsible for neuroal connectivity. The combinatorial alternative splicing of the exons can
potentially generate up to 38,016 distinct mRNA isoforms, more than twice the number of
genes in the entir®rosophilagenome (Celott& Graveley, 2001).

Constitutive splicing includgeall the exons of a gene in the mature mRNA whereas in
FfOGSNYFGAGS aLX AOAY AT ftGSNYIFGADS pQ 2N oQ
lengths. Whole exons may be skipped or included, i.e. exon skipping or exon inclusion
(cassette exns). Another modification to the cassette exon mechanism is mutually exclusive
exons. Here, inclusion of one cassette exon dictates skipping of the adjacent exan¢eand
versa Finally, in some cases, introns are not spliced, they are rather retairted mature
MRNA (intron retention)-igure 1.6summargesthe five basic patterns into which alternative
splicing may be classified. Often, different modes of alternative splicing are employed in
splicing of a single pmaRNA species Furthermore, usageatternative promoters and
alternative poly(A) sites contribute to isoform diversity (Petral.,2018). Each mRNA isoform
thus formed can have distinct properties in the cell, such as stability, dattah, and
translational efficiency, and can be trdaed into stable protein isoforms with divergent
structures and functions (Braunschwesg al., 2013). Additionally, around ortlird of all
alternative splicing events leads to the introduction of a premature termination codon (PTC)
subjecting the mRNAot degradation by nonsensmediated decay (NMD) and mRNA
transcript elimination (McGlincy & Smith, 2008). NMD represents one RNA surveillance
pathway to ensure the fidelity of gene expression.

\Intron retention —m—EE——E=—

pre-mRNA mature mRNAs
constitutive mRNA splicing —-A-A:IA-— > -
= ’
4 alter.natl\.re 5 — . > T
splice site AV
alternative 3’ —pug—mR——E— > -
alternative splice site
mRNA cassette exon —E—EE—{—EE— — - -
splicing "
mutually FANC e
exclusive exons _-_-_:'_-_ <: -

CA3IdzZNBE mdc az2RSa 2F FEOGSNYFGAGBS &L} AO)
Constitutive mRNA splicing is depictechematically at the top. Exons are indicated by colou
boxes and introns with grey lines. Below, the five modes of alternative splicing are illusti
Removal of introns by splicing are shown by triangles above and below the introns using
straight and dashedines. Alternative splicing event(s) are marked by red dagined. The mature
MRNA resulting from the respective splicing event is shown to the right. From Hui & Bin
(2005), modified.

Recent advances in highroughput sequencing (e.g., Napore sequencing) and the
application of RNAeq since 2008, have enhanced the detection of alternatively spliced
MRNA isoforms. These technological advancements have overcome the limitations posed by
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traditional RTPCR (reverse transcription polymerasaiochreaction) and ESTs (expressed
sequence tags) for detection of mRNA isoforms and allowed for detailed analysis of the
transcriptome.

1.2.1 Splicing enhancers and silencers

Alternative splicing is regulated in a spatial (tgtle and tissue type) and teporal
(developmentaistage or differentiation) manner, orchestrated through external stimuli such
as activation of signal transduction cascades. These external stimuli include extensive protein
RNA interactions betweeais elements within the prenRNA andrans-acting factors that

bind to theseciselements (Parlet al., 2018).

Splicesite selection is a key mechanism in alternative splicing: Generally, splice sites are
recognsed based on their match to the consensus sequeseeFigure 1.1 @ 2 KANEY 3 Q wa
AL A0S &aA0S aKz2ga | I22R YIFIGIOK G2 GKS O2yasSy
from the consensus to a certain degree, and is less likely teetegnsed by the splicing
machinery. Spliceosome assembly is a common feature for dmiktitutive and alternative

splicing, where numerousrans-acting factors interact with each other and with thoes

elements within the prenRNA to form active spliceosome. As described abeeetipn

1.1.1), the most conservedis splicing elements ar@ Q YR 0Q aLJX A0S &aaAd
boundary of the intron, the branch point (BP) adenosine and the polypyrimidine tract close

G2 GKS o0Q &LJ A OSrecaghsdsShese ¢okeScompadriénts, Onbighapiay &
essential role in defining the identity @xon and intron (Wané& Burge, 2008). However,

these classical splicing signals are not sufficient for recognition of all exons because cryptic
splice sites which loosely match the consensus sequence, are very common in introns. In
humans, canonical spiig signals provide less than 50% of the necessary information for
accurate removal of introns (Lim & Burge, 2001). To correctly define the-iakom

boundary, additional splicing regulatory sequence elements (auxiliary signals) are required.
Auxiliary plice signals play an important role in splice site recognition by enhancing accurate
removal of introns. These auxiliary signals also known as splicing regulatory elements (SRES)
are classified according to their location (exonic or intronic) and theictfanal effects on

splicing (activation or repression) as exonic splicing enhancer (ESE), exonic splicing silencer
(ESS), intronic splicing enhancer (ISE) and intronic splicing silencer (ISS). Taken together, an
important goal in current researchistodh @S ' i (KS aaL)t AOAy3 O2RS¢
regulation rules for splicing by studying SREs and their cognate factors (Baehst2010).

These elements are highly diverse in their sequence composition, and therefore bind a variety

of splicingregulatory proteinsKigure 1.7.

SREs are usually located near weak splice sites that they regulate and share degenerate
sequence motifs, which makes identification of these SRESs rather difficult. Therefore, several
approaches were undertaken to identiplicingregulatory sequences experimentally. ESEs
are the best characterised splicing regulatory elements, which were identified by deletion
and/or mutational analyses in minigene constructs transfedtedivo (for examples, see
Preul3neret al., 2012; Fabrother et al., 2002). A randomised sequence stretch was inserted
into an enhancedependent exon, and those elements that promotedlusion of the exon
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were amplified and analysed by {HRCR (Coulter et al, 1997).

CA3IdzNBE Mot wS3Idzf F SR aLX AOAY 3

The schematic degts splicing regulatory elements amins-acting factors. Open boxes indical
exons, and jagged lines show introns. The consensus motifs of splice sites are shown
pictogram. Two predicted alternative splicing pathways with the exon included ppeski are
marked with dashed linesCiselements within the premRNA include the canonical splicir
St SySyida p aLX A0S arAiGsS op {{0X 0N yYyOK clusgts
aK2g6y8xX YR o aLX A0S a xisefements: eforficisplicing &nhaded
(ESEs), exonic splicing silencers (ESSSs), intronic splicing enhancers (ISEs), and introni
aAf SYOSNEB 6L {sddé&ywthe UpsnRNP, bladch i 2 dKE ' v ay wt
and Y(n) are bound by the U2AF proteins. ISS and E&8n&derecruit hnRNP proteins, whic
hinder binding of the spliceosomal components to the-ptBNA. ISE and ESE elements are bo
by SR proteins, which promote splicing. From Wang & Burge (2008), modified.

Sequences with enhancer agty were further identified from a pool of RNA sequences using

functional in vitro and in vivo SELEXsystematic evolution of ligands byexponential

enrichment) analysis (@érfel & Bindereif, 2001). This method characterised two classes of
ESEs, the pure-rich ESEs and the adenosine/cytosiiehh ESEs. These experimental and
computational approaches provided a global picture that ESEs promote exon definition
because of their enrichment and conservation in exonsefka, 2018) whereas the ISSs are
more enriched in introns and help define alternative splice sites by suppressing pseudoexons

(Wanget al., 2006).

In comparison, only a few intronic splicing regulatory elements (ISREs) have been

characterised (reviewed by Matliet al., 2005). Based on introao sequence conservation,

most predicted elements were enriched near alternatively spliced exons and resemble RNA

motifs recognsed by splicing factors such as Fox1, Nova and nPTB{¥ap2007). CAich

and CArepeat sequences were identified as orlass of ISREs that could function both as

intronic splicing enhancers and silencers depending on their relative location miRNA
(Huiet al., 2005; Hungt al., 2008; Heineet al., 2010). Ule and eworkers identified a tissue

specific ISRE known aset YCAY motifs (Y=C or U) using CLIP (crosslinking and

immunoprecipitation) analysis. These motifs are recsgmhiby the neurorspecific hnRNP

like proteins belonging to the newoncological neural antigen (NOVA) family, regulating
several splicing evenis mouse brain (Ulet al, 2003). Another similar ISRE is the highly

conserved UGCAUG motif recaagd by the brairspecific factor Fox1 (Underwoaet al.,
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2005) and musclspecific Fo®2 (Brudnoet al., 2001). Akrich motifs are strongly associated
with constitutive splicing and may function as ISEs (Voelker & Berglund, 2007).

1.2.2 Transactingregulatoryfactors

Cisregulatory elements mediate their function through recruitment@ns-acting factors to
promote or suppress the use of adjacent spbtes (Matera & Wang, 2014). SR proteins and
hnRNP family constitute the two majdrans-acting protein classes that are conserved
between plants and humans and have regulatory roles in alternative splicing, often
functioning antagonisticalljRaczynskat al., 2010; Reddy, 2007). In general, SR proteins play

a key role in spliceosome assembly and regulate specific splicing events, mainly as activators
bound to ESEs. In contrast, hnRNP proteins often bind to ESS and ISS elements and act mainly
as splicing epressors (Wang & Brendel, 2004b). Both factors act on early stages of
spliceosome assembly (on E and A complexeseFigure 1.4 and cause splicing activation

or repression. Typically, these splicing factors have a modular domain configuration, and
contain one or many RNA binding domains (RBDs) to specifregibgnse cognate cis
elements in premRNA targets and functional domain(s) to affect splicing (Matera & Wang,
2014).

SR and SRelated proteins Serineargininerich (SR) proteins constitute a fagnof highly
conserved norsnRNP splicing factors with diverse roles in constitutive and alternative
splicing. They were the first splicing regulators described, which are characterised by a
modular structure with a domain of variablength arginineserne-rich dipeptides (RS
domain) at the @erminus and one or two Xerminal RNA recognition motifs (RRMs). The
RRM domain allows sequenspecific binding to RNA, whereas the RS domain is necessary
for protein-protein interactions with other R8omain contaning proteins (Graveley, 2000)

and include signals for cellular losation (Long & Caceres, 2009). Other proteins, distinct
from SR proteins, which contain an RS domain, but lack RRMs, are referred toetss&@R
proteins. These proteins include th AF and U1 snRNP 70 kDa (U1 70K) prdtanie 1.3.

One of the best characterised functions of SR proteins is recognition of ESE sequences in
regulating alternative splicing. They can effect splice site choice in a concentration and
phosphorylationdependent manner (via serine residues in the RS domain), thus regulating
tissuespecific and stress responsive alternative splicing in plants and animals (Duque, 2011).
C2NJ SEI YLX ST (UKNRdzZIK O0AYyRAYy3I G2 Iy 9éne Of2a$
assembly, SR protein SRSF1 stimulates splicing by recruiting U1 snRNP in a phosphorylation
dependent manner mediated by interaction with U1 70K. (€hal., 2011). Activation of the

0Q aLX AOS aAadsS 2y GKS 20KSN) KtogwWeakip@rimifieRA | G S|
tract (Zuo & Maniatis, 1996). Incorporation of the$nRNP complex (U4/U6.U5 snRNP) into

the spliceosome is also mediated by SR proteins (Roscigno & -8Bk, 1995).
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(A) Regulation of splicing by SR proteins: Exonic splicing enhancers (ESE) within the exon (0|
is the binding site for SR proteins (in green) which stimulate splicing by recruitment and inter:
(indicated by arrows) with U1 snRNP@ii dzS0 (2 (GKS R2gyaidNBIY p
35 kDa subunitg in orange and yellow respectively) to the upstream polypyrimidine tract and
0Q aLX A0S aridsS 2y GKS AYyiUNBY O0AYRAOI G SRBPS
adenosine. SR proteins assist in the recruitment of spliceosomal complexes tom&pta through
RRM interaction with the RNA and RS dommaadiated (indicated by bright green arcs) interactit
with other proteins. From Mueller & Hertel (2012), moeldfi

(B) Splicing regulation by hnRNP proteins: Intronic splicing silencers (ISS) in intronic region
line) close to the exons (in purple) act as binding sites for hnRNP proteins (in pink), which in
GAGK O0AYRAY3A 27F ! wlicEsitedtheseby 2aNding Spiing répeessiontSp pan
Alternatively, hnRNP proteins can leopt an intervening exon by binding to ISS sequences flan
the exon (bottom panel). From Graveley (2009).

ESEbound SR proteins can also activate spliditygantagonizing repressive factors. For
example, hnRNP A/B proteins and SRSF1 function antagonistically in alternative splice site
aSt SOUA2yd 2KAES StS@OIGSR tS@Sfa 2F Kywbt
promotes the use of proximakd & LJ A OS aAiGSd® ¢KAa LRAydGa (2
opposing splicing factors. Another antagonistic function is established between two SR
proteins SRSF1 and SC35 in the regulation mbpomyosin mRNA (Wu & Maniatis, 1993).

Heterologous nuclear ribonucleoproteins (hnRNPsimary transcripts of proteisoding
genes synthesised by RNAP Il in the nuclei of eukaryotic cells undergo extensive
posttranscriptional processing (Darnell 8. These transcripts were termed heterogeneous
nuclear RNAs (hnRNAS) to describe their size heterogeneity and cellular location (Dekyfuss
al., 1993). Although used interchangeably, the termspfRNA and hnRNA do not refer to

the same RNA species, @nonly a subset of hnRNAs may actually be precursors to mRNAs,
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and the rest turn over in the nucleus. Nascent hnRNAs are immediately bound by a family of
proteins, termed hnRNPs, forming hnRNP complexes. These hnRNPs are associated with the
hnRNAs from ta time that they emerge from the transcription complex throughout the time

they reside in the nucleus, and such hnRNPs are not stable components of other
ribonucleoprotein (RNP) complexes like sSnRNPs.

The hnRNP proteins are among the most abundant nugeateins in higher eukaryotes,
regulating several RN#elated biological processes sucha@sanscriptional regulation, pre
Ywb! 0Q SYR LINRPOS&daaAy3dIs &L AOAY3IAZ Yilength &G 67
maintenance, mRNA translation and turmoKimet al., 2000). HnRNP proteins were first
identified by immunopurifications with hnRNP -Aand hnRNP -Gpecific antibodies in
combination with twadimensional gel electrophoresis. A total of 24 hnRNP proteins (labelled
hnRNP A through U) in the moldar mass range of 34 to 120 kDa, were distinguished with a
diffuse nuclear locadation, in contrast to SR proteins, which concentrate in nuclear speckles
(Dreyfusset al., 2002). All hnRNP proteins share a common modular structure of multiple
domains, onnected by flexible linker regions. A common feature of hnRNP proteins are RRM
domains, often present in tandem and other auxiliary domains which are composed of
clusters of certain amino acids. These include the RGG boxe&A&ly tripeptides), or
addic glycine or prolinerich regions. Such domains can help to mediate prepentein
interaction or facilitate protein localisation (Dreyfust al.,, 1993). Postranslational
modifications of hnRNP are also commdhe arginine residues within the RG@x have the
potential to be methylated, thereby regulating RM#&ding activity. In addition to arginine
methylation, serine/threonine phosphorylation are common ptsinslational modifications

of hnRNP proteindayrandet al., 1993.

Initially, it wasthought that hnRNP proteins associate rgpecifically with hnRNA. However,
SELEX and CLIP assays revealed the binding specificities of most hnRNP proteins, confirming
previous observations of the preferential association of hnRNP proteins with homopatyme
RNAs (Swanson & Dreyfuss, 1988). For example, hnRNP L recognises and binids anGA
CArepeat sequences (Het al., 2005). All members of the hnRNP H protein family recognise
GGGA sequence (Caputi & Zahler, 2001), and UCUU motifs are recayriisdRINP |/PTB.

Apart from mediating important cellular functions such as telomere maintenance, chromatin
remodelling and DNA repair; hnRNP proteins mainly function as repressors of splicing by
binding to the premRNA and prevent other splicing factorsir@ccessing the binding site

(Wang & Brendel, 2004b). Nonetheless, the type of action of the hnRNP proteins depends on

the context where it is bound (Wachtet al., 2012). For example, hnRNP proteins stimulate
splicing, predominantly from ISEs, by prorgfol A Y G SNJ} Ol A2y 2F '!'m aywb
sites, as observed for the TIA proteins. Another striking example, is the dual functioning of
hnRNRlike proteins in mice. The Nova family proteins in mice, recognise the YCAY motif that

can act either as andS, if it is in an exon preceding an alternatively spliced exon, or as an ISS,

if it is in an intron following an alternatively spliced exon (&tlal., 2006).

A complete review ohnRNP proteins and their functionsas compiledoy Dreyfusset al.,
(2002. Briefly, hnRNP A/B protein family is involved in many aspects of RNA processing,
especially in splicing. HNnRNP Al is required for efficient miRNA processing, and hnRNP A/B
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proteins play a role in telomere biogenesis. HNRNP C is implicated in splidiimgeaanancing
translation mediated by internal ribosomal entry sites (IRES). HhRNP E/K family members
contain KH (K Homology) domains instead of RRMs, differentiating them from the other
hnRNPs. HnRNP K is necessary for splicing, transcription, mRN®y saali translation.
HNRNP R1/R2 was observed to be necessary for retinal development in ratse(Pang
2009).

HnRNP Al and | (PTB, polypyrimidine tract binding proteins) are probably the most intensively
studied hnRNP proteins, with homologues beémeplants and mammals (Kamingdti al.,

1995). PTB affects splicing'efropomyosin, by binding to pyrimidine tracts and inhibits exon
inclusion, while U2AF antagonises this. SR proteins on the other hand, activate splicing,
demonstrating how hnRNP an& $roteins work together to produce alternative splicing. PTB
has been found to autoegulate its own mRNA by alternative splicing (Wolleeoal., 2004)

like hnRNP L (Rossbasthal., 2009 discussed isection 1.4. PTB also mediates longnge
interadions between distant RNA regions flanking alternative exons by dimerization of the
protein surrounding the exon, thus loopiayt the intervening region of the prgmRNA and
preventing splicing of the excluded RNA regiereu3neret al., 2012; Figure 1.8)].

Recent advances in functional understanding of hnRNPs propose a role of hnRNPs to act as
Gwb! aOlF FF2t Raé¢ | y Reodidp RNALHICRNAY mibrdREA (miRNAY angl 2 v
circular RNA (circRNadiscussed in section 1.6) to affect mMRNA splicingpaiodessing. RNA
scaffolds also regulate transcription from genes, poahscriptional translation and change
genome structure. Furthermore, hnRNPs are essential foreedwal and differentiation of

stem cells and play crucial roles in stesll functons (reviewed in Xiet al., 2021).

In addition to SR proteins and hnRNP proteins, severalS®m@and noinnRNP proteins, like
the Noval protein in mice, bind to specific intronic sequences and promote the inclusion of
neuronspecific introns (Jenseet al., 2000), playing a key role in regulating splicing.
Apoptosis promoting protein TA is also found to regulate human Fas receptor-mieNA
splicing (Foercl Valcarcel, 2001). These examples show how severatananical splicing
factors may also furtion as splicing regulators on specific pr&RNAs.

1.3 RNAbinding domains

Fundamental biological processes of the cell such as transcription, mRNA processing,
translation and several other developmental stages rely on interactions between nucleic acids
and proteins. A variety ah vitroandin vivoexperimental strategies including computational
methods, have been developed in the last decade to study these interactions. Consequently,
large amounts of experimental data have fuelled structural studief ’sctNMR (nuclear
magnetic resonance),-bay crystallography and cry&M analyses (Schlunet al., 2017).
Additional computational methods, such as neural networks (Alipaethl., 2015), were
developed to predict protein binding sites in nucleic acdences (Tuvshinjargat al.,

2016).
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W/ 2y @Sy i biadhy praeinsv(®RBPscognse specific sequences and/or structural
motifs in RNA to form ribonucleoprotein (RNP) complexes that principally regulate gene
expressionKigure 1.9A The RBP binde target genes on specific nucleotide sequences in

the open reading frame (ORF), intron region or untranslated region (UTR) of the transcripts
via modular combinations of structurally weleéfined RNAinding domains [RBDs, (Hentze

et al., 2018)]. SevetadRBDs have been characterised and classified principally into: (a) RNA
recognition motifs [RRM, (Clemt al., 2008)], (b) hnRNP K homology (KH) domain, (c)
DEAD/DEAH box helicase, (d) Zinc finger and (e) RGGIyA&d/) box. Briefly, hnRNP K
homology(KH) domainisan RNAA Y RAY 3 R2YFAY 2F dt1tn | YYAy2 | O
helices packed against a thrdeli NI y-dReéeRthe tweO 2 NEelices form a hydrophobic

cleft with a GXXG loop that interconnects the helices, where RNA binds (Vadvelgd2008).
DEAD/DEAH box proteins are RNA helicases with two highly similar domains containing the
conserved sequence AgplutAlaAsp (DEAD); RNA binds across latlicase domains
(Hentzeet al., 2018). Zinc finger domadqa protein structural domain thas coordinated by

one or more Zinc ions tstabilse the fold (Klug, 2010). RGG (A&+Gly) box is a highffinity
RNAbinding domain, serving also as a substrate recognition site for protein arginine methyl
transferases [PRMTs (Boisvettal,, 2005cLischweet al.,, 1985)]. Other RBDs such as eold
shock domain (Wox proteins), Pumilio/FBF (PUF) domain, double stranded-tiRiding
domain (dsRBD), Piwi/Argonaute/Zwille (PAZ) domain, and Sm domain, also bind to RNA with
sequencespecific interactions.

A RBP acting on RNA B RNA acting on RBP

RBP %
RNA-binding

RNA-binding domain?

domain
RNA
Processing Stability Localization Functi/\calization

Modification Translation Interaction Stability

CAIdzNBE mMPp Cdzy OGA2Yy I SAW YNSRI WA 2ya oS
Schematic depiction of proteiRNA interactions. RNB#inding protein (RBPin yellow) binds to RN/
through the RNAinding domain (RBD) and regulates its function and metabolism (A). Inversel
RNA can also bind to the RBP (in blue) ramgdts function and stability (B). From Hengeal.
(2018), modified.

One of the most abundant protein domains in eukaryotes is the RRM dapaaound 14432

RRM domains have been identified in 8767 proteins in the SMART nrdb database, updated
last year (Letuniet al., 2021). In eukaryotic proteins, RRMs are ofteaspnt in multiple

copies within a protein (44%, two to six RRMs). A classic example of this is the multidomain
hnRNP L protein with 4 RRM domains (discussed in section 1.4). RRMs are also present
together with other RBDs (21% RRbhtaining proteins) likethe KH domains in
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IMP3/IGF2BP3 protein. Proteins containing RRMs regulate cellular processes such as mRNA
and rRNA processing, RNA stability, export and translation (Dresgtfads 2002). Typically,

an RRM is approximately 90 amino acids in length wiihkalk NI OG SNR AGA O i hi i hj
forms a fourd 0 NI y-RE&RS G LI O] SR -hdicad. Figyra d.10degicts the

secondary structures of the four RRMmains of hnRNP L. The most conserved RRM
signature sequence is an eighasidue motif called RNWP 0 Asyieet), which has the
consensus [RKG[FYHGAHFYHILVEX[FY]. A second shesidue region of homology, called

wbt H -8hkgl), igtygically located 30 residuegeddminal to RNP1, and has the consensus
[ILVHFYHILVEPXN-L. Additional onserved amino acids define an-88sidue domain that
encompassesthe RNAA Y RA Y 3 Tdzy Ol A2y 0o {-DdetSitioe asSvéllag t ®X 1
GKS f22L1LJa OayiWS giRieiEey @ikekhd loop connecting RRMI3n hnRNP

L,see Figure 1.1are crucial for RNA recognition.

CA3IdzNE mdmn wAaAoo2y RAFINIYE 2F GKS F2d
Ribbondiagrams of protein structure of RRM1 (green), RRM2 {bgi¢), RRM3 (yellow) and RRM
(blue) of (NRNP L iSLINBS A Sy 1 SR® | NNE ¢ 3 KI-SYySRiI &fetizogIrasetaniian
structure respectively. Conserved and structured extensions are shown ig aedhe N-and G
terminus of all four RRMs and the intdomain linker of RRM3. RRM2 and RRM3 possean
I RRA ( A 2-gtlarid oriftte Side if the RNA binding surface. From Blattat.(2015), modified.

Although several RBDs as above are now defined, structural analysis of complex RNP
machines such as the ribosome (Behrmaginal, 2015; Amuntset al., 2014) and the
spliceosome (Plaschle al., 2017; Matera & Wag, 2014) point to a more complex protein

RNA interaction network that may not involve any canonical RBDs. While it is assumed that
RBPs that bind to their targets with higher affinity are more likely to have ascertainable
biological functions (Hentzet a., 2018), growing evidence for RBP modulation by RNA has
also been documented{gure 1.9B The recent charactesations of multiple microscopically
visible, membraneless RNP granules such as Cajal bodies and paraspeckles in the nucleus as
well as stresgranules and processing-[Podies in the cytoplasm (Buchan, 2014; Anderson

& Kedersha, 2009), indicate the limited applicability of RBPs regulating RNA function. This is
due to the dynamic composition and amorphous structure of these granules withidumsct

not yet welldefined. These RNP bodies are composed of RBPs containing intrinsically
disordered regions (IDRs) that drive their formation by ligiqdid phase separation [LLPS
(Albertiet al., 2019). In addition, a myriad of long roading RNAs (lRNA) have now been
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discovered and implicated in recruitment of transcription factors and/or chroraatadifying
complexes to chromatin, in organization, scaffolding or inhibition of premmplexes (Cech

& Steitz, 2014). These observations break witmw@ntion by indicating that RNAs may
regulate RBP function (reviewed by Hen&teal., 2018). Taken together, the RBPs, ncRNAs
and mRNAs form a dynamic environment termed the ribonome, which acts as one of the
layers in transcriptome regulation (Morrs al., 2010).

1.4 hnRNP L global alternative splicing regulator

Heterogeneous nuclear ribonucleoprotein L (hnRNP L) is a member of the hnRNP family of
proteins, and was identified along with the set of 24 proteins labelled from hnRNP A to U,
based on 2Eyel electrophoresis (Pol-Romaet al., 1989). These protein complexes were
further purified by singlestranded DNA (ssDNA) agarose chromatography. HnRNP L was
OKIF NI OGSNARASR o0& NIXAaiAy3da | Y2y20ft2ylt |ydAoz
hnRNP L (Pol-Romaet al.,, 1989). Several isoelectric forms of hnRNP L were detected-by 2D
gel electrophoresis, suggesting posttranslational modifications of hnRNP L. The hnRNP L open
reading frame was revealed by screening cEilfe libraries for protms that react with

hnRNP ispecific antibodies, which helped in the prediction of its amino acid sequence. It was
found that hnRNP-protein consists of 558aa, with a calculated molecular mass of 60.4kDa.
Sequence analysis revealeddétminal glycinerich region and four conserved RRM domains
(Hahmet al., 1998a). In addition, the linker sequence between RRM2 and RRM3 is rich in
proline GeeFigure 1.11A HnRNP L shows 68% sequence identity with its closely related
paralog, hnRNP ¢like (hnRNP LL) andakso similar to three paralogous hnRNP proteins in

its domain composition: polypyrimidine trabinding protein (PTB), neural polypyrimidine
tract-binding protein (nPTB), and polypyrimidine trdthding protein 3 (Rod1) (Blattet al.,

2015).

The firstfunctional implication of hnRNP L was observed in the processing of the Herpes
simplex virus thymidine kinase gene (HE). HhNRNP L was shown to bind itspRRNA in a
sequencespecific manner (to a 48t core region characterised by €igh stretches)and
nuclear export of the intronless chimeric construct was dependent on hnRNP L bindi&g (Liu
Mertz, 1995). Another example in viral RNA processing by hnRNP L was reported bgtSikora
al. (2009). HnRNP L was found to be associated with the Hepatits dels (HDV) RNA.
Hahmet al (1998b) also identified a cytoplasmic function of hnRNP L in activating IRES
(internal ribosome entry sittY SRAF G SR GNI yatl dA2y o0& O0AYRAY3
hepatitis C virus (HCV). Activation of translationhby®\P Lis mediated by recruitment of
canonical translational initiation factors, a mechanism evidenced ytro binding assays

with competitor RNA (Hwanet al., 2009).
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A glycine-rich proline-rich

R EEIEE | 1 IR

1 589

m

CAIdzNBE mdmm 52YFAYy 2NBFYATFGAZY 2F Kywl
FfGSNYFGAQGS aLX AOAy3

(A) The domains of hnRNP L (NPLBP4.2; 589 amino acids) are schematically represented. The
RRM domains are indicatedRRM1 (red), RRM2 (green), RRM3 (purple) and RRM4 (yellow); gl
rich and prolinerich regions in light blue and blue, respectivéB:F)Regulatory activitiesf hnRNP
L are schematically represented, with hnRNP L functioning either as an activator (+) or repjes
and using intronic or exonic @i&h elements (constitutive exons as blue boxes, regulated exor
yellow). (B) Splicing activation by bindintp (lengthrdependent) intronic splicing enhance(€)

Repression of cassettgpe exons by binding to either upstream or downstream intronic splic
silencerqD) Repression of (multiple) alternative exons or regulation of variable exons by bindi
exaonic splicing silencei&)Suppression of intron retention by binding to intronic splicing enhanc
(F)Repression of internal polyadenylation by binding to an exonic/intronic regulatory element.

Hunget al.(2008), modified.
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IRESnediated translation was also observed in some human endogenous genescagren
mediated translation is compromised. For exam@eC7Afene encodes the cationic amino
acid transporter 1 (Cat). During amino acid starvation, hnRNP L promotes efficient
translation of Catl by IRE®ediated translation along with PTB (also knoasthnRNP 1)
(Majumderet al., 2009; Koma& Hatzoglou, 2005).

Initial observations by immunofluorescence microscopy showed hnRNP L to be evenly
distributed throughout the nucleoplasm (excluding the nucleoli) in human and mouse cells.
However, hnRNP L shigs from nucleus and cytoplasm and plays crucial roles in bGth (

et al, 2000. In the nucleus, hnRNP L mainly regulates the synthesis, transport and processing
of MRNA. HnRNP L also functions in many biological functions such as DNA repair, alternativ
splicing, transcription factor activity, translation, signal transduction and gene expression
(Hunget al., 2008). Numerous crodmking and purification assays (Hatial., 2003; Shih &
Claffey, 1999) andn vitro SELEX experiments revealed that-tietigth hnRNP L binds
specifically to CAich sequences on the RNA (ldual., 2005). Thus, hnRNP L functions in RNA
stability (Huiet al., 200%&; Hamiltonet al., 1999; Shih & Claffey, 1999), as positive or negative
regulator in IRE&ediated translation(Peddigarieet al., 2013), miRNA (microRNA) silencing
and riboswitch activity in th& EGFAvascular endothelial growth factor A) mRNA (Jafaetar

al.,, 2011; Ragt al,, 2009) and polyadenylation of mMRNA (Hwial., 2008; Guangt al.,

2005). Furthermae, alternative splicing aD45s regulated in a positicdependent manner

by the action oftrans-acting hnRNP L andsacting CAich elements (Chioet al., 2013;
Preul3neret al, 2012). Several other genes such as moimegrin alpha2betaland
carciroembryonic antigerrelated cell adhesion molecule (CEACAM1lare regulated in a
similar manner by hnRNP L (Detyal., 2018; Heineet al., 2010; Cheli & Kunicki, 2006; Hui

et al, 2005). These examples including autoregulation of hnRNP L by its ownthmBdgh
nonsensemediated decay (NMD) (Rossbaeh al, 2009) indicate the global regulatory
function of hnRNP L (Blattet al., 2015).

Highly versatile, hnRNP L also exhibits activities in the cytoplasm, such asewiof@asmic
transport (Liu & Mertz 1995; Guangt al., 2005) and activation 0f¥EGFAranslation via
differential mechanisms which is associated with tumorigenesis (Peddigalri 2013; Ragt

al., 2009). Apart from these aspects of RNA metabolism, hnRNP L also plays a role in
epigenetc methylation of histones. HNRNP L is a component of the Set2 complex in humans,
and its knockdown by RNA interference (RNAI) doggulates the trimethylation mark on
lysine 36 of histone H3 exclusively (Ywral., 2009). Furthermore, hnRNP L playsdie

roles in the progression of several cancers (reviewed bgt@l, 2020).The role of hLnRNP L

in several tumours and the possible mechanism of actorenlisted inSupplementary
information, Table 1.1 A recent study also reports that hnRNP L i®msal for myogenic
differentiation and modulation of myotonic dystrophy pathologies (Alexareteal., 2021),
GKAOK NBAYF2NOSa GKS @OSNAFGAtAGE 2F Kywbt [ C

The most prominent role of the global regulator hnRNP L, howeveaplising regulation.
Beginning with the first observations (by mass spectrometry analyses) of hnRNP L assembling
on two differentin vitrosplicing substrates (Zhat al., 2002) and H (heterogeneous) complex
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formation at initial stages of spliceosome astly (Blaclet al., 2003), hnRNP L was found to
regulate global alternative splicing. Hat al. (2003h presented the first experimental
evidence for hnRNP L in splicing of human endothelial nitric oxide synthase N@&qr
eNO$. HnRNP L activatedlging of anNOS minigene construct by binding to @Apeat
sequences, in ann vitro splicing and complementation assay (Hati al., 2003a&b).
Interestingly, the effects of splicing by hnRNP L were dependent on the position of the CA
repeat regions in ta NOS3minigene (Huetal®dX HnannpLO P | ywbt [ Q&4 Fdzy C
genomewide context was addressed by a SELEX approach, where, in additicrefme&A
RNAelements, certain Gfich sequences were identified as higffinity hnRNP L binding
targets;this sequencespecific binding of hnRNP L was further validateditro (Huiet al.,
2005). Building upon these results, global splicing alterations caused bynieNisited
knockdown of hnRNP L were analysed via an &yactific microarray platform. Thgtudy
identified eleven hnRNRregulated splicing events that were experimentally validated (Hung
et al, 2008). First, hnRNP L prevented intron retentiorCD55and STRAGsecond, exon
repression was validated ifJP1BPTFand PARKZthird, activationof exon inclusion was
demonstrated inMYL6 FAM48Aand PAPOLAand fourth, suppression of multiple exons in
long introns was verified iISORBS&nd LIFR Additionally, a novel function of hnRNP L was
described: regulation of alternative polyadenylationesgielection inASAH1A mechanistic
view of exon repression mediated by hnRNP L was presented by He¢iale(2010): hnRNP

[ 0AYRa G2 Iy L{{ Yy SOLo2AZenRNA) freventint) dpkds sited A G S
recognition by U1 snRNP. A summary of hRRNnediated splicing regulatory mechanisms

is depicted irFigure 1.11H-

1.5 RBM24; muscle specific alternative splicing regulator

Members of the ubiquitously expressed SR and hnRNP protein family regulate splicing by
either facilitating or inhibitiig splice site recognition. Since splice site recognition is crucial in
determining the outcome of splicing, several mechanisms exist to control this process. One
common mechanism is the activity of tissspecific splicing factors, which allows more
specifc control of splice site selection. Although only a few tisspiecific splicing factors have
been identified so far (Nilsen & Graveley, 2010), the first tissue where alternative splicing was
observed in a tissuspecific manner was the muscle, where mdran 1000 musclespecific
splicing events have been mapped (Llorian & Smith, 2011; Gasdle 2008). Yang and €0
workers characterised RBM24 (RNiAding motif protein 24) as one such splicing factor, that
plays an important role in regulating musdpecific alternative splicing (Yargal., 2014).
RBM24 is a highly conserved RBP containing a single RRM domain-aritsrids and two
conserved domains at the-t€rminus (Suret al, 2016;). During vertebrate development,
RBM24 exhibits strongly regtted tissuespecific expression in myoblasts and is required for
myogenic differentiation (Grifonet al, 2014). Deficiency in the expression level of the
RBM24 manifests in congenital disorders such as cardiomyopathy, myopathy or blindness in
different animal models, although no mutations in tRBM24human gene have been linked

to any disease so far. RBM24 is also crucial for embryonic cardiac development and regulates
at least 68 alternative splicing events. RBM24 is sufficient to activate rasisebic splicing
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in nonmuscle cells as well as in HeLa nuclear extriact#ro. (Yanget al, 2014). RBM24 is
also involved in cytoplasmic polyadenylation (CPA) during lens fiber cell terminal
differentiation to ensure accumulation of crystalline prote{{@hacet al., 2020). It therefore
appears that RBM24 is involved in most aspects of-prasiscriptional regulation, especially

as a key factor in regulating alternative splicing to establish the contractile function in
developing cardiac and skeletal mlesc(Linet al., 2018; Weelanet al., 2015; Yangt al.,
2014).

RNP2 RNP1 elF4E-binding

RRM 1 2

1 236

CAIdzZNE MomMOGEBREBIAY AKSIZINRISAY w. aun
Schematic representation of human RBM24 protein domains (NP_001137414.1; 236 amino
The amineterminal half contains a canonical RRM (in teal), with two consensus
(ribonucleoprotein) sequencesRNP1 and RNP2. Thde@minal regions contains two conserve
domains-1 (in green, for elF4E binding) and 2 (in yellow). From Grdbak (2020), modified.

RBM24 mediates musehpecific alternative splicing and regulates-cgitle progression and
apoptosis, by binding to Gtich sequences in target mRNAs in a way similar to its glosel
related paralog- Rbom38 (RNPC1) (Qianal., 2020; Ragt al., 2009). The RRM domain at the
N-terminus in RBM24 and Rbm38 is almost identical; especially RNP1 and RNP2 are highly
conserved from humans to nematodes (Afetzal., 2015). Although sequeas outside the

RRM domain may be relatively divergent, the two domains at theri@inus share sequence
identity (Boyet al.,, 2004). One maotif close to the extremaeZminus (domain 1seeFigure

1.12), contains a serine residue (serine 181 in RBM24 anides 195 in Rbm38) that can
AYOGSNI OG 6A0GK Sdzl FNB2GAO AYAGALIGAZ2Y FILOG2NI 1
MRNAs (Lucchesit al, 2018; Zhanget al., 2011). In several cancer cell lines, glycogen
synthase kinase 3 (GSK3) phosphorylates $erine residues in RBM24 and Rbm38,
preventing their interaction with elF4E, and this converts RBM24 into an activator of mRNA
translation (Zhangt al., 2013). The exact function of the other conserved domain (domain 2)
at the Gterminus of RBM24 is notlear, but both N and Gtermini are required for
interactions with other protein partners (Liwet al, 2019a). Recent developments in
deciphering RBM24 function implicate an involvement of RBM24 in bladder cancer
progression (Yiet al., 2021), maintenace of auditory and motor coordination (Zheagal.,

2021), adult skeletal muscle regeneration (Zhabgal., 2020) and dilated cardiomyopathy
(Liu et al, 201%). Interestingly, all these cellular processes are regulated by alternative
splicing mediatecby RBM24. On the contrary, a circular RNA (SMARCAS5) was found to
suppress norsmall cell lung cancer progression by regulating the-67i®R5p/RBM24 axis
(Zhanget al., 2020).
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RBM24 therefore acts as a multifaceted regulator in several cellular processsged in
development and disease. It regulates cell differentiation through distinct mechanisms
varying in tissuespecific and stagepecific manners. However, many aspects related to
RBM24 such as its dynamic subcellular organization, tisgaeific function and its
modulation via interaction with other partners in the cell, remain to be explofedhle 12 in
Supplementary informatigiists a complete set of potential RBM24 functions in development
and disease.

1.6 Circular RNA

CircRNAs represent a vl class of covalently closed RNAs, among which exonic circRNAs
derived from eukaryotic proteicoding genes are most prominent and relatively well
characterised. CircRNAs were first identified in 1976 by Saatgdras small singlstranded
circular vioids, which are pathogens in higher plants. These viroids are uncoated RNA
molecules (246101nt) that do not encode any proteins. Unsuccessful -kelling and
electron microscopy of viroid RNA followed by subsequent sequencing of viroid nucleotide
sequence confirmed that viroids are true circular RNAs (Getsal., 1978). In addition,
circular forms of RNA were observed in cytoplasmic fractions of eukaryotic cell lines (HeLa
cells) by electron microscopy (H8uCocaPrados, 1979). However they were cmlesed
products of aberrant splicing events with no functional relevance (Cocquetetie, 1993).
Interestingly, hepatitis deltat {j virus, a satellite virus of the hepatitis B virus, unlike plant
viroids, was shown to be a circular RNA molecule (~1ff@bat encodes a protein required

for viral replication (Kot al., 1986; Weinerrt al, 1988). In the following years, several
studies identified circular forms of RNAs in various species including prokaryoteg{&byd
1994), unicellular eukaryote@Grabowskiet al., 1981), mammals (Capet al., 1993) and
viruses (Kost al.,, 1986). CircRNAs in unicellular eukaryotes were found to be generated from
rRNA (ribosomal RNA) typeseltsplicing introns (Grabowski al., 1981), while circRNAs in
archaeawere formed as intermediates during rRNA processing (Kjgrsarett, 1988). It

gla y20 dzy At GKS wmopdbnQa GKIFIG GKS FANRG Ydz
identified. Nigroet al. (1991), studied the exact order of exons in the DD&lefed in
Qolorectal Carcinomacg a tumor suppressor gene) mRNA in rodents and human cells, and
F2dzyR GKFd GKS SE2ya 6SNB NN} y3ISR Ay GKS ac¢
sites were conserved, the exons seemed to be scrambled in their arrangeif@a study
defined circRNAs as products of grd&RNA splicing where the downstream spldmor site,
connects to the upstream splice acceptor site, thus forming a circRNA @¥iairp1991). This
LINPOS&aa Aa | faz2 OFff SR ywhich plemBNAS detkfalg SIreRNAST KS Y
through noncanonical splicing events (explainedsaction 1.6.).

Additionally, as a direct evidence of circRNA production from nucleamBBA, scrambled
exons at higher levels than DCC were identified from huE&8lL gene after transcription.
Characteation of ETS transcripts revealed that they were circRNAs with predominant
cytoplasmic locatation and high stability (Cocquerelét al., 1993). The first mechanistic
insight into how specific exons could be ¢l for circulasation was provided by the
identification of the mousery[Sex determining region (Y)] gene, which determines the sex

in mammals (Capeit al., 1993). More than 90% @&rytranscripts in the adult mouse testis,
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that accumulated in the ¢gplasm and was not associated with polysomes, corresponded to
the singleexon Sry circRNA. Several such endogenous circRNAs were identified, produced
from protein-coding genes like rat cytochroni50 2C24Zaphiropoulos, 1996) and human
dystrophingene Suronoet al., 1999), without welldefined functions and characterised until
early 2012 (Hanseet al., 2011; Burcet al., 2010; Houselegt al., 2006; Li & Lytton, 1999).
With the development and availability of highroughput RNAsequencing and
bioinformatics tools, circRNAs gathered much interest between 2012 and 2014 and were re
discovered as novel and ubiquitous nooding RNAs (Salzmanal., 2012; Jeckt al., 2013).
RNAseq studies confirmed initial observations and characterised thousands &NA®
produced from annotated proteitoding genes across various eukaryotes including
metazoans, protists, fungi and plants (Cagtral., 2015, Ivanoet al., 2015; Liet al., 2015;
Guoet al., 2014; Zhangt al., 2014; Salzmaet al., 2013). Surprisinglyhiousands of circRNAs
were also identified in cancer cells caused by chromosome rearrangements (Salzatlan
2012).

One of the caveats in identifying circRNAs by R&f\is the relative low expression of
circRNAs in cells and detection of potentialefacts of reverse transcription and/or other
falsepositive reads. It is therefore strongly recommended that at least two algorithms should
be used to identify circRNAs: Five existing algorithms were used to identify circRNAs, total
circRNAs identified raged from 1532 to 4067. However, only 854 circRNAs were identified
by all five algorithms (Hanseeat al, 2016). This reinforces the need to use multiple
independent pipelines to identify circRNA candidates, aedly identifiedcircRNAs must be
subsequeniy validated using RPCR across backspliced junction, Northern blotting, or using
NanoString technology (Dalett al., 2018; Hansen, 2018; Tatomet al, 2017; Jeck &
Sharpless, 2014). In this thesis, circRNAs were also characterisedP&yRRand Northar
blotting (see section 3.8). To overcome the limitation of low abundance of circRNA in cells in
RNAseq detection, in addition to using random priming in rRiépleted samples,
exonucleases such as RNase R, or poly(A) selection steps are employed te deple
contaminating linear RNA and enhance sequencing coverage of circular RNAsdPalnda
2017; Jeclet al,, 2013; Danaret al., 2012). Some common pipelines developed to detect
circRNAs from RNgeq datasets include CIRCexplorer3 @fal., 2019), UROBRUS (Song

et al, 2016), KNIFE (Szadtoal., 2015); CIRI (Ga al., 2015); circRNA_finder (Westhokh

al., 2014); CIRCexplorer (Zhagigal., 2014) and find_circ (Memczat al., 2013). Many
putative circular RNAs predicted through these tools havenbassembled into searchable
online databases like CIRCpedia2 (Detrag., 2018); Circinteractome (Dudekwdtal., 2016),
CIRCpedia (Zhaegal., 2016) and circBas® | &) &l NeD14).

1.6.1CircRNA biogenesis

Circular RNAs depend on canonical splice sites and are generated by a special alternative
AL AOAY3 YSOKIFYyAaY GSNN¥SR Wol OlaLX AOAYy3IQ> 4
linear alternative splicingdu & Ares, 2014). Whenapewb! A a ol Oteaddf A OSRZ
'y SE2y (A36yViBRa262 (k&S apwsS 2N 2F | y¢ dzLJa d NJ
phosphodiester bond, forming a closed structure with the characteristic backsplice junction

site (BSJ) (ChenQ20; Zhouet al., 2020; Kristenseet al., 2019). Mutational analyses using

circRNA expression vectors and blocking spliceosome assembly using the splicing inhibitor
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isoginkgetin revealed that circRNA biogenesis depends on the canonical splicing machinery
(Starkeet al., 2015). When prenRNA processing events are slowed down, backsplicing is
facilitated, as observed f@. melanogastenvhere depletion of the components of U2 sSnRNP
increased the ratio of circular to linear RNA products (Le&trad, 2017).

According to the order, in which splicing occurs and the intermediates generated, two models
of circRNA biogenesis are proposed and validated glelk 2013): the lariat model and the
backsplicing model (Chen, 201%jgure 1.13depicts the main hypibesis of backsplicing
where flanking intron sequences of the downstream sptloaor site and upstream splice
acceptor site form a loop, thus bringing the two splice sites into close proximity. This looping
is facilitated by bas@airing between Alu elenmds located in upstream and downstream
introns; Alu elements are inverted highly repetitive elements composed of ~300 bases and
are the most abundant primate transposable elements (Ivagtaad., 2015; Kellet al.,, 2015;
Zhanget al., 2014). Another mechmasm in juxtaposing the splice sites, by the dimerization of
RBPs that bind to specific motifs in the flanking introns. Common examples are the binding of
guaking protein (HQK, encoded BRK} Connet al, 2015) and FUS (Errichatial., 2017).
Taken togther, it is now becoming evident that a combinationaié-acting elements (as
demonstrated by the generation of a 49@ circRNA fronD.melanogaster laccase genethd
trans-acting splicing factors such as hnRNP angdr8Rins, is required for circRNAolgenesis
(Krameret al.,, 2015). Nevertheless, just the presence of inverted repeats in the flanking
introns does not necessarily trigger backsplicing, since several circRNAs expressed in humans,
pigs, mice,C.elegansand D.melanogasterare not flanked bycomplementary repeats
(Kristenseret al.,, 2017; Barretet al.,, 2015; AshwalFlusset al., 2014; Westholnet al., 2014).
CircRNAs are usually expressed in a tissared developmentastagespecific manner
(Memczaket al.,, 2013). Interestingly, DHX9 (Ad&endent RNA helicase A) and ADAR
(adenosine deaminase) enzymes suppress the biogenesis of circRNAs that rely-paitiage
between inverted repeats (Eisenbeeg al., 2018). Adenosinto-inosine editing by dsRNA
(doublestranded RNA3pecific ADAR enzymepreventing activation of innate immune
system, and the unwinding of dSRNA helical structures by DHX9 prevent the looping of intron
sequences !( | Gdt al, 2017). By contrast, base pairing between intronic RNA pairs is
stabilised by the action of NFO0 and NF110, protein products of ILF3 (interleukin erhancer
binding factor 3) involved in host antiviral mechanisms, thus promoting the producfion o
circRNAs (lgt al., 2017).

Another interesting mechanism of circRNA biogenesis, proceeds from lariat precursors
(Kristensenet al,, 2019). CircRNA biogenesis was coupled to lariat formation during exon
skipping events, thereby allowing a single pn&NA to generate both a linear mRNA and a
circRNA (Egeet al., 2018; Kellyet al., 2015). Barrettet al. (2015) have demonstrated a
mandatory coupling between exon skipping and circRNA formation fomifps16gene in
S.pombe where splicing of exon 1 to ex@B of mrpsl6releases an intron lariat containing

exon 2, which is spliced again to form a circRNA. Also, intronic lariats that escape debranching
by DBR1 enzyme lead to formation of ciRNAs (circular intronic RNAS).
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Schematic representation of competition between the Anesplicing and backsplicing of exo
(coloured boxes). Long flanking introns (in blue lines), inverted repeat elements (such
elements¢ white boxes) and tranacting RNA binding proteins (RBPs; for example,-lithtiing

protein FUS, protein quakin®lQK) and NF90 and NF110) favour backsplicing (left). Canonical
splicing (right) is favoured by exons surrounded by short flanking introns and by introns bou
the transacting RBPs doublranded RN#&pecific adenosine deaminase (ADAR1) and- /
dependent RNA helicase A (DHX9). Base pairing betweeeleiients or dimerization of RBF
brings splice sites together forming exonic circRNAs or @rton circRNAs (ElcircRNAS). Fr
Kristenseret al.(2019), modified.

Recentlyan excellent study by Et al. (2019) proposed an integral model for exon and intron
definition, remodeling and, circRNA biogenesis mediated by backsplicing, through structural

and biochemical analyses of the spliceosomal E complex assembled on #m&Rpr& (Zhou

et al, 2020). Finally, circRNAs can also be produced during tRNA (transfer RNA) biogenesis.
Splicingofpra&iwb! & A St R4 SE2ya |-phésphatgendeBhgtare ligdtedil K H QX
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by endogenous RtcB ligase to generate mature tRNA aciRINFh tRNAintronic circularRNA
respectively (Schmidet al., 2019; Notoet al., 2017, reviewed in Popowt al, 2012).
Functions of tricRNAs are still unclear, with just one exceptional example of its role in leucine
tRNA methylation by the methyltrarsfase Trm4 irs.pombgMdller et al., 2019).

Following biogenesis, most exonic circRNAs are localised to the cytoplasm (Sefzahan
2012), however, little is known about circRNA nuclear export. Heaad, (2018) proposed

a lengthdependent mechanisraf circRNA export based on their observations that depleting
spliceosomal helicases caused enrichment of circRNAs of different sizes. The study reports
that while the spliceosome RNA helicase DDX39B (UAP56) drives the export of long (>1300
nt) circRNAs, PRdependent RNA helicase DDX39A (URH49) was found to export short (<400
nt) circRNAs to the nucleus. Some circRNAs have also been found to be localised in cell
organelles such as the mitochondria (Zhetoal., 2020; Wuet al.,, 2020). In addition to
regulaing biogenesis of circRNA (Di Timog&@l., 2020; Zhangt al., 2020; Tangt al., 2020),
N6-methyladenosine (m6A) modification may also control circRNA translocation éClaén

2019).

A general degradation pathway for circRNAs has not yet beeaiagpl, nevertheless, global
reduction in circRNA abundance due to dilution by proliferation in highly proliferative tissues

is reported (Bachmayeydaet al., 2015). Latest research in this field identified some global
mechanisms including (a) degradatin by cytoplasmic endonuclease RNase L upon viral
infection (Liuet al, 201%), (b) removal of circRNAs from cytoplasm via packaging into
extracellular vesicles (EVs), detected in blood and urine (lereet al, 2018) and (c) a
structuremediated circRNA decay by UPF1 (RNA helicase and ATPase) and G3BP1 (stress
granule assembly factor 1) (Fiscletral., 2020).

1.6.2Functions of endogenous circRNAs

For along time, circRNAs have been consideredaoding RNAs (ncRNAs) with their function
remaining elusive (Guet al., 2014; Memczakt al., 2015). Only for a very minor fraction of

the circRNAs identified, miRNA sponging has been investigated as their biological function
(Piweckaet al., 2017; Zhengt al., 2016; Hansemet al., 2013). CiRS7/CDR1as, perhaps the
bestcharacterised circRNA to date, illustrates the best example for a miRNA sponge circRNA
function. CiRS7 is a naturally expressed circRNA containing more than 70 binding sites for miR
7 and haghe potential to regulate expression of miRtarget genes (Hansest al., 2013).

Since ciRS7 is particularly abundant in neuronal tissues (Meratzak 2013), it may most

likely function in neuronal function and differentiation, by protecting or intimigg miR7
(Kleavelangkt al., 2018; Piweckat al., 2017; Wengpt al., 2017; Yt al., 2016). Knockout of
CiRS7 locus in mouse genome led to downregulation offrdaRd a subsequent upregulation

of miR7 target gen€os which affects the behavioral phetype of knockout mice, displaying
neuropsychiatric disorders (Piwec&aal.,, 2017).

Although several other circRNAs were reported to display miRNA sponging properties, like
circHIPK3 (Zhergg al., 2016) and circBIRC6 (&ual., 2017), most circRNAs dot possess

multiple miRNA binding sites. Nonetheless, circRNAs play a crucial role in development and
disease through their miRNA sponging function, which is confirmed for the many circRNAs
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involved in cancer progression or inhibition, such as circHIBéhget al., 2016), circPVT1
(Verduciet al.,, 2017), ciRS7 (Kristensehal., 201&) and circCCDC66 (Hsiabal., 2017).
circCCDC66 contains binding sites for many miRNAs targeting oncogenes, and therefore
functions as a sponge for more than one miRNéhsas miR83b and miF93 which target the

MYC oncogene. circBIRC6 and circCORO1C inhibit rmftdmted suppression of
pluripotency geneSOX20CT4nd NANOQy sponging and thereby promote pluripotency

in human embryonic stem cells (¥ual., 2017).

In addition, circZNF91 which contains 24 binding sites for28H:3p, induces differentiation

in epidermal stem cells (Kristensen al., 201&). A complete list of proposed biological
functions and mechanism of action for key circRNAs is enlist8dpgpementary information
Table 13. Finally, there is expanding interest in recent years to identify circRNAs as-cancer
specific biomarkers, emphasizing the need for good standards of circRNA chasgicieand
validation (Pfafenrot & Preuf3er, 2019).

Cros$inking immunoprecipitation datasets suggested several putative functions of circRNAs
(reviewed by Kristenseet al., 2019; Hentz& Preiss, 2013) such as interactions with several
RBPs (Dudekukt al., 2016), enhancing protein function @tial., 2015;Zhanget al., 2013),
scaffolding function to mediate complex formation between specific substrates and enzymes
(Zenget al., 2017; Dwet al., 2017) and recruitment of proteins to specific cellular locations
(Chenet al, 2018).Figure 1.14schematically deicts potential functions of circRNAs.
Furthermore, it has been proposed that circRNAs may also function as protein sponges
(AshwalFlusset al., 2014; Abdelmohseet al., 2017). Notwithstanding, the first evidence for

a protein sponging function was reged recently by our group for hnRNP L, based on
designer circRNAs (Schreinatr al., 2020). A large portion of this thesis is dedicated to
understanding the design and development of such desigmetein sponges for alternative
splicing regulators, sucls&®BM24 and hnRNP L (see section 3).
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Although much debated, several reports also defined circRNAs to be translatable (Perriman
et al, 1998; Chert al., 1995), and more recent studies presented evidence for translation
potency of a subset of circRNin vivo(Pamudurtiet al., 2017) and some other endogenous
circRNAs (Beguet al., 2018; Leet al., 2020).

Possible mechanisms for circRNA translation involve Internal Ribosome Entry Site (IRES) and
N6 ¢ methyladenosine (thA)mediated capindependent translation (Leiet al., 2020).
Interestingly, circZNF609, an endogenous circRNA, was reported to be associated with heavy
polysomes, to be translated in a splicidgpendent and cajindependent manner, and to
function in myogenesis (Legniai al., 2017) Another study coupled the activity of hnRNP L

in circularizindARHGAP3lso known as P19A, a tumour suppressor gene) to produce an
oncogenic protein that promotes cancer cell progressiomt(ll., 2021). In contrast, studies
based on small subsetsf highly abundant human circRNAs and polysome gradients
(Schneideet al., 2016; Jeckt al., 2013), global analysis of ribosotfm®tprinting data from

human U20S cells (Get al., 2014) and polysome fractionation combined with R&&4 in

the mousebrain (Youet al, 2015)¢ all argue against endogenous circRNAs to recruit
ribosomes and be translated at significant levels. Nonetheless, while it is thought that a vast
majority of circRNAs are noncoding (Stagstedl., 2019; Kristenseat al., 2019; Youet al.,

2015), there are open questions regarding the overall biological significance of circRNA
translation and regarding the borderline to pervasive background translation. More work in
this direction may help overcome this experimental and intellectisallenge in the future
(Schneider & Bindereif, 2017; Hansen, 2021).

1.7 CircRNA expression systems in human cells

The functional and biological relevance of endogenous circRNAs can be studied by
overexpressing the circRNA of interest. A reliable ovaesgion system is therefore essential

to functionally study both endogenous and artificial circRiAgva The entire gene (Barrett

& Salzman, 2016) or a migene construct containing the circulgirig exon flanked by
inverted complementary sequencesarcbe expressed in cells (Stamdeal., 2015; Liang &
Wilusz, 2014). Usually these inverted repeats are naturally occultingpeat elements, or

a short region of at least 30 nucleotides from the upstream intron inserted around the
circularsing exon m an inverted orientation (Liang Wilusz, 2014; Hanseet al., 2013).
Including binding motifs for specific RBPs in the flanking introns is another strategy to
enhance circRNA expression using plasmids (€bah 2015). Artificial circRNAs are usually
generatedin vitro by T7 transcription from synthetic DNA oligonucleotides followed by
enzymatic ligation of the RNA transcribed (Muller & Appel, 2017; Breuer & Rossbach, 2020).
Circularsation efficiency of RNAm vitro is sequencespecific and conventmmally in vitro
circRNA production is more suitable for shorter circRNAs (in this thesis, RNA up to 120 nt in
length was circulariseith vitro, seesection 2.2.1$. A stem region can be inserted around the
circularising region whichtabilsesthe basepair interactions across the exon and enhances
circularisation by preventing additional secondary structure formation. CircRNAs thus
produced can be directly transfected in desired cell systems.
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Based on a vector with group | ssfflicing introns [permutedntron-exon (PIE)] found in
Anabaenapre-tRNA, Wesselhoeft and colleagues demonstrated a laogée production
strategy of circRNA vitro (Wesselhoeftet al., 2018). To generate circRNA of interest, the
sequence is inserted into the smlled PIE vectawhich contains homology arms and spacers
flanking the circulagng exonic region. First, the RNA is transcribadvitro. After
transcription, circRNA is formed by autocatalytic ligation, and circRNAs are further purified by
RNase R treatment and HPLGQifieation. Using this strategy one can generate circRNAs up
to 5 kb in length. However, a drawback of this technique is the formation of several
contaminating circRNA concatemers, which are a result of intermolecular reactions between
PIE RNA moleculesstead of intramolecular reactions.

Conventionally, circRNAs were produced in eukaryotic cell systems by transfecting vectors
containing the circRNA of interest. Hansen and colleagues first demonstrated transient
circRNA expressidn vivousing a vectorantaining splice sites from the circularizing exon of
ciRS7 premRNA and the flanking intronic sequences surrounding the exon (Hatsan

2013). Another attempt in transient circRNA expression was made by developing a vector
based on the humaZKSCANgene (Liang & Wilusz, 2013). This vector contZikSCAN1
circRNA splice sites, which were surrounded by intronic regions with upstream AluSg2 and
downstream AluJr & AluSz sequences. However, the major drawback of these-lvastolr
expression systems wagefficient circulagation. The principal outcome of splicing appeared

to be a linear RNA instead of a circular RNA. To overcome the limitations of exonic vector
based circRNA production systems, a vector based on a tRNA splicing mechanism was
introducedfor expressing and imaging of stable circRiWAgvo(Schmidtet al., 2016; Liet

al.,, 2015). This vector is based on an intron from BresophilatRNA:Tytuagene, where
excision of tRNA intron generates an intronic intermediate that is circularisethdy
SYR23ISy2dza wiD@.0f fA 03 ILKS2-GH #ndsY Banscption ¢ Mis vector

Ad dzyRSNJ GKS AyFtdzSyOS 2F !¢ LINBY2UISNI ¢KA?Z
monomethyl phosphate (Gooét al, 1997) which improves the stabilityf dhe RNA
expressed.

1.8 CircRNA overexpression by tornado system

The challenge in designing optimal expression systems for RNA aptamers has been the low
expression (low nanomolar range) in mammalian cells and rapid degradation. With the
introduction of Twister ribozymes a new level of circRNA expression with almost no
detectable linear RNA yroducts was achieved. The Tornadavister-optimised RNAfor

durable overexpression) expression system was designed to achieve rapid RNA
circulargation, resultingin circRNA with high stability and expression levels (Litke & Jaffrey,
2019). The Tornado expression cassette includes the most effective promoter foRSvire|

¢ the U6 promoter (Gooet al., 1997), which is transcribed by RNAP III.
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The Tornado xpression cassette also includes a Broccoli aptamer, which can be used for
visualisation of the RNA by fluorescence imaging (see below). This Broccoli aptamer is flanked
by combinations of the naturally occurring Twister ribozyme sequeqagsstream Twistr

P3 U2A and downstream Twister Fvister ribozymes belong to the class of fastestaving
ribozymes (Rotlet al., 2014), which undergo sefif S| @I 3S 1WNE R dZ®ygficD S @
phosphate ends in the intermediate RNA species. This intermediatple@mesembles the
TSENtRNA splicing endonuclease) drivenpRNA intron excision complex in tRNA splicing.

¢ K Sh lp QF y Ryclic phbspiate ends of the ribozyme assisted circRNA are ligated by the
almost ubiquitous endogenous RNA ligase RtcB. Tfigated fragments of the precursor
circRNA are rapidly degraded by exoribonucleases. Since circRNAs resist endogenous
exoribonucleases, this approach enables circRNA formation to exceptionally high
concentrations. One of the biggest advantages of usig dpproach is the stability of the
resulting circRNAs, which are circularised rapidly and efficiently. Secondly, csatidaris
achieved without ceexpression of any additional proteins or enzymes like in velzased
systems. Finally, produced circREccumulates to very high concentrations. The mechanism

of circRNA formation through the Tornado system is schematically represerfteglire 1.15

In addition, for direct visuagation of expressed circRNA in living cells or in total RNA sample
on a poYyacrylamidegel, fluorogenic aptamers such as Spinach (Patgal, 2011) and
Broccoli (Let al., 2015) can be introduced. These aptamers fold into a highly stable RNA
structure capable of binding and retaining fluorophore molecules. When activatechdnbi

to an aptamer, these molecules can be visualised by fluorescence detection. Broccoli aptamer
is a 49 nt long RNA which activates fluorescence of DFHBI fluorophore (FEtaiow2014).

These aptamers are routinely used in mammalian and bactevatdill imaging to detect
direct localsation of RNA molecules. In fact,-gel Broccoli imaging may serve as an
alternative to detection by Northern blotting (Filonet al., 2015).

1.9 Splicing andisease

Since a vast majority (>95%) of proteindinggenes are alternatively spliced (Petral., 2008;
Wanget al, 2008), it is not surprising that defects in alternative splicing are frequently
associated with human diseases and cancer. Given the complexity of regulatory patterns
governing alternative djzing regulation, there are many functional links between disruption
of alternative splicing and disease (reviewed by Momtesl., 2018; Scotti & Swanson, 2016).
Most diseases arise due to mutations in the splicing regulatory elements (SR thecis
acting RNA sequence elements as well adrdres-acting splicing factors. Diseases associated
with mutations in the splice sites are described in detail further below. In addition to
mutations in SREs on the pneRNA, overexpression or mutation of isplg factors and
aggregation of splicing factors induced by mutations (particularly notable in neurological
diseases) contribute to disease progression. It is estimated that out of roughly 80,000
mutations in the human gene mutation database (HGMD) ali®@db affect splice sites (Tazi

et al, 2009. However, this is likely an underestimate considering the mutations affecting
splicing indirectly by associating with the SRisglements, ortrans-acting factors, which
were not tracked. Mutations affectingpBcing can be broadly classified into two groups: type
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| mutations that affect the invariant canonical splice sites resulting in disruption of core
O2yaSyadza aSljdsSyaoRaSyema yEt LR eaRNIXYARAY S i
About 310% ofgenetic diseases are caused by canonical splieensiitations (Wang &

Cooper, 200y. Type Il mutations affect variant positions of splice sites or the regulatory
elements that modulate spliceosome recruitment i.e., ESE and ESS elements in the exonic
region and the ISE and ISS regions of the introns (Singh & Cooper, 2012). More than half of
known diseas&ausing mutations are hypothesised to disrupt splicingpéizBigaset al.,

2005). For some genes it was reported that up to 50% of pourtitions withinthe exon

affect splicingBaralle & Buratti, 201)7

The first implication of splicing in disease was documented in the 1980s with the discovery of

a point mutation irHBBgene encoding-3f 20 Ay X ¢ KAOK 3ISYSNIGSR |y
and promotedA Y i N2y NBISYyiGA2y o ¢tKalassenvadaicbnditio tifat iNGS & dzf (
OKI NI Ol SNR & §RbinddteiNB/&slaBdSaRaemia (Busslingeal., 1987. Since

then, several other examples have emerged that pointed out the role of mutatiosyslicing

control such as: splice site mutation in dystrophidMD), resulting in loss of dystrophin

function and Duchenne muscular dystrophy (Fletceeal., 2013); polymorphic UG and U

GNJ Oda ySIN GKS o0Q &LX A OS marangé &ndactanc iedulgiiorcp A Y
(CFTRgene, which modulate the severity of cystic fibrosis (Tsui & Dorfman, 2013); and
YdziF GA2ya Ay GKS pQ aL}I A0S araidsSz 9{{ FyR 9{09
(MAPT), causingfrontotemporal dementia withparkinsonism linked to chromosome 17
(FTDPL7,Niblock & Gallo, 2012). While these examples represent gene mutations causing a
single type of disease, mutations in several types of sequence elements in the gene encoding
lamins A, Ck10 and C2 result in aitiple pathological phenotypes (Gruenbaum & Medalia,

2015). Lamins are type V intermediate filament proteins of the nucleus broadly classified into

two groups based on functioninucleoplasmic lamin (gene expression) and peripheral lamins
(differentiated cell nuclear architecture). Diseases caused due to lamin mutations are called
laminopathies, and they comprise a heterogeneous group of over 14 diseases including,
muscular dystrophies, cardiomyopathies, lipodystrophies, hereditary peripheral
neuropathiesand premature ageing (progeroid) syndromes (etal., 2014).

Other major diseases caused due to splicing are: core spliceosome mutations causing retinitis
pigmentosa (Li& Zack, 2013); spliceosome dysregulation causing cancer (David and Manley,
2010);and a welknown example of spinal muscular atrophy (SMA) caused due to a single
nucleotide substitution in exonic splicing signaSMN2(survival of motor neuron 2) gene.

SMA is a recessive autosomal disorder characterised by degeneration of spohahaimr
neurons leading to muscle atrophy (Carte§rifrainer, 2002Frugieret al.,2002). In humans,

SMN protein plays a critical role in snRNP biogenesis and is encoded by twoSMNdand

SMN2 both of them encoding the same open reading frame. Mzsients with SMA have
deletions of theSMN1gene, but retainSMN2p |  aAy 3t S ydzO0ft S20ARS &
position 6, in exon 7 dMN2gene, causes frequent skipping of exon 7, thereby significantly
altering the splicing pattern of SMN2 preRNA. This effect is probably due to the disruption

of an ESE element withixen 7. ThusSMN2gene, producing a truncated and ndunctional
protein, is not able to completely compensate for the losShN1 leading to SMA.
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Interestingly, a very recent study also implicated a role of splicing in the novelGARS

virus life cgle, which causes the respiratory disease known as coronavirus disease 2019
(COVIEL9), which developed into a pandemic in early 2020. According to this study; SARS
CoV2 disrupts splicing, translation and protein trafficking to suppress host defences
(Barerjee et al., 2020). NSP16 (nomstructural protein 16) of thesirus binds to the mRNA
recognition domains of the U1 and U2 splicing RNAs and acts to suppress global mRNA splicing
upon SARE0V2 infection Disruption of the three notwverlapping steps ofprotein
production ¢ splicing, translation and protein trafficking, may represent a muiinged
mechanism that synergistically acts to suppress the host antiviral response. These three
cellular processes are disrupted before the formation of dsRNA (@uwiral genome
replication) that could trigger type | IFN response in host defence, therefore allowing the virus
to replicate its genome while the host innate immune response is minimised (Baretigbe
2020).

1.10 Specific aims of this work

CircRNA factions are likely diverse and much debated. While, most studies focus on
discovering endogenous functions of circRNAs; as an alternative approach, designing
circRNAs to fulfil specific functions in the cell opens many possibilities to ascertain their
funcional relevance. Building on this idea, this thesis focuses on design, expression, and
functional characterisation of artificial circular RNAs (circRNAS), to act as protein sponges for
important regulators of alternative splicing such as hnRNP L and RBM24eveloped
designermade circRNAs, which, when transfected into the cell, function as a sponge
specifically binding to these proteins. Sponging of these proteins interferes with their function
in alternative splicing. Sequestration by designer circRidfein-sponges expressed in cells,
establishes conditions similar to RNAédiated knockdown of a targeted RBP. The basis for
employing circRNAs over other linear forms lies in the chemical properties of a cicAdRNA
stability in the cell, which in soencases is up to four days pdstnsfection, and resistance

to degradation by cellular RNases.

The rationale behind such an approach is to regulate alternative splicing in the cell by
controlling the availability of the protein. Sponging of a splice l&tgu renders the protein
temporarily unavailable for binding with the target genes, thereby causing variations in splice
patterns. Our results strongly argue for protedponging as an alternative to RNAediated
knockdown of proteins because, spongintjows for broader control of the protein
availability. By sponging, one can precisely control the amount and time for which a protein
can be sponged, since protesponging is a reversible reaction and protein function is not
completely abolished.

The oveall aim of this work is twdold ¢ (a) to establish a functional role for circRNAs in
protein sponging (b) to develop optimal circRNA protein sponges and validate their
functionality in the context of hnRNRnhediated alternative splicing regulation. Withis
general agenda, this thesis has three specific aims which are outlined below.
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First, to understand the combinatorial recognition of RNA elements that bind to multidomain
proteins like hnRNP L, and to characterise RNA elements that bind to singlendeBid24.

The primary step in designing optimal circRNA sponges was to decipher what is the exact
binding sequence of hnRNP L and RBM24. To answer this question, we characterised the RNA
elements that would bind to these proteins via SEbB3ed selectiomnd subsequent high
throughput sequencing.

Second, to design optimal circRNA sponges and to express them in cellular systems. SELEX
derived consensus sequences were analysed bioinformatically for motif enrichment over four
rounds of SELEX selection andferential spacing of RNBinding domains. This formed the

basis for circRNA design. In order to validate pretgonging function, the experimental
circRNA sponge was expressedivousing tRNAased Tornado overexpression system.

Lastly, the final step demonstrating functionality of circRNA acting as a protein sponge, was
to validate its effectdn vivoon cellular processes such as alternative splicing. As a model
system, we used circRNA targeting hnRNP L, a global alternative splicing regutatinDi
vivohnRNP L/circRNA interactions were captured by RNA immunoprecipitation (RIP) coupled
to cell fractionation and Northern blotting. Changes in alternative splicing patterns of the
hnRNP L target genes were documented WPR'R. The results in ¢ithesis establish a novel
protein-sponging function of designer circRNAs discovered by our group recently. We argue
for the high potential of designer circRNAs as a novel class of therapeutic RNAs to be applied
in diseases caused due to RBPs. Protein gpgnmay add an additional layer of
understanding gene regulatory networks within the cell by allowing precision and control of
clinically and biotechnologicallyelevant RBPs.
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2. Materials and Methods

2.1 Materials

2.1.1 Chemicals and reagents
2- mercaptoethanol

5-bromo-4-chloro-3-indolyH -D-galactopyranoside&al)

Acetic acid

Acetone

Acrylamide

Acrylamide/bisacrylamide 30, 30%, 37.5:1
Acrylamide/bisacrylamide 40, 40%, 19:1
Agarose ultrgpure

Ammonium persulfatdAPS)

Ampicilin

Bactoagar

Bactotryptone

Bactoyeast extract

Bisacrylamide

Blocking reagent

Boric acid

Bovine serum albumin (BSA)
Bromophenol blue

Calcium chloride

CDPSiar chemiluminiscent substrate
Chloroform

Creatine phosphate

Deoxynucleotide triphosphates (dNTPSs)
DFHBI

Dimethyl pyrocarbonate (DMPC)
Dithiothreitol (DTT)

Dulbecco's Modified EagieMedium (DMEM)
Ethanol (EtOH)

Ethidium bromide
Ethylendiaminetetraacetic acid (EDTA)
Ethylene glycol

Fetal bovine serum (FBS)

Formamide

Gentamycin

Glucose

Glycerol

Glycne

Glycogen

Heparin

Hydrochloric acid
N-2-hydroxyethylpiperazine (HEPES)
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Imidazole

InstantBlue Protein Stain

Isoamyl alcohol

Isopropanol

Lipofectamine 2000 transfeicin reagent
LumiLight Western blotting substrate
Isopropytl-thio-i -D-galactoside (IPTG)
Kanamycin

Lysozyme

Magnesium chloride (Mg§}l

Magnesium sulphate

Maleic acid

Methanol

Milk powder (fatfree)

Nonidet P40 /Igepal CA30
NorthernMax hybridization buffer
OptiMEM
Phenol/chloroform/isoamylalcohol (25:42:1)
Phenylmethylsulfonyl fluoride (PMSF)
Phosphatebuffered saline (PBS), X10
Polyoxyethyleneorbiten monolaurate (Tween20)
Polyvinylalcohol

Potassium chloride (KCI)

Rotiphenol

Rotiphenol/chloroform

Rotiphorese gel 30% (37.5:1)

Sodium acetic acid (Napc

Sodium chloride (NaCl)

Sodium citrate

Sodium dihydrogen phosphate monohydrate(NBB;-2H0)
Sodium dodecyl sulfate (SDS)

Sodium Hydroxide(NaOH)

Super Optimal Broth (SOC) medium
SYBR Gold solution

Tetracycline
N,N,N",N‘tetramethylenediamine (TEMED)
Trishydroxymethylaminomethane (Tris)
Triton %100

Trizol reagent

TRIzoLC

tRNA from yeast

Trypsin EDTA solution

TurboFect in vitro transfection reagent
Urea

Xylene cyanole FF
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Roth

Gibco
SigmaAldrich
Merck

Roth

Roth

Roth

Roth

Merck

Roth

Roth

Merck

Roth

Merck
Invitrogen
Rothe
SigmaAldrich
Bio-Rad
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Merck
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Thermo Scientific
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SigmaAldrich
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2.1.2 Nucleotides

Deoxynucleoside triphosphate set (ANTP, 100mM)

WPt 8! ¢t SdoZnnn/ AkKYY2fZ
W #2P]CTP (800Ci/mmolnl>/ Ak >f 0
Wt 81 ¢t oynn/ AkYY2f X

2.1.3 Enzymes and Enzyme inhibitors

1 0O¢9+ tNRGSF&AS 6mn!
Protease inhibitor cocktail tablets

Poteinase K (PK, 2@/>l)

Restriction endonuelases

RNase R

wblaS AYKAOAG2NI owbl a
wvM wblasS FNBS 5bl as
{KNAYLI Ff1{FtAYS LK2aLJ
¢kl 5b! LIRft@YSNI&asS op

T4 DNA ligase (400kl)

T4 RNA Ligase

T7 RNA Polymerase(20ty
gScript reverse transcriptase

2.1.4 Reaction Buffers
10x restriction enzyme buffer
10x RQ1 DNase buffer
10x SAP buffer
10x Taq polymerase buffer
5x T4 DNA ligase buffer
10xT4 PNK Buffer
10x T4 RNA ligase buffer
5x qScript RT buffer

2.1.5 Molecular weight markers
DNA Dldabeled Mlecular Weight Marker VI
GeneRuler DNA Ladder Mix
GeneRuler Low Range (LR) DNA Ladder
Riboruler High/Low Range (HR/LR) RNA Ladder
PeqGOLD Proteiblarker 1V

2.1.6 Kits
DIGdetectionsystem
Gel extraction kit
HiScribe T7 High Yield RNA synthesis kit
Monarch RNA cleanup kit
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Roche

Hartmann Analytic
Hartmann Analytic
Hartmann Analytic

Invitrogen

Roth

Roche

New England Biolabs
Epicenter

Invitrogen

Promega

Roche

Self made

New Englad Biolabs
New England Biolabs
Fermentas

Quanta Biosciences

New England Biolabs
Promega

Roche

Promega

New England Biolabs
New England Biolabs
Thermo Scientific
Invitrogen

Roche
Thermo Scientific
Thermo Scientific
Thermo Scientific
Peglab

Roche

QIAGEN

New England Biolabs
New England Biolabs
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NEPER nuclear and cytoplasmic extraction reagents
Norgen total RNA purification kit
Plasmid Maxi kit

QIAprep Spin Miniprep kit

QIAquick gel extraction kit

gScript cDNA synthesis kit

gScript Flex cDNA kit

Qubit quantification assay kit, RNA BR
Quick Spin RNA colums

RNeasy Mini kit

TOPO TA cloning kit Invitrogen

2.1.7 Plasmids
PGEX6P2hnRNP L
pPGEX5x-2
pFASIBacHtb-hnRNP L
pAMVU6+27TornadeBroccoli
pAVU6+27TornadeF30Broccoli GSE1
pAMVU6G+27TornadeF30Broccoli Plt_circR4
pAVU6+27TornadeF30BroccolicirS7
Tornade (CA)20
Tornado CASELEX X4
TornadelL9/10
TornadelL9/15
TornadelL1210
TornadelL12/15
TornadelL12/10_mut

2.1.8 Antibodies
Anti-DigoxigenirAP Fab coupled to alkaline phosphatase
Anti-FLAG monoclonal antibody
Anti-GAPDH monoclonal antibody 71.1
Anti-GST monoclonal antibody
Anti-hnRNP L monoclonal antibody 4D11
Anti-Mouse IgG peroxidase antibody
Anti-Rabbit IgG peroxidase antibody

2.1.9E.colstrains and cell lines

BL21 Star (DE3) #&mpT sdSB (rBnB-) gal dcm rnel31 (DE3)
DH10Bac Competant cells

HelLa (human cervix carcinoma cells)

HEK293 (human embryonic kidney cell)
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Thermo Scientific
Norgen Biotek
QIAGEN
QIAGEN
QIAGEN
Quantabio
Quantabio
Thermo Scientific
Roche

QIAGEN
Invitrogen

Amersham Bioscience
described in Hui et al., 2005

Addgene

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Roche

SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich

Invitrogen
Thermo Scientific
ATCC No. C@L
ATCC No. CRb73
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JM109 {genotype: endAl, gyrA96, thi, hsdR17 (nk+), elAl,
supE44e (lacproAB), [F’, traD36, proAB, lacgddd15]}

Sf21 Spodoptera frugiperdaell)

TOP 10 higltompetent cells

2.1.10 Laboratory equipment
Agfa Curix 60 processing machine
(developing machine)
BLX 254 U¥rosslinker
Centrifuge 5424
Excella Eca70 CO2 incubator
G:Box gel documentation
HB-1000 hybridization oven
InLab Expert PHEM pH meter
INTAS Imager Transilluminator ChemiDoc MP
MAONRLIALISGGOG2NER 6ndp >t (G2 wmn
Mini PROTEAN electrophoresis system
Moxi Z Mini automated cell counter
NanoDrop 1000 spectrophotometer
Pipetus pipet filler
Qubit 2.0 fluoromete
Realplex Mastercycler (thermocycler)
Scintillation Counter
Subcell GT agarose gel system
Systec D3 autoclave
Thermo Scientific Safe 2020 (laminar flow)
Thermomixer LO57
TransBlot semidry transfer cell
TransBlot Turbo transfer system
Typhoon
Veriti thermal cycler
VortexGenie2

2.1.110ther ®nsumables
Autoradiography Detection films
Culture bottles with filter (75 cm2)
Cell culture dishes 100 X 20 mm
Cell culture plates (6, 12, 24 wells)
Chemiluminescent detection films
Eppendorf tubes (1.5 ml, 2 ml; Safe Lock)
Falcon tubes (1&l, 50 ml)
Multiply PCR strips and lids
Pipette tips (10, 20, 2000, 1250 ml)
gPCR Seal optical clear films
gPCR senskirted plates
Sterile serological pipettes (5, 10, 25, 50 ml)
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Promega
Invitrogen
Invitrogen

AGFA

Biolink

Eppendorf

New Brunswick Scientific
Syngene

UvP

Mettler Toledo
Bio-Rad

Eppendorf, Gilson
Biorad

ORFLO Technologies
Thermo Scientific
Hirschmann
Invitrogen
Eppendorf

Packard

BioRad

Systec

Thermo Scientific
Kisker

BioRad

BioRad

GE Healthcare
Applied Biosystems
Scientific Industries

GE Healthcare
Greiner BieOne
Sarstedt
Sarstedt

GE Healthcare
Sarstedt
Sarstedt
Sarstedt
Sarstedt

VWR

VWR

Greiner
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2.1.12 Oligonucleotides

The siRNAs were obtained from Sigillrich and all synthetic oligonucleotides from

Merck.

SIRNA oligonucleotides
Kdzyl'y Kywbt][ o
luciferase GL2

hnRNP L alternative splicing target:

BPTF (FA) fwd
BPTF (FALZ) rev
CC2D2A fwd
CC2D2A rev
HMMR fwd
HMMR rev
GPBP1 fwd
GPBPZtev
PPP3CB fwd
PPP3CB rev
RIF1 fwd

RIF1 rev

TJP1 fwd
TJIP2 rev

Housekeeping/ Referencgenes
ACTB fwd
ACTB rev

Tornado

(CA)20 circ fwd

(CA)20 circ rev

CASELEX X4 Broccoli circ fwd
CASELEX X4 Broccaoli circ rev
T-L_12/10_fwd_circPrimerl.1
T-L_12/10_rev_circPrimerl.2

GACAUUUCUCUUUCCUUUATT
CGUACGCGGAAUACUUCGATT

TCATCAAACCTTTGCTACATGG
CTGACTGGTACCTGTACTTGATG
CCAGGGAAAGAGGTAGAAAGGAC
GTCCTCGGCATCATCACCAT
AGATACTACCTTGCCTGCTTCA
GCCTTGCTTCCATCTTTTCCA
TCCTGAGTATGAGAGAGAACCAA
TCTTAACTGGCTGTGACGGA
AGTGGAGTGTTAGCTGGAGGA
CCGAGGTGGCATTCTCTCAT
TCCATACCATGCCCAACAGA
GAGTTGTCCCAGGCCTCTTG
ATATCCTCCTTACTCACCACAAG
TTCAAAACATGGTTCTGCCTC

GTGGAACGGTGAAGGTGACA
GGGACTTCCTGTAACAACGCA

TCGGCGTGGACTGTAGAAC
TGTGTGTGTGTGTGGCGG
GGTCGGCGTGGACTGTAG
GATACGAPATCTGGACCCGACCGTC
ACCCTCCACTACATCTTATGAAA
GTGGAGGGTGCGTGTCAT

T-L_12/10_mut_ fwd_circPrimer3.1 GCACCCTCCACTTGTTCTTA
T-L_12/10_mut_ rev_circPrimer3.2 TGCCACACATAAGCCCTTG

hnRNP L cloning
hnRNPL_RRM2 fwd
hnRNPL_RRM1 rev
hnRNPL_RRM2_fwd
hnRNPL_RRMA rev

hnRNPL_RRM&8 fwd
hnRNPL_RRM8 rev

CAGGAATTCTGGGTGAAAATTATGATGATCCC
CCGCTCGAGTTAGTGATGGTGATGATGATGA
AAATACAGATTTTCGCTATTAACGCTACGGCT
CAGGAATTCTGCAGAAAATTAGCCGTCCG
CCGCTCGAGTTAGTGATGGTGATGATGATGA
AAATACAGATTCACCCTGACCGCTCAGATT
CAGGAATTCTGTATGGTCCACATGCAGATAG’
CCGCTCGAGTTAGTGATGGT
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Endogenous circRNA cloning
F30CDR1axFIl_fwd

F30 CDR1asKFlIl_rev
F30GSEXKFII_fwd
F30GSEXKFI_rev
F3ONAKFII_fwd
F3ONAKFII_rev

hnRNP L cloning in baculovirus
EcoRI_fwd

Xhol_rev

Fwd_L pFAST_Seq
Rev_L_pFAST_Seq
SeqPrimer_L_CO_fwd
SeqPrimer_L_CO_rev
SeqPrimer_L_rev

hnRNP L_Bac_Seq_Fwd

GATGGGTCCCGGTTTCCGATGGCACCTGTG
GATGGGACCCCTGGATATTGCABZEAC
GATGGGTCCCGCATGAGCCATGAGCCCAAG
GATGGGACCCCTCTGGGCTCCTCCGCCT
GATGGGTCCCACTATGGAAATGGTGTCAGA
GATGGGACCCCTGCAAAAAGTTGTGGAGAT

CCGGARTCAAAGCCGTCGTCTGCTGCC
GTTAGCTGGCATGCTGTGCGG
ACCATCACCATCACCATCAC
TCTACAAATGTGGTATGGCT
CCGGATTATTCATACCGTCCCA
ACCACGAATATGAACAACCGG
TTCCACCACACCGTTMA
GCAAGCCTGAATGGTGCAGA

hnRNP L _Bac_Seq_Rev

pUC/M13_fwd
pUC/M13_rev

U6_termination seq

ATGATCACCCAGCAGCGGA
CCCAGTCACGACGTTGTAAAACG
AGCGGATAACAATTTCACACAGG
AAAAGCGGACCGAAGTCCGCTCTAG

hnRNP L oligonucleotides

L 9/10 s

L 9/10 as

L 9/15 s
L_9/15 as

L 12/10_s

L _12/10 _as
L_12/15 s

L _12/15 as

L 9/10 mut_s

L _9/10 _mut_as

TAATACGACACTATAGGGCTTATGACACTCCACTTGGAC
ACTTGGACATTCCACTTGGACATCTTATG
CATAAGATGTCCAAGTGGAATGTCCAAGTGGAGGTGTC(
GTGTCATAAGCCCTATAGTGAGTCGTATTA
TAATACGACTCACTATAGGGCTTATGACACTCCACTTGG
CCTCCACTTGGACATTCCACTTGGACATCTTATG
CATAAGATGTCCAAGTGGAATGTCCAAGTGGAGGGTGC
GTGGAGTGTCATAAGCCCTATAGTGAGTCGTATTA
TAATACGACTCACTATAGGGCTTATGACACGCACCCTCC
TCCACTTGGACATGCACCCTCCACTACATCTTATG
CATAAGATGTAGTGGAGGGTGCATGTCCAAGTGGAGGT
AGGGTGCGTGTCATAAGARTAGTGAGTCGTATTA
TAATACGACTCACTATAGGGCTTATGACACGCACCCTCC
CACCCTCCACTTGGACATGCACCCTCCACTACATCTTAT
CATAAGATGTAGTGGAGGGTGCATGTCCAAGTGGAGGC
AGTGGAGGGTGCGTGTCATAAGCCCTATAGTGAGTCGT
TAATACGACTCACTATAGGGGTAGTCCACTTGGTGTGC
ACTTGGTGTTTCCACTTGGTGTTCTTATG
CATAAGAACACCAAGTGGAAACACCAAGTGGAGCACAC
ACACACATAAGCCCTATAGTGAGTCGTATTA
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L 9/15 mut s

L 9/15 mut_as
L 12/10_mut_s
L 12/10 mut_as
L 12/15 mut_s

L 12/15 mut_as

L 12/10+SL_s

L 12/10+SL_as

L 12/10_mut+SL_s

L 12/10 _mut+SL_as

CA#51_fwd (20nt)
CA#51 rev (2t)
(CA)o_fwd
(CA)o_rev

T7 _OR_CA#51_fwd
T7_OR_CA#51_rev

T7_OR_(CAy fwd
T7_OR_(ChAy rev

TAATACGACTCACTATAGGGCTTATGTGTGTCCACTTGG
CCTCCACTTGGTGTTTCCACTTGGTGTTCTTATG
CATAAGAACACCAAGTGGAAACACCAAGTGGAGGGTGCH
AGTGGACACACATAAGCCCTATAGTGAGTCGTATTA
TAATACGACTCACTATAGGGCTTATGTGTGGCACCCTCC
TCCACTTGGTGTTGCACCCTCCACTTGTTCTTATG
CATAAGAACAAGTGGAGGGTGCAACACCAAGTGGAGCA
AGGGTGCCACACAGBACTATAGTGAGTCGTATTA
TAATACGACTCACTATAGGGCTTATGTGTGGCACCCTCC
CACCCTCCACTTGGTGTTGCACCCTCCACTTGTTCTTAT!
CATAAGAACAAGTGGAGGGTGCAACACCAAGTGGAGGC
AGTGGAGGGTGCCACACATAAGCCCTATAGTGAGTCGT
TAATACGACTOMRTAGGGAGTAAGCCTTATGACACGCAC!
CTACACCTCCACTTGGACATGCACCCTCCACTACATCTT
AGTA
TACTGTAAGCCATAAGATGTAGTGGAGGGTGCATGTCC!
GTGTAGTGGAGGGTGCGTGTCATAAGGCTTACTCCCTA
CGTATTA
TAATACGACTCACTATAGGGAGTAAGCCTHEACICTC(
CTTGTGCTCCACTTGGTGTTGCACCCTCCACTTGTTCTT.
AGTA
TACTGTAAGCCATAAGAACAAGTGGAGGGTGCAACACC,
GCACAAGTGGAGGGTGCCACACATAAGGCTTACTCCCT.
TCGTATTA
TAATACGACTCACTATAGGGATACATGACACACACACGC
TGCGTGTGTGTGTCATGTATCCCTATAGTGAGTCGTATT.
TAATACGACTCACTATAGGGCACACACACACACACACAC
TGTGTGTGTGTGTGTGTGTGCCCTATAGTGAGTCGTATT
TAATACGACTCACTATAGGGAGTAAGCATACATGACACA
AGCTTACAGTA
TACTGTAAGOIGTGTGTGTGTCATGTATGCTTACTCCCT!/
AGTCGTATTA
TAATACGACTCACTATAGGGAGTAAGCCACACACACACA
ACACACACACACACACACACAGCTTACAGTA
TACTGTAAGCTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
GTGGCTTACTCCCTATAGTGAGTCGTATTA

hnRNP L Tornaxoligonucleotides

T_L9/10_fwd
T L9/10 rev
T_L9/15 fwd

T L9/15 rev

GGCCGCAAGGGCTTATGACACTCCACTTGGACACCTCC
TTCCACTTGGACATCTTATGAAAAACCGC
GGTTTTTCATAAGATGTCCAAGTGGAATGTCCAAGTGGA
AAGTGGAGTGTCATAAGCCCTTGC
GGCCGCAAGGGCTTATGACACTCCACTTGGACACGCAC
GGABTTCCACTTGGACATCTTATGAAAAACCGC
GGTTTTTCATAAGATGTCCAAGTGGAATGTCCAAGTGGA
TGTCCAAGTGGAGTGTCATAAGCCCTTGC
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GGCCGCAAGGGCTTATGACACGCACCCTCCACTACACC
ACATGCACCCTCCACTACATCTTATGAAAAACCGC
GGTTTTTCATAAGATGTAGTGGAGCATGTCCAAGTGGAG
TAGTGGAGGGTGCGTGTCATAAGCCCTTGC
GGCCGCAAGGGCTTATGACACGCACCCTCCACTACACC
CTTGGACATGCACCCTCCACTACATCTTATGAAAAACCG
GGTTTTTCATAAGATGTAGTGGAGGGTGCATGTCCAAGI
GCGTGTAGTGGAGGGTGCGTGTCATAAGCCCTTGC
GGCCGCAAGGGCTTATGTGTGGCACCCTCCACTTGTGC
TGTTGCACCCTCCACTTGTTCTTATGAAAAACCGC
GGTTTTTCATAAGAACAAGTGGAGGGTGCAACACCAAG™
AAGTGGAGGGTGCCACACATAAGCCCTTGC

T _L12/10_fwd
T L12/10_rev
T_L12/15_fwd
T L12/15 rev
T L1210 _mut_fwd

T L12/10_mut_rev

Oligonucleotides for Northern blot riboprobe

TAATACGACTCACTATAGGGAGGGTGCATGTCCAAGTG
AGTGGAGGGTGCGTGTTTTTTTTTTTTTTTTTTTTTTTT
AAAAAAAAAAAAAAAAAAAAAAAACACGCACCCTCCACT
CACTTGGACATGCACCCTCCCTATAGTGAGTCGTATTA
TAATACGACTCACTATAGGGAAGAACAAGTGGABGATG
AAGTGGAGCACAAGTGGAGTTTTTTTTTTITTTTTTTTTTI
AAAAAAAAAAAAAAAAAAAAAAACTCCACTTGTGCTCCA!
TTGCACCCTCCACTTGTTCTTCCCTATAGTGAGTCGTAT
TAATACGACTCACTATAGGGGTGTGTGTGTGTGTGTGT(
GTGTGGCTTACTTTTTTTTTTTTTTTTTTTTTITTT
AAAAAAAAAAAAAAAAAAAAAAAAGTAAGCCACACACAC
ACACACACACACACACCCCTATAGTGAGTCGTATTA

Riboprobe L120 fwd

Riboprobe L120 rev

Riboprobe_mut_fwd

Riboprobe_mut_rev

Riboprobe CA20_fwd

Riboprobe_ CA20_rev
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2.2 Methods

2.2.1 DNA cloning in E. coli
2.2.1.1 Preparation of plasmid DNA

Plasmid DNA for transformation was extracted from an overnight bacteultilire using

QIAprep spin miniprep kit or QIAGEN plasmid maxi kit. Plasmid DNA was prepared according

G2 YIydzZFlI OGdzZNBENDR&a AyailiNHzOGA2yad /2y OSydNI (A:
UV light absorption at 260nm using a spectrophotometer (Nanot®odp, Thermo Scientific).

Pure DNA should have an £é»soratio of approximately 1.8.

2.2.1.2 Agarose gel electrophoresis

0.8-2% agarose gels were routinely used for asaty DNA. Agarose was melted in 1XTBE
buffer (100mM boric acid, 100mM Tris and 2nmBDTA pH8.8) in a microwave oven and
cooled to 55C. Before pouring into the casting tray, ethidium bromide was added to the gel
in a 1:20,000 dilution. DNA samples were mixed with appropriate amount of 6x loading buffer
(30% (v/v) glycerol, 0.025% (w/v)amnophenol blue) for loading into the wells. Typically, the
voltage for electrophoresis was set at 10V/cm from a power supply (electrophoresis
apparatus, BioRad). DNA was visaaliover a UV transilluminator, using a gel documentation
system (SynGene).

2.2.1.3 DNA extraction from agarose gels

Required DNA bands were excised from agarose gels with a scalpel, transferred to Eppendorf
vials, weighed and subsequently purified using QIAprep / MinElute gel extraction kit (QIAGEN)
as described by the manufacturer.

2.2.1.4 DNA cleavage using restriction enzymes

DNA was digested with appropriate restriction endonucleases (New England Biolabs) in a
reaction mixture consisting of DNA sample, 10x restriction buffer, restriction enzyme and
distilled deionised water (ddHO). The reaction mixture was incubated at the recommended
temperature for 22h. Usually, 1 to 5 units of enzyme was used to digastdf DNA. Digested

DNA was purified by gel extraction or phesation.

2.2.1.5 Dephosphorylation of DNA

In order to prevet selfligation of thelinearsed@ S O (i 2 NJ 5-tbriiai of th&vectop INA
were dephosphorylated using SAP. DNA sample was mixed pidf $AP (1U/uBnd 2ul of
10x SAP buffer in a 20 pl reaction. The reaction mixture was incubated at 37°CSéPLban
be inactivated either by heat treatment at 65°C for 15 min or by pheaubin.

2.2.1.6 DNA ligation

Linearsed DNA vector and purified DNA fragment were ligated in molar ratios of 1:5 and 1:7,
respectively, ensuring a molar excess of insert oeetor. The reaction mixture consisted of

1x T4 DNA ligation buffer, 1ul T4 DNA ligase (400U/ul, New England Baoidbdistilled
deionised water (ddHO) in a total volume of 3@. The reaction was incubated at 1%
overnight.
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2.2.1.7 Transformation oEcolicells

10ng of plasmid DNA or-2ul of the ligation mixture was mixed with 50ul rapidly thawed
high-competentTop10/BL2E.colicells by gently tapping on the tube and incubated on ice

for 30min. The cells were then subjected to a quick heat shocR&@fdr 30sec and placed

on ice immediately. 20d of SOC medium (Invitrogen) was added to the cells to recover and

grown at 37Cfor 1h on a shaker. Afterwards, the cells were plated onvpaemed LBagar

LI I 0S& &adzlJL) SYSYGSR gAGK mnn>3akYf FFYLAOATfAY
Single colonies were picked and grown in 3 ml of LB medium (1% tryptone, 0.5% yeast extra

FYR M2 bl/f0 gAGK mMan>3kYt I YLAOAT énalysed t £ I &Y
by colony PCR and digestion with restriction endonucleases and verified by running on
agarose gel. Finally, the positive clones were confirmed by Sanger SeguéBeiqLab,
Microsynth). If blue/white screening was carried out for selecting recombinangg cd0¢gal

(40mg/ml) and 4l of IPTG solution (1M) was spread on LB plates containing appropriate
antibiotics before the transformation cultures were plated.

2.2.2 Generation of hnRNP L subdomains

The fulllength hnRNP L gene sequence (1829 bp) was ordered as-optiorised DNA in a
PMA-RQ(AmpR) plasmid backbone (ThermoFisher), with additional &sisand TEV
cleavage site. Fuléngth hnRNP L was-tdoned(Ecdrl,Xhd) into the pGEXP2 expression
vector (GE Healthcare). Similarly, truncations of hnRNRPRM1, RRM2, RRA1and RRM3
4 (with 6xHigag and TEXleavage site) were generated by PCR fromldéulgth plasmid
template, purified and clonedEcdrl Xhd) next to GSTag in the pGEXP2 expression
plasmid. (Se&upplementary Figur&l.A-D)

2.2.2.1 PCR amplification with specific primers

The hnRNP L open reading frame from pBEX plasmid served as template to generate
truncation versions of hnRNP protein ¢RRM1, RRM2, RRA21 and RRM3 (See
Supplementary Figur&l.EF). Primers specific to each domain were used to amplify each
domain by PCR according to the following conditions.

10.0 I 5x buffer (HF)

1.0l dNTPs

2.5l Primer mix (10uM)
0.5  Phusion Polymerase
2.0yl 1ngtemplate DNA
34.0 pl  deionised water

50.0 pl total volume
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PCR temperature profile:

initial denaturation 98°C 30s

denaturation 98°C 15s

annealing 61-65°C 30s 30 cycles
elongation 72°C 20s

final elongation 72°C 7min

storage 4°C

Primer combinations used for amplification of individual domains are as follows (see
Materialssection 2.1.12,

hnRNP L Primer combination

RRML hnRNPL_RRMA. fwd (001)
hnRNPL_RRM1_rev (001"

RRM?2 hnRNPL_RRM2_fwd (002)
hnRNPL_RM1-2_rev (002"

RRM12 hnRNPL_RRMA fwd (001)
hnRNPL_RRMA rev (002"

RRM34 hnRNPL_RRM& fwd (003)

hnRNPL_RRM& rev (003

2.2.2.2 Gel extraction and purification

PCR amplified DNA was run on a 0.8% agarose gel and stained with ethidiurdebrioiA

bands corresponding to the respective subdomains of hnRNP L were excised from the gel
under low UMrans illumination with a clean scalpel and transferred to sterile eppendorf vials.

The weight of the gel slice is determined antbRl volume of @ buffer (Qiagen) is added to

the gel slice and incubated at 55°C until the gel dissolves completely. DNA thus obtained was
LJZNA FASR dzaAy3a aAy9fdziS O2fdzyya ovAl3ASyo | OC

2.2.3 Expression and purification of prosemE.coli

Expressions constructs of GBBM24, GSHnNRNP {TEWHis fusion protein and its
truncations, were transformed int&. coli BL2&train. Single colony from each transformation
was then inoculated into-5ml LB medium and grown overnight at 3Z60make the pre
culture. 200ml fresh LB medium containing ampicillin (100 pg/ml) was inoculated with 1%
(2mL) overnight preulture, and incubated at 37°C with shaking untilsédB 0.6 is reached.

For protein expression, cells were induced with ImM IPM& iacubated on a shaker at
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25/16°C. After induction, cells were harvested by centrifugation at 400rpm for 15min.
Recombinant proteins thus expressed were purified either usingt&@$ar the 6xHis tag.

2.2.3.1 GST Tagged RBM24 and hnRNP L

Harvested bacteal cellpellet was subjected to one freeze/thaw cycle-486°C in liquid
nitrogen and then resuspended inSinl/g wetweight GSAysis buffer (1xPBS pH7.4; 0.5mM
DTT; 0.05% NP40; protease inhibitor cocktail, Roche). Cells were lysed by sonication after
incubation with lysozyme (1mg/ml) on ice for 30min with gentle vortex every 10min. Cell
suspension was sonicated on ice, thrice by pulses of 30s -80%0amplitude (Branson
sonifier model BL5). RNAse A (10ug/ml) and DNase | (5pug/ml) were added to the cel
suspension to remove contaminating nucleic acids, incubated on ice for 15min and the
reaction was stopped by adding 25mM MgQlysate was separated from cellular debris by
centrifugation at 14000rpm for 30min at 4°C. Additionally, lysate was filtdnexigh a 0.45

pm syringe filter. The lysate was incubated for 30min at RT on a wheel with rotation, with
500ul pbv (packed bead volume) glutathione beads (Gluthathieegharose 4B, GE
Healthcare) prancubated in 1 ml cold GS¥sis buffer. Beads were waed three times with

1ml cold GS1ysis buffer and once with GSash buffer (1x PBS pH7.4; 2M NaCl; 5mM DTT;
2% Triton XL00; 10% Glycerol; protease inhibitor cocktail, Roche) on a rotating wheel at RT.
Recombinant GSpiroteins were eluted thrice with 1Q0 GSTelution buffer (50mM TrigdCl,

pH 8.0; 40mM reduced glutathione; 120mM NaCl; 0.5mM DTT; 0.05% NP40; protease
inhibitor cocktail, Roche). Fractions containing recombinant-@8f€ins were pooled,
dialysed against Dialysis buffer (20mM -HiSIl, pHR; 20% glycerol; 100mM KCI; 0.2mM
EDTA, pH 8.0; 1ImM DTT) and aliquots of each elution fraction were separated on 0% SDS
PAGE and stained by Coomassie Blueqdseton?2.2.5). Protein concentration was estimated

on Coomassie blue stained SBAGE using BYBiolabs) as a standard.

In order to remove GSiRg for binding experiments, upto 2ug of fusion protein was incubated
with 1 unit AcCTEV Protease (stored in 50mM-H@, pH7.5; 1mM EDTA; 5mM DTT; 50%
glycerol; 0.1% Triton-X00, Invitrogen), 0.1 M DThe 20x TEV buffer (1M T#4Cl, pH 8.0;
10mM EDTA, Invitrogen) at 30°C for 30min as follows:

20 ug Fusion protein

7.5 pl 20x TEV Buffer

1.5ul 0.1M DTT

1.0 ACTEV Protease, (10 units

to 150 pl deionised water

150.0 pl total volume

2.2.3.2 His Tgged hnRNP L subdomains

Recombinant hnRNP L_RRM1, hnRNP L_RRM2, hnRNP {2 &RIMhRNP L_RRM3vere
purified through Higag purification in a manner similar to G&g purification mentioned
above. Induced bacterial cell pellet was fre¢awed, oncean liquid N, followed by lysis of
the cells by lysozyme and sonication inHiglysis and wash buffer (50mM NgfPO; 2M
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NaCl; 50mM Imidazole; 10mMmercaptoethanol; 10% glycerin; 0.05% Tween; pH adjusted
to 8.0 with NaOH; protease inhibitor cocktail, Roche). Lysate separated from cell debris is
incubated with 1 ml pbv NNTA agarose beads equilibrated in 6xHis lysis and wash buffer.
The mixture wagcubated for 1 h at 4°C to allow binding of the protein to the beads followed
by 5 washes each with 10 ml 6xHis lysis and wash buffer. The beads were transferred to a
chromatography column, 1 ml elution buffer (50 mM NBE; 300 mM NaCl; 250 mM
Imidazole pH adjusted to 8.0 with NaOH) was added and incubated for 30 min at 4°C.
Fractions containing recombinant protein were collected in sterile vials and pooled for dialysis
against Dialysis buffer (20 mM TFHICI, pH 7.9; 20% glycerol; 100 mM KCI; 0.2 mVAEPH

8.0; 1 mM DTT). Purified recombinant proteins were stored8a8fC and aliquots of each
elution fraction were separated on 10% SBSGE and stained by Coomassie Blue (see
Methodssection2.2.5). Protein concentration was estimated on Coomassie-stasmed SDS
PAGE using BSA (Biolabs) as a standard.

2.2.4 Generation and purification of recombinant baculovirus expressed His
tagged hnRNP L

Recombinant baculoviruses have been widely used as vectors to express heterologous genes
in cultured insect celldHeterologous genes placed under the control of the strong polyhedron
promoter of the Autographa californicanuclear polyhedrosis virus (AcNPV) are often
expressed at high levels of properly postnslationally modified, biologically active and
functiond recombinant proteins during the late stages of infection. Baculovirus expression
system is based upon the ability to propagate AcMNRWdgrapha californicanultiple

nuclear polyhedrosis virus) in insect cells. Baculoviruses are safer to work withpttiem
mammalian viruses because they are rpfectious to vertebrates (Inceoglet al., 2001).
Recombinant baculovirus expressing -tdigged hnRNP L codaptimised sequence was
constructed with the Bato-Bac baculovirus expression system (Thermo FiSuéntific,
{10 | OO2NRAY3 (2 GKS YIFydzFF OGdzNBENRA LINR (G202
site-specific transposition.

Fig. 2.1summarsesthe principle behind the Bam-Bac baculovirus expression system. In
order to generate recombirmd baculovirus expressing hnRNP L, a-lémbth codon
optimised cDNA encoding hnRNP L was cloned into pFastBac HTb donor plasmid, which
contains the miniTn7 elements. The recombinant plasmid pHasRNP 1His was
transformed into DH10Bac competent caltstaining a bacmid with a mHaitt Tn7 target site

and a helper plasmid. The milin7 elements on the pFaBhRNP 1His were transposed to

the mintattTn7 target site on the bacmid by the transposase encoded by the helper plasmid.
Transposition of the clad gene into the bacmid disrupted the expression of ld@h gene.
White colonies containing recombinant bacmids were selected by antibiotic selection and
blue/white screening and amplified. High molecular weight DNA prepared from theseli
clones wasused to transfect insect cells. Recombinant viruses were harvested from the
transfected insect cells.
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Fig. 2.1 Generation of recombinant baculovirugPolh represents polyhedron promoter of
AcNPV, Tn7R and Tn7L indicate transposon 7 elements, andttifiny refers to a short segment
containing the attachment site for Tn7 (adapted from Invitrogen instruction manual).

2.2.4.1 Infection of insect cells

1x10 Sf21 insect cells were seeded in a 756msk containing SB00 Il medium with 10%
FBS and incubbed at 27°C for 1h. After the cells were attached to the flask, they were infected
with 25ul of viral stock [1xT0plaque forming units (pfu)/ml] at a multiplicity of infection
(MOI) of 0.1. Four days after infection, cells were harvested by centrifugttiotD min at
500x g at 4°C

2.2.4.2 Purification of Hisagged hnRNP L from baculovirus infected insect cells

Cell pellet from one 75 chflask (1 x 10cells) was resuspended in 4 ml of lysis buffer (50 mM
NakPQ; 2 M NaCl; 50 mM Imidazole; 10 mMmercaptoethanol; 10% Glycerin; 0.05%
Tween; pH adjusted to 8.0 with NaOH; protease inhibitor cocktail, Roche) after freeze
thawing on dryice and incubated on ice for 10 min. Cell lysate was passed through a 25 G
needle connected to a 1 ml syringe 5 tispdollowed by centrifugation at 14000 rpm at 4°C
for 10 min to pellet cellular debris and DNA. 50 ul of packed ™\ beads was added to
cleared lasyte and incubated at 4°C for 2 h with rotating. The bouAdTXi beads were
pelleted by centrifugation a6,000 rpm for 1 min and washed with 1 ml of wash buffer (50
mM NaHPQ; 2 M NaCl; 50 mM Imidazole; 10 mMmercaptoethanol; 10% Glycerin; 0.05%
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Tween; pH adjusted to 8.0 with NaOH; protease inhibitor cocktail, Roche) four times. His
tagged protein was eluted with 50 pl of elution buffer (50 mM A&, 300 mM NacCl; 250
mM Imidazole; pH adjusted to 8.0 with Q&) four times. The eluates were collected and
analysed by SBDBAGE followed by Western blot to detect hnRNP L usingha®RNP L
monoclonal antibody (4D11).

2.2.5 SDS polyacrylamide gel electrophoresisP8I3%) and Coomassie staining
Proteins were redoed on denaturing SDS polyacrylamide gels. Two buffers were used: 4x
stacking gel buffer (0.5 M T+#4Cl pH 6.8; 0.4% (w/v) SDS) and 4x separating buffer (1.5 M
TrisHCI pH 8.8; 0.4% (w/v) SDS) to prepare either stacking gel (5% acrylamide/bisacrylamide
37.5:1; 1x stacking gel buffer; 80 pl APS; 8 pl TEMED in 8 ml) or separating d&%(10
Acrylamide/bisacrylamide 37.5:1; 1x separating gel buffer; 40 pl APS; 4 pul TEMED in 4 ml)
respectively. The proteins were mixed with 2x Laemmli loading buffer (4%26BSjlycerol;

100 mM TrisHCI pH 6.8; 0.2% BPB, b%fercaptoethanol), denatured at 100°C for 10 min

and loaded on the gel. Electrophoresis was carried out at 300 V, 35 Amp in a BioRad gel
running tank containing SBjf&l running buffer (25 mM Tris; 250 mM glycine pH 8.3; 0.1%
(w/v) SDS). Gels were subjedt® either Western blot analysis or Coomassie blue staining.
For Coomassie staining, gels were incubated with InstaBlue coomassie stain (Expedeon)
overnight at 4°C or at room temperature for 15min with shaking after heating up the solution
for 10-15s in amicrowave oven. The gel was dried onto a Whatmann filter paper using a gel
dryer (SE1160, Hoefer Scientific instruments, USA) which is connected to a vacuum pump
(Vacuubrand, Germany) and at 60°C for 1h.

2.2.6 Systematic Evolution of Ligands by Expaidihtrichment (SELEX)
2.2.6.1 SELEX selection of bingimotifs for RBM24 and hnRNP L

For a detailed explanation of the steps in SELEX selection, see Scleheidet016.

An RNA pool with a degenerate sequence of 40 nucleotides was generated by T7
transcription, using an annealed template of Nafand T#wd oligonucleotides (T7 High
,ASER O YAGS b9. 0@ ¢KAA NIYR2Y LJ22f O2 YLINAAaS:
preferences of RBM24, hnRNP L and variants was tested. 40pmol of RBM24 anmiREGST
L/truncated variants were incubated with 4nmol of S\LX transcript over four rounds of
selection. Selection of RNAs using GST alone, served as negative control. SELEX selections
were carried out with the fusion proteins bound to pioéocked glutathionesepharose beads

(GE healthcare) in total volume of 32@(uffer (10mM TridHCI, pH 7.5; 200mM KCI; 2.5mM

MgCh; 0.1% Triton »00; Roche protease inhibitor)After 30min incubation at room
temperature, samples were washed thrice with 1ml washing buffém{¥ TrisHCI, pH 7.5;
100/300/600mM KCI2.5mM Mgd; 0.1% Triton X00). Samples were then treated with
proteinase K (Roth), RNA was extracted using phenol/chloroform extraction and ethanol
precipitation. The stringency of washing steps increased graduhliing the rounds of
selection (R1: 3x 100mM; R2: 2x 100mM, 1x 300mM; R3: 1x 100mM, 2x 300mM; R4: 1x
300mM and 2x 600mM KCI washing buffer).
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2.2.6.2 Library preparation

Selected RNAs were reverse transcribed (qScript Flex cDNA Synthesis Kit, QuaBta) wih
reverse primer. cDNA libraries were amplified by PCR (16 cycles; S&X\Sweld and
SLX_Sol_rev). Transcripts for the next round of selection were produceah ®bitro
transcription. After the four rounds of selection RNA aliquots from each ra@umadfrom the
fourth round of GST selection were used for barcoding by reverse transcription with the
SLX_RX reverse primers. The final library pool was subjected tthhigighput sequencing

on a Miseq platform (singleead 150 bp, Illumina). PhiX conttibrary was added to increase
the sample complexity (Illumina). Primer sequences are listdthierialssection 2.1.12

2.2.6.3SELEXeq data analysis (motif enrichment and spacing analysis)

SELEXeq data analysis was done by tésueh Hung, amembefo ! D t N2F&d . Ay RSI
Methods are described in detail by Schneidéeal. (2019), and applied here for the analysis
of RBM24 and hnRNP L.

2.2.7 RNA design based on SEidfXed data

Highly specific SELHEXrived RNAs were designed based on motifidiment studies,
spacing analysis and secondary structure prediction (SkEghods sections 2.2.6 and
2.2.14.2. For RBM 24, the RNA was designed such that it contains the binding motif UGUU.
On the other hand, four RNAs with binding motifs in the ord&AC, ACAC, ACAU and ACAU
for binding to the four respective RRM domains were designed for hnRNP L. Binding motifs of
these RNAs differed from one another in their spacing between the individual domains i.e.,
each of the 4 RRM domains-{2nt) and betweenhe didomains i.e., between RRIM2Land
RRM34 (1015nt). The RNAs were labelled L_9/10, L_9/15, L_12/10 and L_12/15 where the
first number refers to spacing between motifs for individual domains and the second number
represents spacing between motifs fdret drdomains of hnRNP L (represented by L). In each
case, for mutant control, ACAU was mutated to UGUG and ACAT to UGUU. Mutants were
labelled as L_9/10 mut, L_9/15 mut, L _12/10_mut and L_12/15 mut. These served as
controls for binding specificity in barshift assays and pulldown assays.

2.2.8In vitroRNATranscription
2.2.8.1 Annealing obligonucleotides

Commercially obtained (Sigr#ddrich/Merck) complementary oligonucleotides were mixed

at the same molar concentrations in 2x Annealing Buffer (20m&sHCI, pH 7.5; 50mM NacCl,

1mM EDTA) to a final volume of 50l in a PCR tube. The tube was placed in a thermocycler,
which was programmed to initial denaturation at®@for 25min, and then gradually cooled
down to room temperature at the rate of’C pe& minute. Successful annealing can be verified

by running about 200ng of neannealed anénnealed oligaucleotideson a 2% agarose gel.
When compared to the individuabligonucleotide pairs, the annealedligonucleotides
slightly shift upward on the gahdicating successful annealing.
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2.2.8.2 Transcription of?P-labelled RNA

RNAs were radioactivelgbelled internally by Tin vitro transcription. Annealed oligos

served as templates for transcription. 5ul of template DNA (200ng/ul) was mixed with 5pl 5x
transcription buffer (Thermo Scientific), 2.5ul 100mM DTT; 1.25pl 10mM ATP; 1.25ul 10mM
/¢t T nopxf HYa | ¢tT mModupxkxf wmnYa De¢#PUTRKE wb
(800Ci/mmol) and 1l T7 RNA polymerase (20U/ul). DMOwvas added to the finablume

of 25ul. In case of higyield transcriptions the respective 10x reaction buffer and polymerase

were used (NEB). Additionally, to facilitéteviroOA NOdzf | NAal GA2y X GKS pQ
were primed with 40mM GMP. Transcriptions were gatrout at 37C for 2h. 2ul RQ1 DNase

was added to each reaction and incubation continued for 30min &€ 37

2.2.8.3 Removal of unincorporated nucleotides by gel filtration

Unincorporated nucleotides were removed from the transcription reactions usingSRpMA
O2fdzvyya F2ftt26Ay3 GKS YIydzZFlI OGdzZNENR& AyaidN
precipitated with 600 pl 100% ethanol; 20ul 3M NaAc pH 5.2; and 1ul (20mg/ml) glycogen.

RNA was precipitated a80°C for at least 20 min and then centrifuged at >140G®»r 30

min at £C.

2.2.8.4 Determination of RNA concentration

After pelleting, washing twice with 70% ethanol and drying, the amount of RNA transcribed
was measured using a scintillation counter (1600TR, Packard) and calculated using the
following fornula:

RNA [ng] = CTP cold [uM] x volume of reaction [ul] X %incorporation x 0.0132
The transcripts were dissolved in an appropriate volume of DML
2.2.8.5 Gel extraction of radiolabelled RNA

RNA transcripts were separated by denaturing polyacrylamgel€10% (v/v) Acrylamide/Bis

(1x TBE, 50% urea); 10% (v/v) APS; 0.001 % (v/v) TEMED) electrophoresis. The RNA bands
were cut out of the gel and shredded into tiny pieces by forcing through a tiny hole pierced

at the bottom of the tube and collecting by migifugation into another tube. RNAs were

eluted from the gel by adding 300 ul of 2x PK buffer (200mMHTpHS8.0, 300mM Nacl,

25mM EDTA, 2% SDS) overnight at room temperature with rotating. The eluate was
phenolised with Rotphenol/chloroform to remoe the enzymes and buffers and precipitated

with 1pl of glycogen (20mg/ml), 900ul of 100% ethanol and 30ul 3M NaAc pH5.2. After
washing and aidrying, the purified RNAs were dissolved in DMiRGted HO.

2.2.8.6 Transcription withou#?P labdling

For transcription reactions without thé’P-label, 100mM UTP was added to the transcription
NBEI OGA2Y RS&ONR O SRPJWIR. AREIAs AwgrsyrithedseR by AnTvitran b
transcription, using doublstranded DNAoligonucleotide templates and HiScribe T7 High
Yield RNA synthesis kit (NEB), followed by RQ1 DNase treatment (10U per reaction).
Transcribed RNAs were extracted with 200ul phenol/chloroform/isoamyl alcohol (25:24:1)
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and then precipitated. After pelleting, washing, and drying, transcripts were dessoh20ul
of DMPGHO. The concentrationof RNA was estimated spectroscopically by Qubit
measurement (Invitrogen).

2.2.9 Electrophoretic mobility shift assay (Band shift)

50pmol of 3?P-labelled substrate RNAs were incubated with different concentratiohs o
recombinant RBM24 and hnRNP L protein (20, 40, 80, 160, 320 or 640nM) in a 10x binding
buffer containing 20mM TrsICl pH 7.9; 100mM KCI; 1mM DTT; 0.2mM EDTA pH8.0; 20%
glycerol; 1ug tRNA; 1ug BSA and RNase inhibitor (RNase OUT). The total reactierwadum
10pl. The mixtures were incubated at’@s5for 30min. Samples are kept on ice until they are
fractionated on a native RNA gel. 1ul of native RNA gel loading buffer (0.025% (w/v)
bromophenol blue; 30% (v/v) glycerol) was added and the samples wet®frated on a 5%

native RNA gel (30% acrylamide/bisacrylamide 37.5:1; 1XTBE; 400ul 10% APS; 40ul TEMED
filled up with HO to 50ml). Gel is praun at 300V for 30min. After samples are loaded, gel is
run for 1h40min at 300V. Psain, loading and gelun are all carried out in a € cooling
chamber. Samples were visualised by collecting the radioactive signals using a
phosphorescence imaging plate (Fujifilm, Japan) placed on the gel for 3h. The phosphor
screen is then placed in a phosphorescence imagingg®&iner (Typhoon FLA9500, GE, USA)
which detects the phosphorescence and images are analysed using ImageQuant software.

2.2.10HNRNR. sponging assays
2.2.10.1In vitro pulldown assay with biotinylated RNAs

SELEXerived RNAs for hnRNP L sponging werelpeced by Tstranscription (T7 Higlyield

YAGZ b9.0 FNRBY |yySItSR 2ftA32 Otbidtiydation Sa | y I
(Wilkomm & Hartmann, 2005). For pulldown of endogenous hnRNP L from HelLa cell lysate

and nuclear extract, 1x®@ells (and eqwialent amount of nuclear extract) were lysed in RIPA

lysis buffer [50mM TrislCl, pH 7.4; 150mM NaCl; 5mM EDTA; 1% NP40 (v/v), 0.1% SDS] and
AyOdzoF SR SgAGK pnlly2tf 2F o0Q oA2GAyefl 0SR whb!
(binding capacity ~5000pmolipacked beads; Thermo Fisher Scientific) in a total volume of

200ul for 30min at room temperature. After three washing steps with wash buffer (1x WB100,

2x WB 300; 10mM THLCI pH7.4; 10600 KCI; 2.5mM Mg£10.1% Triton 2.00), bound

protein was releasd in SDSample buffer$0mM TrisHCI pH 6.8; 2% SDS; 10% Glycerol; 2.5%
2-mercaptoethanol; 0.05% bromophenol bluand heat denaturation at & for 10 min.

Samples were analysed BYpSPAGE followed by Western blotting with hnRNP L monoclonal
antibody [4D11) seeMethodssection2.2.11]

2.2.10.2 RNAmmunoprecipitation (RIP)

To demonstrate sponging of hnRN kivg HelLa cell lysate was extracted after transfection
with respective sponges.|®) of each antibody (artinRNP L monoclonal and afilag Sigma
Aldrich)was added to precleared lysate. 24Ql of precleared cell lysate corresponding to
4.5x10 Hela cellsvas incubated with the antibodies overnight &G4 30ul (1 mg) Protein

A - Dynabeads (Thermo Fisher Scientific) was added to the raigtod incubated for 2 h at
4°C with rotation. ProteirRNA complexes were washed with increasing stringency of salt
concentration (1x 150mM; 2x 600mM; 1x 150mM NaCl). RNA from input and

63



2. Materials and Methods

immunoprecipitated fractions was extracted by TRIzol (Ambion) followgdreverse

transcription (qScript cDNA Synthesis Kit, Quanta) and (q)PCR with gene and-sjpecifc

primers. In vitro circularised L_12/10, L_12/10_mut and (&ARNAs were detected by
Northern blotting. The fraction of the bound target RNAs wasutaled for each target
relative to the corresponding input fraction.

2.2.11 Western Blotting

Proteins were resolved on 10 % SBYSGE and transferred to PVDF nitrocellulose membrane
(GE Healthcare) in transfer buffer (50mM Tris; 380mM glycine; 20% (v/\amat 0,02%

(w/v) SDS) for 30min at 300mA using a sdrgitransfer cell (BidRad). The membrane was
blocked for 1h in blocking buffer (5% Milk powder (Roth) in 1x PBS and 0.1% (v/v) Tween) at
RT. The primary antibodies were diluted in fresh blockingelbwa$ follows: monoclonal anti

hnRNP L (4D11) 1:10000 (SigAidrich); mouse monoclonal arBAPDH 1:5000 (Sigma
Aldrich); antiGST 1:5000 (Pharmacia biotech) and-aniRNP Al 1:1000 (Sigs&drich) and

added to the membrane and incubated overnight withaking at 4C. The membrane was
washed three times for 10min in 1 x PBST [1xPBS (Gibco) and 0.1% (v/v) Tween] and incubated
for 1h at RT with peroxidase conjugated secondary antibodies diluted 1:10000 {Sidjricé)

in blocking buffer. The membrane wasbsequently washed three times for 10min in PBST

and the bound antibodies were detected by the Ltlight ECL system (Roche) according to
YIydzZFl OGdzZNBEND&a LINRPG202f @ ¢ K Srayfilh(GENHeafisarey | &4 ( F
and developed.

2.2.12 NortherrBlotting

For a more detailed view of RNA detection by digoxigenin (DIG) Northern blot, see Schneider
et al., (2018). HelLa total RNA was denatured by boiling & 96r 3min in loading buffer
containing Formamide. Total RNA (500ng) andl&iélled DNAddder (DIG VIII, Roche)
were separated on a 10% denaturing polyacrylamide gel then transferred to a nylon
membrane (Amersham Hybord+, GE Healthcare) for 1h, at 3mAZamsing Trand3lot semi

dry transfer cell (Biorad). Nucleic acids transferred to thenime&ane were crostinked at
120mJ/cm at 254nm in BLX 254 kbvosslinker (Biolink) and pieybridised with the
NorthernMax hybridization buffer (Ambion) at 60°C for 1 h. Hybridization with the riboprobe
was carried out overnight at 60°C with constant radatusing HBLOOO hybridization oven
(UVP). The DHabelled riboprobe directed against the ciunction (for SELEXerived RNAs

and CAo) or the Tornado stem region including gjuniction (for tornado generated circRNAS)

was preparedn vitroby T7Z transcription with DIG RNA labeling mix (Roche) according to the
YI ydzF I OG0 dZNBENDR& AyaidaNHzOUA2yad ¢KS NAO2LINROS ¢
DNA molecules. After hybridization, the membrane was washed with 2X SSC [30mM sodium
citrate pH7.0, 0.% (w/v) SDS, and 300 mM NaCl] and 0.5X SSC. The membrane was blocked
for 1h with a DIGblocking solution [2% (w/v) blocking reagent (Roche) in 100mM maleic acid
buffer pH7.5]. The membrane was then incubated with @ltFab (Roche) with a final
dilution of 1:10000 for 1h. The excess antibody was washed withwKhing buffer [0.3%

(v/v) Tween20 in 100mM maleic acid buffer pH 7.5]. Northern blots were developed using
the DIGdetection system, namely 0.5% GBir substrate solution (Roche) in Bd&tection

buffer (100mM TrifHCl pH9.5 and 100mM NaCl). The membranes were exposed to
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Amersham Hyperfilm ECL (GE Healthcare) films for various time intervals. The films were
developed on Agfa Curix 60 Processing Machine (AGFA).

2.2.13In vivosplicing analysis
2.2.13.1 Cell culture

HelLa and HEK293 cells were cultured and maintained in DMEM supplemented with 10% FBS
at 37°C in an incubator with 5% @QVhen cells were 100% confluent (everg #ays), they

were washed with 1x PBS, detached from the plate by 1x itpBTA, and reseeded into

new dishes in a 1:10 ratio.

2.2.13.2 Transfection of circular expression constructs and circRNA in HelLa cells

One day before transfection, 1x3€ells were seeded on a 10 cm dish such that cells were not
more than 8890% confluehat the time of transfection. 10 ug of plasmid DNA was used with
appropriate amount (Bl/pg of DNA) of Lipofectamine 2000 transfection reagent (Invitrogen)
FOO2NRAY3I (2 GKS YIydzZFlI OlGdzZNBENRA AyadNHzOGAZ2Y,
taken in 5@ pl each of optiMEM (Gibco) medium in transfection tubes. They are mixed and
incubated at room temperature for 280 min. After incubation the DN#ansfection mix is
added dropwise to the cells. Mock transfection was performed without adding the plasmid
DNA. The medium was changed 4h after transfection. After 48h, cells were harvested with
trypsin, collected in DMEM, and centrifuged at 500xg and 4°C for 5min. Cells were washed in
1x PBS and centrifuged as before. Cell pellets were subsequently us@t¥asdation, RNA
immunoprecipitation, or cell fractionation as described below.

Forin vitro circularised RNA transfection, 5¢idells were seeded per well in a-2ll plate
one day before transfection. Gplrified circRNA was transfected using Liptdedne 2000
in optiMEM medium. CircRNA concentration ranged from 500nguitp 2ells were harvested
24h after transfection and RNA was extracted.

2.2.13.3 Isolation of total RNA from HelLa cells

Cells were first washed with 1xPBS, collected and lysed widhl 4f TRIzol (Ambion). For
tornado expressed RNA, total RNA was isolated using RNEasy kit (Qhagamnally, the
RNA was treated for removal of plasmid and DNA contaminants by adding 5 pl offiRi¢ase
RQ1 DNaseFor in vitro circularised RNA and sither RNAs (<200nt) and after DNase
treatment, total RNA was extracted by adding one volume of Phenol/Chloroform/Isoamyl
alcohol (25:24:1) mix, vortex and centrifuge at 14,000xg for 5min. Transfer the aqueous upper
layer into a new tube and add 3 volumes1®0% ethanol, 0.1 volume 3M sodium acetate
(pH5.2) and ful glycogenRNA is precipitated aB0°C for 20 min. Total RNAs were pelleted
by centrifugation at 14,000rpm for 30min at@, washed once with 1ml of 70% ethanol, dried
and resuspended in 20 of DMPGH.O. The concentration of total RNA was determined by
UV light absorption at 260nm (Nanodrop).

2.2.13.4 RNAi knockdown of hnRNP L in HelLa cells
HNRNP L protein was knocked downvivousing synthetic SiRNA against hnRNP L mRNA.
SIRNA duplexes (hnRNPand luciferasesee Materials Table 2.112) were mixed with
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RNAIMAX (Invitrogen) at a final concentration of  and added to a 10 cm culture dish

and incubated at room temperature for 1Z5min in OptiMEM medium (Gibco). Seeding
density of HeLa cellwas ~8.8x10cells/dish. Three days after transfection, total RNA was
isolated using TRIzol and RNeasy columns (QIAGEN). Total RNA wasnaw&rsbed using
gScript Flex kit (Quantabio) with oligo(dT) primers, followed by PCR with the primers against
hnRNP L alternative splicing targets.

2.2.13.5 Analysis ah vivosplicing by RIPCR

Reverse transcriptions were carried out by qScript Flex cDNA synthesis kit (Quanta
Biosciences). |lig of total RNA was incubated at €5%for 5minwith 2ul each of random
hexamers and oligo(dT) primers. Reaction was immediately chilled on ice. The RT reaction
containing 4plof 5x qScript reaction mix andulLgScript reverse transcriptase to a final
volume of 2(ul was added to each reaction. Reverse transcriptéaction wascarried out as
follows 10min at 2%C for annealing of random primers,-88min at 42C, 5min at 8%C and

hold at £C.

PCR was done in plreaction with 21l RT reaction (from above), 1XPCR buffer, 400ul dNTPs,
1ImM MgCh, 1QuM each of gene specific forwardnd reverse primers, 0.2U/uTaq
polymerase. The following amplification profile was applied: 2min denaturation 4,950
cycles of amplification (15s at 95, 20s at 5& and 30s at 7£), and a final elongation step

at 72°C for 7 min. 10l of PCR reaittn was mixed with 6XDNA loading buffer and analysed on
a 2% agarose gel by ethididsnomide staining. Stained bands were quantified using ImageJ
software.

2.2.14 Desigand expression of CircRNA

Forin vitro circularisation, a stem sequence was incorpethinto all SELEderived RNAs
(L_9/10, L_9/15, L_12/15, L_12/10 and mutant) with an additional flex region7aot %o
enhance secondary structure of circRNA-QR(CA)o and TZOR CASELEX x4 contain the
stem sequence as described in Jeisal. (2018.

2.2.14.10verexpression of circRNA from Tornado constructs

The Tornado overexpression vector system was used for overexpression of endogenous
circRNAs (GSE1,-Bitc-R4 and CiRS7/Cdrlas) and SkidfeXed RNAs. The primary Tornado
vectors pAWJ6+27#Tomado-Broccoli and pAW6+27TornadeF30 Broccoli described by

Litke and Jaffrey (2019) were ordered from Addgene. Both vectors are based on pAV vector
with the U6+27 promoter [that includes the first 27 nucleotides of U6 RNA described
previously (Luet al, 2015)]. The Tornado circRNA expression cassette includes 49 bp
sequence of Broccoli aptamer for fluorescent imaging with DFHBI (Feébaby2014) flanked

by ribozyme combinations of upstream Twister P1 and downstream Twister P3 U2A, and
tRNA:Tyr intonic sequences that are cleaved by tR§p&cific endonuclease and subsequent
ligation of RNA by RtcB ligase. p8&+27TornadeF30Broccoli vector was designed
identically, but also contains a F30 threy junction with Broccoli on one arm as described

by Litke & Jaffrey (2019). Plasmids based on-pA&¥27#TornadeBroccoli vector were
obtained by cloning directly into the Tornado expression cassette at Notl and Sacll restriction
sites, replacing the Broccoli aptamer sequence. Inserts comprisingo,(CHSELEX X4,
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L _9/10, L_9/15, L 12/15, L _12/10 and mutant with the overhangs corresponding to
restriction sites were chemicallgynthessed as individual oligonucleotides (Table 2.2) and
annealed prior to ligation withinearised by Notl and Sadl vector. Obained plasmids were
named Tornado (CAg, Tornado CAELEX X4-LT9/10, TL_9/15, TL_12/15, TL_12/10 and
T-L_12/10_mut respectively. pAV6+27TornadeF30Broccoli vector was used for the
generation of Tornado CBELEX X4 Broccoli construct by AnnaP&Cthreineet al., 2020).
Chemicallysynthessed CASELEX X4 oligonucleotides flanked vHifth overhangs were
annealed and cloned intkfl-linearised plasmid.

2.2.14.2 RNA secondary structure prediction

Secondary structure of RNA was predicted udimg ViennaRNA package from RNAfold
webserver(http://rna.tbi.univie.ac.a) implementing minimum free energy fold algorithm.

For circRNA, the circular configuration of the RNA was taken into consideration for secondary
structure prediction.

2.2.15Cell frationation

1x1C HelLa cells, corresponding todiQpacked cell volume (PCV), was used to extract the
cytoplasmic and nuclear fractions after transfection with circRNA expression constructs and
in vitrocircularised RNA. Extraction was performed according toy dz¥ I O dzNB NDa Ay :
using NEPER cytoplasmic and nuclear extraction reagents (Thermo Scientific) with protease
inhibitor cocktail (Thermo Scientific). Cytoplasmic and nuclear extracts were lysed with TRIzol
LC (Ambion) for RNA isolation. Total RN isolated using RNeasy kit (Qiagen). Tornado
expressed circRNAs were detected in both fractions with a vector specific probe by Northern
blotting. To check protein distribution, equivalent lysate amounts of total cells, cytoplasmic
and nuclear fractios were analysed by Western blotting for hnRNP L, and, as controls and for
normalisation, for GAPDH and hnRNP Al. Band intensities in Western blot were quantified by
densitometry using ImageJ software. HhNRNP L content in each fraction was quantified as the
percent of total: nuclear and cytoplasmic hnRNP L.

2.2.16In vitrotranscription and circularisation of RNA

To demonstrate alternative splicing changes due to protein sponging, designer sponge RNAs
were synthesised by vitrotranscription using HiScribe7 High Yield RNA synthesis kit (NEB)
and DNAoligonucleotides as templates¢e Materials Table 2.212). Transcription reaction

mix contains ATP, CTP, GTP and UTP to a final concentration of 10mM neafion.
Additionally, to enhance circularisatio®GMP is added to a final concentration of 40mM.
Transcription was carried out at 37 for 2h. Transcribed RNA was treated with RQ1 DNase
(10U per reaction) for 30 min at 3Z to digest the DNA template. After DNase treatment RNA
was purified using MonarcRNA cleanup kitor circularisation, T4 RNA ligase (1.5U/ug RNA,
Thermo Scientific) was used. To eliminate the linear precursor, RNA was treated with RNase
R (10U/ug RNA). After each step, RNA was purified with Monarch RNA cleanup kit and
visualsed by denaturing polyacrylamide electrophoresis.

2.2.17 TestingirdRNAintegrity by RNase R treatment
HelLa total RNA an vitro circularised RNA (500 ng) was treated with RNase R (@5U/
Epicentre) for 30 min at 3€ and digested RNA was analysed on a 10Yagglamide gel.
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As control for RNase R digestion, linear counterpart of the respective circular RNA was also
tested.
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3. Reslts

The following sections explain experiments that determine the designing and development
of optimal circRNA sponges for twd®Rs that regulate alternative splicigghnRNP L and
RBM24. Furthermore, designer sponges for hnRNP L have been characterised and functionally
validated. However, functional characterisation of RBM24 sponges has not been documented
here, since it is out dhe scope of this thesis.

3.1 Analysis of RNiinding for hnRNP L aitd subdomains

3.1.1 SELEMased analysis of RMding for hnRNP L and subdomains

Our primary challenge in designing optimal circRNA sponges was, first, to understand the
exact bindig sequence of hnRNPThis was addressed using SEb&3€d selection of RNA
elements that bind to the multidomain RN#nding protein, hnRNP Secondly, we designed
circRNA sponges based on binding specificity for hnRNP L and finally, we demonstrated
alternative splicing variations due to hnRNP L sponging.

The multidomain RNAinding protein hnRNP L recognises its cognate RNA through its four
RRM domains (sdeigure 3.1and Supplementary Figur&l.F). All four RRMs are involved in
recognition and bindingFultlength (FL) and truncated hnRNP L were expressed and purified
by 6xHigag pulldown from overnightE. coli (BL21) culture. After dialysis, protein
concentration was estimated using a BSaAndard for hnRNP L (FL) and RdRi\étion
variants and were ralysed by SDBAGE (SeBupplementary Figur&?).

hnRNP L_FL -_— - [RRM1 | RRMZ] == == s | RRM3 VRRM4V-]
RRM 1 [RRM1
RRM 2 ,kaz]
RRM 1-2 LRRM M
RRM 3-4 | RRM3 RgM4]
| J ] ' ] J ] J ] J ] ! |
0 100 200 300 400 500 600 [aa]

CAIdd odmMY 52YIFAYy aG§NHzZOGdzZNBE 2F Kywbt |
Schematic representation of feléngth (FL) hnRNP L and truncati@riants(RRM1, RRM2, RRM:
2 and RRM3), used for SELEX experimemslAbinding domains are drawn as boxes (RRkY,
RRM2green, RRM3urple and RRM#ellow) and low complexity regions are shown as thick t
(black barsglycinerich and blue bars: prolingch regions).
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Since its discovery in 1990, SELEX has developed into a robust experimental strategy relying
on combinatorial chemistry to identify specific sequences (single stranded DNA or RNA) that
bind to certan ligands with high specificity and affinity [e.g. RINAding proteins Tuerk &

Gold, 1990reviewed by Kohlberger & Gadermaier, 2021)]. Using SkddeX selection, the
specificity of RN#rotein interactions and their affinities can be effectively sad
Therefore, to dissect the complex Ridding properties of hnRNP L, we used individuatGST
tagged subdomains of hnRNP L and performedharitro SELEX procedure. This procedure
included selection by G$llldown of sequences bound and enriched frammandom Mo-

RNA pool. After each round of selection, bound sequences were identified byséNA
analysisigure 3.2. Bound RNA sequences after each round were amplified by PCR, reverse
transcribed and fed as input into the next round, thus ensuring agptial enrichment. Note

that as opposed to the standard protocol of using short degenerate region, we usegh-an N
RNA pool. This enabled us to dissect and analyse arrays of several motifs, including their
spacing. Additionally, enriched motifs were seqoed after each round of selection, allowing
close monitoring of sequence enrichment throughout the SELEX procedure. In parallel,
recombinant GST protein was also analysed for binding, and served as our negative control
and for background correction.

Motif-enrichment analysis was carried out for all possibimers, 5mers and émers by z

score calculation and was corrected at each round with the corresponding GST SELEX round
(top-10 enriched 4mer motifs inFigure 3.2Atop-20 enriched 4mer, 5mer and 6mer motifs

are enlisted for hnRNP L_FIFigure 3.2B. For fullength hnRNP L protein, this SELEX analysis
revealed an expected population of enriched-@k motifs. The individual RRM deletions
(RRM1 & RRM2) as well as thaldmains (RRM2 & RRM#) dd not greatly differ in their
preference for binding motifs and showed a general affinity towardsgi€Aand CAepeat

motifs. This observation is consistent with previous reports (Rossttaah 2014), including

a previous SELEX with only hnRNP Lné&laahort degenerate RN#ool carried out in our

lab (Huiet al, 2015). A comparison of motif enrichment for fidhgth hnRNP L and the
truncations indicates a high correlation between elements bound bydatith hnRNP L and

RRM deletions. The mostvaured tetramer for both hnRNP L_FL and subdomains was
ACACI/T. Although poly(A) sequence seems to have been recognised, these sequences were
mostly accompanied by a terminal C, especially for hnRNP L-nkér, &d 6mers Figure

3.2B). In comparison to thdi-domains, the single domains (especially RRM1) seemed to show
an overall weak recognition and binding, which is reflected in the lsaore values for the
selected motifs. This could partly be due to the very stringent washing conditions employed

in higher SELEX rounds, which could inactivate the domains and hinder recognition or binding
to the motifs.

Interestingly, we observed that the RRM3andem domaingwhich occur together as one
folding unit)showed very high affinity for a @atramer with aterminal T (or U in the RNA).
Binding to ACAT outcompetes the typical-t€peat for the tandem domain RRMB This
observation is also true for the fdkngth hnRNP L, which prefers an ACAT tetramer sequence
over ACAC. This crucial observation distingssiiis SELEX experiment from the previous
one, and was taken into consideration, while designingtimal circRNA sponge.
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A. FL RRM1 RRM2 RRM1-2 RRM3-4
R4 R4 R4 R4 R2
1| ACAT 1| aaac 1| AAAC 1| acac 1| Acar high
2| ACAC 2| GARAA 2| CRAA 2| CACA 2| AACA
o 3| TACA 3| CAAA 3| AACA 3| ACGA 3| AAAC
= 4| CACA 4| AACC 4| GAAA 4| CACG 4| ACAC ~N
E‘ 5| AACA 5| AACA 5| AcrA 5| ACCG 5| TACA I§
6| CATA | 3.7 6|ACAA| 10 | 6|AAAA| 10| 6| CGAA 6| CACA ®
7| ATAC | 29 7|AAAG | 1.7 | 7| ACAC | 24| 7|ACAA|235| 7|AAAA 228
8[| ACAA | 238 8| AAAA | 21 | 8| AAAT| 07 | 8| AACG |245| 8| CAAA |242
9| CATT | 22 9|AAGA | 12| 9fcAcA| 23| 9|cGea|281| 9|ACAA|290
low
5 10| ATAA | 20 | 10| CCAA| 05 | 10| AAAG | 25 | 10| CACC | 214 | 10| CATA | 3.39
hnRNP L_FL (R4)
4-mer 5 —m-er 6-mer
1 ACACA CATACA
2 ACATA M ACACAT
3 ATACA TACACA c.
4 TACAC AACACA GST-hnRNP L
5 TACAT CACACA variant
6 AACAC ATACAC high GST pulldown
7| ATAC | 29 | ACATT ACATAA - RNA pool \ Enriched
s| Acaa | 28 | cacaT [ 67 | AcAcAcC RNA pool
9| CATT | 22 | AacaT | 66 | ACATAC ~ SELEX RT-PCR
10| ATAA | 20 | TTACA | 52 | ATACAT 8 T7 transcription 4x
11| aaac | 19 | cacac | 52 | aAcacaa s
12| arra | 15 | Anaca | 54 | TacaTA Sequencing
13| TTAC | 15 | cacaA | a5 | cacaTA L(D‘C)_
14 CAARA 1.5 CATAC 44 | AARCATA | 8.6 low
151 cact | 1.4 | caTaA | 441 | ACATTA | 8.4
16| aaTa | 1.4 | Taaca | 41 |ATTACA | 7.9
17| TAaac | 1.3 | AcacT | 40 | AATACA | 7.7
15| Tcac | 1.2 | acaaa | 35 | AAACAC | 74
19| TaaA | 1.2 | caaca | 35 | AcAaAca | 7.4
20 AAAT 1.1 CATTA 3.2 | TTACAC | 7.1
CAIOD Oﬂl‘ﬁ‘i{ {I'S’ﬂ'@ééAéTﬁ%YﬁKV\EbNE[ﬁ?\Wﬁm

(A) Top-10 enriched 4mer motifs for fulllength (FL) hnRNP L andvafiants(RRM1, RRM2, RRM:
2 and RRM3) measured by &core after the fourth round of selection (R4), except RRIM&ere
the second round (R2) is depicted.
(B) Top20 table of SELES€q enriched 4ner, 5mer and 6mer motifs with corresponding-gcores
for full-length hnRNP L (FL) and the truncated protein variants (RRM1, RRM22RRMRRM3).
CArich motifs are highligted in green, elements with a common ACAT consensus in green
terminal T in red. GRepeat sequences are highlighted in red with background in gold.

(C) Schematic representation of the SEtde¥ procedue. From a degenerate NRNA pool,

sequences bound by G&Igged hnRNP L_FL and truncated variants respectively, were enriche
analysed by sequencing through the four SELEX rounds. From Scleteild€t018), modified.
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However, binding specificity by the tandem domains RRIM&s lost after the second SELEX
round due to stringency in washingherefore, only the first two SELEX rounds were analysed
for RRM34. Furthermore, by comparing all SELEX rounds between the complete set of
protein variants, we observe, as expected, a high overlap between ttlerdains, but a low
overlap between the indidual domains in the motifs that were recognised. The tandem
domain RRM3l showed the highest overlap with the fl#ingth protein and the single RRM1
domain showed the least overlap in motif recognitiéigure 3.2Aand Supplementary Figure

S3. SELEXtrategy used for identifying bindiagpotifs is schematically represented kgure

3.2C

Taken together, our findings strongly argue for a coordinated combinat@talgnition of a
specific array of GAch motifs by hnRNP L and subdomains. Our resulteduicorroborate

that the tandem domains RRM& fold together as one unit because of their specific
recognition pattern and binding to ACAT which, we presume, would be abolished if the
domains were splitTo identify how the four RRM domains of hnRNP bgeise consecutive
elements on a single RNA, we analysed spacing between enriched minmmed dotif
combinations within a window of-@5nts, using our SELIS&q data. Enriched combinations

of two predominant types of motifs (ACAC and ACAT) and theimgpaere measured by z
score analysis (sdagure 3.3A

Spacing analysis revealed that the most enriched motif foddaljth hnRNP L was either the
ACAC motif with another ACAC (A@es-ACAC) or an ACAC in combination with ACAT
(ACAMNo25-ACAC). HRNP L_FL showed such high specificity taiécDAsequences that it
bound to these sequences regardless of spacing. Interestingly, the orientation of the motif
ACAT also played a role in recognition by hnRNP L. Spacing preference for the reverse
orientation (TACAACAC) is different (TA@A4-ACAC) compared to AGATAC. Also, slight
differences can be observed in the ACAC or CACA orientations respectively. But, given the
general preference by hnRNP L for-@h and CAepeat sequences, as reported by a
previous SELEX experiment (Hial., 2015), we believe that these differences do not
significantlycontribute to RNA recognition by hnRNP L.

In contrast, analysis for the truncated versions (onkgdalinains) revealed that, surprisingly,
RRM12 seems to shw no spacing preference at all, although it is involved in recognition and
binding to RNA (sekigure 3.3Amiddle panel). A maximum spacing afd\Wvas observed for

the motif ACAC, which seems to tolerate other motifs containing at least one AC (ACGA, AACG
and CACG). However, since these motif combinations were not enriched in tHtengih
analysis, we conclude that spacing may not be as crucial for RRAM1long as the other
domains are properly spaced.

Finally, for RRM3& we detected enrichment forhe motif containing a terminal uracil in the
RNA (i.e., ACAT). Nine out of ten motif combinations showed the enrichment of ACAT with an
overall short to medium spacing {i) within the 25nts window. The most enriched
combinatiors for RRM34 were two ACA&lements with short spacing [ACAN1.o-ACAT (see
Figure 3.3Abottom panel)]. In both cases (RRMland RRM3), it seems that long spacing
between the individual domains is undesirable.
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I d hnRNP L _ FL

0123 456 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 nt
ACAC - ACAC
ACAT - ACAC
CACA - ACAC
ACAC - CACA
ACAT - CACA
caca - cacA
AACA - ACAC
ACAC - ACAT
TACA - ACAC
ACAT - ACAT

27

9100s-Z

1.8

hnRNP L _ RRM1-2
0 1 2 3 4 5 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 nt

9100s-Z

hnRNP L _ RRM3-4
0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 nt

ACAT - ACAT
ACAT - ACAC 27
ACAT - TACA

ACAT - AACA PN
ACAT - CACA 8
ACAC - ACAT o
AACA - ACAT

CACA - ACAT 18
ACAC - ACAC

ACAC - TACA

CAIWY ofdld OAYy 3 Fylféaia NBI®RAYRAYAY 4% G4l

Enrichment of motif combinations with spacing betweet2dnts for full-length hnRNP L (top)

truncated RRM22 (middle) and RRM& (bottom) didomain variants, measured byszore shown

as heatmap. Spacing between combinations of-@& motifs and CAepeat elements are showr

on the left for fulllength hnRNP L as well as RRMAnd RRM3. Individuak-score scales are give

on the right.
The frequency with which ACAT is enriched for RRN¥&dng indicates that this motif is
strongly recognised by the tandem domain, and this is consistent with the binding property
of the fultlength hnRNP L. Therefore, we deduce that probably RRIit3t determines the
binding by recognising ACAT within an grod AGrich sequences in an RNA, and the other
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domains subsequently bind in a combinatorial manner. Based on these datasetderditi

hnRNP L and its subdomains, we assembled a model of RNA recognition by hnRNP L
(summarised irFigure 3.3B. It shoutl be noted however, that this model would partially
support both polarities of hLnRNP L binding to its target RNA, at least for the first two domains
owing to the symmetry of the sequence elements.

RRM1 RRM2 RRM3-4
Nh
5'-
C
7 -3’
A .
7 /&
C
o i Sil
5. — I N - -3
9-12nt 10-15nt 9-12nt

CAdd odo. Y INBOZRFAGER2NIABER Ry [[OFF D& a
Schematic representation of RNA recognition model for multidomain hnRNP L

In addition to spacing analysis based on our Sk Xata, we also examined the binding
behaviour of each of the RRMs of hnRNP L based on available crystal structureseBédtter
2015). Using the predicted molecular structures of each RRM in hnRNP L, we calculated the
size between individual domaird between the ddomains(Figure 3.4)In this prediction

the authors used a long stretch of @&peat RNA to show interaction of the RRMs with the
CAdinucleotide in the RNA. The molecular structure of the proRMA interactions were
depictedas3Bi6o 62y RALF AN Ya O6wAOKIFNRa2yQa RAFIANI Yao
distances between the protein and the interacting RNA. Using PyMOL-sopgoe software
(https://pymol.org/2/), distances between the individual domains (RRM1 vs. RRM2 and RRM3
vs. RRM4) were calculated at nucleotide resolution. The program predicted the distance
between the individual domains to be about ~11nt or 3.8nm and between tu®ahains to

be about ~13nt or 4.5nm and these predictions are in agreement with the spacingvéata
obtained from SELES€q analysis for hLnRNP L and its subdomains.

Finally, based on these critical observations we were able to design short RNAs for the
development of an optimal protein sponge for hLnRNP L. Our design incorporated important
information from motif enrichment data, which identified tetramer sequences bound by each
of the four RRMs. These enriched motifs were arranged such that they were appropriately
spaced, taking into consideration the differential spacing preference of the individual
domains and the dilomains. We designed four RNAs containing a uniform sequence but only
varying in spacing of the motifs (s€epplementaryFigure4 and Methodssection 2.2.7.
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A. RRM1-2

@ 3.8 nm, ~11 nts (RRM1-2) ® 4.5 nm, ~13 nts (RRM3-4)

C. RRM1-2 and RRM3-4

® 3.8 nm, ~11 nts (RRM1-2)
@ 4.5 nm. ~13 nts {(RRM3-4)

CAI® odnY APDIWROYYT TNREBR I g AflofS ONEa
O2NNRO2NIGSa aLIOAYy3 FylhBRMda 2F Kywbt
Based on crystal structures for each RRM domain (Bletttr, 2015), spacing between each dome
(A & B)and the didomains(C)was calculated. Secondary structures of each domain is represe
as ribbonstructures and thenteracting RNA (CAch sequence) as lirgtructure in grey. The
distance between the respective domaifrepresented by red dotted lingds measured in nm
(nanometer). Colour code: turquoise = RRM1, purple = RRM2, green =RRM3

In summary, using SEL-8&¢ and molecular structure prediction tisp we demonstrate our

ability to decipher the complex process of RNA recognition by RBPs such as hnRNP L, which
usually occurs in a concerted manner, involving all four RRMs. We also provide insights into
the design of RNA that can bind these RBPs wiggifipity and high affinity.
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3.1.2 Analysis of hnRNP L binding by band shift assays

SELEXeq data and spacing analysis for hnRNP L binding allowed us to predict a model which
describes binding specificity of hnRNFFIgre 3.3B To validate this modewe designed
synthetic RNA sequences containing dorrspecific minimal 4ner sequence elements,
appropriately spaced by unrelated sequences and extending to a maximum total length of
~70nts (L_12/15,Supplementary Figure 4. ACANg1-ACA@N1015-ACAT No.1-ACAT.
Electromobility shift assays (EMSAs) with eiachitro transcribed*?P-labelled RNA revealed

that hnRNP L recognises each RNA with different affinities Kgpee 3.5. The strongest
binding affinity was observed for L_12/10 RNA& ¢60nM) while L_9/10 and L_9/15 seems

to be bound with relatively low affinity &160nM). This was the first indication that the
protein in general preferred medium spacingi§Nover small spacing {Nbetween the
individual domains. On the contrary, a slighteference toward small spacing igN over
medium spacing (I¥) was seen for the elomainsi.e., L_120versus L_12/5(here, spacing
between didomains highlighted, sed-igure 3.5B These effects were much more
pronounced when these RNAs were usedtsldown endogenousinRNAL from HeLa cell
lysate (sedResultsection 3.5.

Next, to test for motif contribution of each RNA, we substituted themid@lifs by mutating

AC to UG and tested binding to hnRNP L. As a result, we were able to almost completely
abolish binding of hnRNP L to the mutant RNA. Regardless of spacing variations, no binding
was observed with increasing concentrations of hnRNP L. This observation indicated, firstly,
that the binding motifs are necessary for higfiinity RNA recognitiorand secondly, that
sequences surrounding the binding motifs show little to no contribution in recognition and
binding.

We consistently observed that the proteRNA complex formed in these EMSAs seemed to
be very large and fail to be resolved on the ¢gi&d. a result, large proteiRNA complexes
accumulated at the wells of the gdtigure 35). Ideally, a ondo-one interaction is assumed

for proteinrRNA complexes; however we observe large complexes, suggesting that the
protein forms oligomers with the RNAligomer formation of hnRNP L with RNA was also
observed previously in our lab (data not shown).

Furthermore, we argued that hLnRNHRINA interaction is specific and independent of the-GST
tag. To demonstrate this, we used recombinant &Rjjed hnRNPdnd cleaved off the GST
tag by protease cleavage and observed binding behaviour withd8ARNAs by EMSA. We
used shorter RNAs (CA)o and CA#51 (20nts each), both of which have been shown to be
bound by hnRNP (Huiet al., 2005) (CA) is a short RNAvith 10 CArepeats and CA#51 is a
SELEXerived short RNA, a high affinity target of hnRNRoL7(2nM, Huiet al., 2005). As
predicted, no difference was seen in binding property of hnRNP L to the RNA even when the
GST tag was removeligure 3.9. Interestingly, RNAorotein complexes formed in this EMSA
were smaller and well resolved, both in the presence or absence otdgSWwhich further
rules out binding mediated neapecifically by GS&dimerization. GSiemoval by protease
cleavage was tested anehonstrated by SDBAGE analysiS@pplementary Figuréb).
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qd 2 ¢ Y dzii

RNA L _9/10 L_9/15 L 12/10 L_9/10 L_9/15 L_12/10
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L_12/15 ACAC ACAC ACAU ACAU ==(70nt}
+ 12nt + 15nt * 12nt +
L 12/15 UGUG UGUG UGuUU UGUU =({70nt)

CAId odpY +IRINNGIRYI NI § OfDEKYadt [ 0

Equimolar amounts of ‘Plabeled SELEderived RNAs (50nMjA) Wild type (WT)- L_9/10
(l%>160nM), L_9/15 @5%160nM), L 12/10 g{~60nM) and respective mutants (mut) were incubat
with increasing concentration of recombinant hnRINFComplex formation (indicated by arrow) w.
analysed by a 5% nathRAGE and visualised by autoradiography. Free RNA is indicated by an a
Estimated Kvalues for WT RNAs are shown.

(B) Autoradiogram of hnRNP L barghift assay with L_12/15 WT (lane8lLand mut (lanes-12)
under similar conditions. The binding motifs, length and appropriate spacing between the mot
the RNA is represented schematically under each adliogram. Bound RNprotein complexes are
shown with arrows and the unbound fr&eNA fraction is indicated with an arrow heauM,

nanoMolar
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Additionally, binding of hnRNP L to classical targetsépéats) was also tested as described
in Huiet al. (2003b) for (CA) (CA, (CAJs, (CA) and (CAg. In each caseyith EMSAS we
showed proteinRNA complex formation depending on the RNA size. In general, longer RNAs

like (CA (64nt in length) formed complexes more efficiently with recombinant hnRNP L
(data not showi.

RNA (50nM) (CA)y0 CA#51
<L << < <
protease = = = = i g +
o o +
g 3 3 S
hRNPL(NM) £ o 320 640 £ 0 320 600 £ 0 320 640 &£ 0 320 640
complex-»

freeRNA > S i W '...u o 'm

CAIdd odcyY mbHE2RRS A2 YRU{yIRXFTIOIwhwh § ide 2 -
Equimolar amounts of Plabeled short RNAs (20nt) were incubated with &&jed hnRNP L i
the presence (+) ofsence {) of TEprotease. Lanes-&: hnRNP L binding to (GAXNAcontaining
10 CArepeats Lanes 916: hnRNP L binding to CA#5h previously reported highffinity SELEX
sequence (Huét al., 2005). Unbound RNA transcript was loaded in each casereference for

linear RNA mobility, complexes and unbound fRMA are indicated with an arrow. Increasi
concentration of hnRNP L was titrated with a constant amount of RNA (50nM).

While screening for protesRNA interactions, we enantered an unexpected problem with
hnRNP L stability. Recombinant, purified hnRNP L was unstable after dialysis atohgeon
storage. We observed degradation and precipitation of protein, whioderedEMSA assays.
Therefore, we sought to express thgrotein by alternative expression systems and
downstream purification. High concentrations of stable hnRNP L were obtained by
purification steps involving sizexclusion chromatographyPurified proteinwas provided to

dza o0& 5 NI ! y RN Vedsity pf Gridrikidey Howeer, the pratein obtajhkd was
very sensitive to salt concentration and seemed to precipitate, when salt concentrations were
lower than 1M. Since hnRNP L is a multidomain protein, the RRMs appear to be unstable in
solution and arelegraded. We speculate that higdalt concentration provides the right ionic
condition to allow proper folding of the protein, so that weak areas that could be targeted by
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proteases are not exposed. Therefore the protein was subsequently stored in a buffer
containing 1M NaCl a80°C.

Since all EMSAs until now were conducted at low salt concentrations (comparable to
physiological levels), we questioned whether the influence of salt may affect binding ability
of hnRNP L. Therefore, we tested hnRNP L bingsimgg our RNA sequenwich previously
showed the highest binding affinity to hnRNFLL 12/10) under lowsalt (150mM) and high

salt (1M) conditions (seEigure 3.7.

A.

RNA (50nM) L 12/10 - 1M Nacl

hnRNP L (nM) 0 2.5 5 10 20 40 80 160 320 640 1280

complex » - it s **“

free RNA » ”& .
1 2

RNA (50nM) L 12/10 — 150mM NaCl

hnRNPL(nM) O 25 5 10 20 40 80 160 320 640 1280

free RNA »

12nt
L_12/10 ACAC b ACAC ACAU ACAU== (65nt)

CAIP oibrfYld | QBERR NV RANI2 VEA:A YA TAO y it £9 180 INGR

wb !

0]

Equimolar amounts ofP-labeled L_12/10 WT RNA was incubated with recombinant hnRNP L <
in buffer containing 1M NaCl. HnRNP L binding ugdetM NaCl concentration (lanesill, k:
~80nM) andB)normal salt concentration (150mM, lanes-22, K: ~60nM), was tested. Complexe
and unbound free RNA are indicated with an arrow. Increasing concentration of HnRISPR
titrated with a constant amount of RNA (50nM).
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EMSA assays under different salt conditions revealed that hnRNP L spetifiS@ELEX
derived RNA is not affected by highlt concentration used for storage of hnRNP L. This
further emphasses specific recognition and binding affinity of hnRNP L to designed RNA
sequences.

In sum, by quantitative EMSAs we validated the interagibetween hnRNP L and SELEX
based designer RNAs. Our results argue for a combinatorial recognition of RNA by the
multidomain hnRNP L and provide insight into the specificity and affinity ofgRdt@in
interaction, both at physiological conditions as wadlunder higksalt concentration.
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3.2 SELEDased analysis of RMding for RBM24

To determine theRNAbinding specificity of the musclkgecific alternative splicing regulator
RBM24, we performed an vitro SELEKased selection of RNA elementstiband to RBM24.
RBM24 binds to its cognhate RNA sequence via a singgeniihal RRM domain. SELEX
selection was carried out in a manner similar to hnRNP L described above. Recombinant
RBM24 was purified by bacterial overexpressiorkincoli(BL21 strainpnd GSJpulldown

using glutathione Sepharose beads. Recombinantt&®jed RBM24 protein has a molecular
weight of about ~51 kDa (24 kDa RBM24 +27 kDa GST), when analysedRACGEDSith a

10% polyacrylamide gel (s&ipplementary Figur&?).

Consistentvith previous reports (Ragt al., 2009; Yangt al., 2014), our RNAeq data, after

three rounds of SELES¢lection, confirmed preferential binding of RBM24 to-i&h
sequences (GU in the RNA). Furthermore, sequencing data normalised to GST revealed tha
the most favourable tetramer (er) sequence for RBM24 binding is GUGYQufe 3.80).

Motif enrichment analysis for tetramers byseore calculation showed the tendency of
RBM24 to be generally associated with uridine stretches. However, enriched pen{&m

mer) and hexamer (ner) motifs consisted of Glich sequencesHigure 3.8B and poly(U)
sequenceswere associated with at least one guanosine. Considering the relatively low
enrichment of poly(U) sequences interspersed with adenosines, it is ynlkat RBM24
shows high specificity for-dhers, 5mers and @mers containing uridine alone or UA
sequences without an accompanying guanosine. The observesp€&tificity was lost with
highly stringent washing conditions in the fourth round of SESétecton for RBM24. This
indicates less robust RNA interactions of the RRM. Since the single RRM with highly conserved
RNP1/2 motifs in RBM24 is involved in RNA recognitiigufe 1.12, increasing salt
concentrations for washing presumably weakened this inteom. Linear correlation

0t SI NA 2 ynedmotNBnricArifentfor each SELEX round is showrSirpplementary
FigureS3

In addition, spacing analysis between enriched minimaiet motif combinations showed
minimal to no preference in spacing for bindiof RBM24. The most enrichednr motif
consisted of GUGU withoN spacing Figure 3.8¢ which may indicate that each RBM24
protein occupies a Gdch motif independent of another RBM24, within a window @f2
nucleotides. Unlike hnRNPvhere fourdomains are involved in recognition and binding in a
combinatorial manner, RBM24 relies on its single RRRMitsbinding occurs independently.
To our knowledge, these results demonstrate the first SHasS¥d analysis for RBM24, a
singleRRMdomain RBP ith crucial functions in sarcomerogenesis and musgecific
splicing.
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A. 4-mer R1 R2 R3 R4 B.
TTTT RBM24 (R3)
TTTG 4-mer 5-mer 6-mer
GTTT 1|TTTC TGTTT TGTGTG
TGTG 2| TreTc Xl GTGTG TGTTTT
GTGT 3| rTTT XN TGTGT TTTTTG
TGTT 4| GTGT |EX:M TTTGT TTTTGT
TTGT 5|cTTT RGN TTTTG GTGTGA
ATTT 6| TeTT TTTTT TTGTTT
TTTA 7| TTGT GTTTT 7 TTGTGT high
g|larrT |28 | TTGTG |59 GTGTGT
TTGA 9|TTGa| 26 | TGTGA |§8] TTTTTT ;
TGAT 10|cTGA | 26 | GTGTT | 57| TGTGTT =]
(1]
GTGA 11| TTTA| 22 | GTTTG |52 | GTTTTT [10:8
TATT 13 12| TeaT| 21 | TTTGA | 52| TTTGTG [107] 10w
TTAT 14 13|AGTG| 20 | TTGTT | 54 | TTTGTT
GATT 15 14|TGAA | 17 |ATTTT | 45 | TGTTTG | 100
17 44
AGTG 16 15| GATT TTTTA GTGTTT
ATTG| 1.3 | AGTGT | 40 | AGTGTG
CTTT 17 16
17|ATGT | 1.3 | TGATT | 3.7 | ATTTTT | 7.2
TTTC 18 18lcacT| 12 | GAaTTT | 34 | TGATTT | 7.0
GTTG 19 19|Teac| 11 | TreaT | 29 | crTTGT | 69
TGGT 20 20|TaTT| 1.1 |GacTc | 28 | TeTGaT | 65
C. RBM24
0123 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 nt
TTTT - GTGT
TTTT - TGTG
GTGT - TGTG ‘ 2
GTGT - GTGT "
TGTG - TGTG ] g
TGTG - GTGT n
GTGT - TTTT
TGTG - TTTT [ 56
GTTT - TGTG [ | =
GTTT - GTGT =] .

CAIdd odyY w.aHn OAYRAWS YRYIR T4 RSOAWYS R
Owo. amLISOATAO Y20 AT SSNR O KOSSyAGR NVRONER YS y{ NY
F2dz2NJ { 9] 9 - MR, dayHRaw Ml Kt D@z8 G NF 6 SR ¢ 2 LJ
Fa O®eRBARI KSI G WMOINBERK RFA VXSl By OA Sa 1
FNBE 2NRSNBR | OO2NRAYANB @ GKSANI Odzydz I i
(B) Top-20 table of SELES€q enriched 4ner, 5mer and 6mer motifs with correspondingscores
for RBM24. GUich motifs are highlighted in red, pely regions in green and @Gdpeat consensus
sequences in red with background in gold.

(C)Enrichment of motif combinations with spacing betwee%hts for RBM24The combinations
of poly-U and GUrich elements are shown on the left. Individuadcore scales are given on tr
right.
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3.3 Comparinginding of hnRNP L to linear and circular RNA

Due to its circular nature, circRNAs possess different properties compared to their linear
counterparts. Wespeculated if the circular structure adds any advantage in binding to hnRNP
L, compared to the linear RNA. We therefore intended to compare direnRNPFL binding

in vitroto linear versus circular RNA, using EMSA asBays¢ 3.9.

While both linearand circRNAind to hnRNP L with similar affinities, circular configuration
seems to bind hnRNP L with a slightly higher affinity {60nM) than the linear RNAK
~320nM). Noticeably, the complexes formed by the different forms of the RNA (linear vs.
circular) with hnRNP L are seemingly different. HNnRNP L forms two different comglexes
larger complex which runs higher on the gel corresponding to linear RNA indicated with a
straight line and a smaller complex which runs just below the linear-fiRb&in complex
corresponding to circular RN#otein complex (indicated with a circle) (sEgure 3.9.

RNA (50nM) (CA)y _lin (CA)4p _circ

QA
hnRNP L (nM) <&

complex

free RNA

CAIPodPPY | ywhbt [ 0AYRa G2 fAYSIENIIYR C
Equimolar amounts of Plabeled short(CA), linear (lin) and circular (circ) RNA were incubat
with recombinant hnRNP L. HnRNP L binding with li(€&), RNA (lanes B) andIn vitro
circularised(CA), RNA (lanes-26). RNAprotein complexes formed with linear and circRNA ¢

indicated with a grey line and circle, respectivdiycreasingoncentration of hnRNP L was titrate
with a constant amount of RN&OnM)Unbound, free RNA corresponding to the respective lin
and circRNA configurations are also indicated.
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However, from this assay, it is difficult to estimate binding efficiencies based on different
configurations of RNA, due to the overall poor sigfram the autoradiogram. To show
competitive binding of hnRNP L to either linear or circRNA, hnRNP L was incubated with
equimolar concentrations of a mixture of linear and circRNA. After binding, we performed a
GSTpulldown assay and looked for which Répcies was bound more efficiently, by hnRNP

L. Unfortunately, we observed no clear preference in hnRNP L binding to circRNA over linear
RNA data not showr). This may be due to insufficient radioactive signal after circularisation
and relinearisation of 32P-labelledcircRNA during G$ulldown assay. Nevertheless, we are
confident that, by varying binding conditions and more efficient circularisation of labelled
RNA, it should be possible to show circRNA binding preference over linear RNA.
Collectivelypur results indicate that hnRNP L bindidgpends not only on sequence

specificity, but also, although to a small extent only, on RNA configuration.
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3.4 Baculoviral expression and pigation of recombinant hnRNP L
Prokaryotic expression systems likecteial overexpression of proteins, though robust and
easyto-handle, have certain deficiencies, such as the lack of eukaryotic posttranslational
modifications in expressed proteins. Multidomain RbBIAding proteins such as hnRNP L rely
on posttranslationh modifications for optimal stability and solubility. We encountered a
similar problem with hnRNP L, which, when coaqguimised and bacterially overexpressed,
was mostly insoluble upon storage and sensitive to degradation Reselltssection 3.1.2.
Therefore we decided to use a eukaryotic expression system that relies on baculovirus
infection in Sf21 insect cells. Proteins expressed that way should contain proper
posttranslational modifications and should be correctly folded, necessary for integritytnd
activity of the protein. In contrast to bacterial overexpression, baculo expression results in
lower yields, which is an additional advantage because slower expression ensures more time
for correct folding.

The baculovirus expression system used h@fkeermo Fischer Scientific), relies on site

specific transposition of an expression cassette into a baculovirus shuttle vector (bacmid)
propagated inE. coli(Luckowet al., 1993). HhNRNP L with a 6xHis tag was cloned into the

LICF ad. | Ou R 2 yriemte adiexpré@sgidnRonstract, ®ith expression controlled by

a baculovirusspecific strong polyhedron promoter. This plasmid was transformegl icoli

K2aid adN}XAyXZ 51 wmn. FOuz GKIFG O2yidlAya | ot Od
plasmid, and &ws generation of a recombinant bacmid following transposition of the
LICFad. FOx Kywbt [ O2yaidNdzOide wSO2YoAylyld ol
infect Sf21 cells. Infected Sf21 cells producedt&iged hnRNP L. Different vitates were

usedto infect cells, with the aim tonaximse protein yield

After hnRNP L was produced by the insect celsdays), cells were harvested and lysed. We
performed a 6xHipulldown from cell lysate and purified the overexpressed hnRNP L by
binding to NiNTAbeads. Purified protein was washed, eluted and analysed byPAGE and
Western blotting (seéMethodssection 2.2.4.2. Purified hnRNP L was detected by Western
blotting using anthnRNP L antibody. When eluate and bdgattion, after Hispulldown

were aralysed, we observed a high levels of-tdigged hnRNP L in both fractions ($égure
3.10). As negative control, we infected insect cells with an empty bacmid (vector without any
insert), where no hnRNP L was pulled down. Additionally, we tested ursafestlls for
expression of hnRNP L, again resulting in no signal for hnRNP L. We also loatleRIHFST
(93kDa) on the gel to serve as a marker and control for recombinant hnRNP L versus
overexpressed hnRNP L (64kDa).

In sum, we have demonstrated overegpsion of hnRNP L, based on a baculosésysession
system.
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§\ RS eluate Ni-NTA beads
%"’o O N QN’ Qsl &N s QN’ §
kpa] ¢ & & o o & o o o
100 GST-hnRNP L
70 (anti-GST)
55
100
70 GST-hnRNP L
55 hnRNP L

(anti-hnRNP L)

CA I | agiddafnfYR2 6y 2F Kywbt [ ®REEBRaBMISNG:
Ky whbt [

Histagged hnRNP L was cloned into a baculovirus expression systeprotein was overexpresse
by viral infection for 72hrs, following which cells were harvested and lysed in RIPA buffer coni
protease inhibitors followed by Hiag pulldown of hnRNP L usingMWITA beads. For viral tite
estimation, 3fold serialy diluted baculovirus (0.1, 0.01 and 0.001) was used for infections. Pri
expression was assayed by Western blot detection of hnRNP L. 25ng-tfg@&3 hnRNP L wa
used as a positive control for Western blot and as a marker. Uninfected Sf21 inteeterel used
as control Cells only for protein expression. Additionally, empty virus was infected to serve
negative contro[(Neg. ctrl). AntiGST antibody was used to detect @&RNP L (93kDa, top pane
and antthnRNP L monoclonal antibody (4D11gswused to detect overexpressed hnRN&dne

(64kDa) as well as GBMRNP L (bottom panel).
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3.51n viro pulldown assays for hnRNP L with SkEeE¥ed RNAs

RNAbinding specificity of RNBinding proteins such as hnRNP L is highly dependent on the
sequence context and #hsize of the RNA (sdeesultssection 3.1.2. Based on our SELEX
characterisation and spacing analysis, we identified four RNAs that showed binding specificity
to hnRNP L, each with different affinity. After showing Ri¥#&tein interactions by EMSAs,

we dtempted to replicate these observations using endogenous hnRNP L instead of
NBEO2YOoAY Il Yyl Kywbt [& !'ff F2dz2NJ wb! &> +fz2y3 4.
endlabelled with biotin and used to capture endogenous hnRNP L from Hela cell lysate.
Puldown of hnRNP L from cell lysate was analysed by Western blotting witiraRNP L
(4D11). Although we expected similar binding affinities for each of the four RNAs comparable
to the EMSASs, strikingly, we observed that not all RNAs could capture endegenBINP L.
While it was clear that the RNAs with mutated binding motifs for hnRNP L did not interact
with endogenous hnRNP L, the two shorter RNAs, L_9/10 & L_9/15, showed almost no
interaction with hnRNP L. Compared to the input, pulldown efficiency &Nt L was
maximal for L_12/10 and L_12/15 (degure 3.11A This led us to conclude that the spacing
between the bindingmotifs likely plays an important role in determining recognition and
binding efficiency.

To further test this assumption, we perform@ulldown of hLnRNP L from HeLa nuclear extract
(Figure 3.11R Since hnRNP L is predominantly nuclear and shuttitgeen the nucleus

and the cytoplasmthere may be higher chances of successful hnRNP L pulldown from the
nuclear fraction than from theatal cellular extract. As expected, pulldown efficiency was
much higher from HelLa nuclear extracts and we observed similar hnRNP L pulldown pattern
for the four RNAs, comparable to HeLa cell lysate. In addition, and as a specificity control,
hnRNP Al proia, a member of the hnRNP family, was also tested for binding to the RNAs.
We observed no pulldown of hnRNP Al with any RNA, further validating the specificity of
these RNAs for hnRNP L. Although one may predict such differences in binding relying on
spacng differences in motifs, to our knowledge, this is the first experimental evidence for
differential recognition of RNA by hnRNP L, where RNAs harbouring binding motifs differ only
in their spacing.

In sum, the consistent results from both biochemical aywhes, quantitative EMSASs (see
Resultssection 3.1.2 and semquantitative pulldown, strongly support our binding model
presented inFigure 3.3BIt appears that, since all four domains are involved in binding to
RNA, each domain orients itself on the/RWNith respect to the other domains. Furthermore,
from our pulldown assays it is evident that binding specificity of hnRNP L not only depends on
the sequence context and size of the RNA, but also on the spacing between the individual
motifs within the RNA.
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Fig. 3.11: HhRNP L bind-preferencedepends on spacing between individual motifs.

SELEXerived RNAs that differ in motif spacing were synthesiseditro by T7 transcription and
ddzoaSljdsSyidte oA2GAyeflGdSR d GKS 0Q SyRo®

(A) After incubationwith HeLa cell lysate, binding of endogenous hnRNP L was assayed by pulldown
with streptavidin beads, followed by Western blot analysis, comparing in each case wild type (WT) and
mutant (mut) RNAs. Pulldown efficiency for each variant was compared tofrigution (2.5%).

(B) Pulldown of hnRNP L from HeLa nuclear extract with biotinylated RNAs. Pulldown efficiency for
each variant was compared to input fraction (2.5%). hnRNP A1l served as an additional negative control
for pulldown from nuclear extract.
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3.6 Overexpression of endogenous circRNAs using tornado system

The major challenge in expressing RNA aptamers in mammalian cells is their low expression
and quick degradation. Therefore, although several expression systems have been developed
to overexpress circRNAs in particular, based on minigene transfections and plasmid
constructs with inverted repeats, none of them appears to sufficiently overexpress circRNAs.
Wesselhoefeet al. (2018), developed aim vitro circRNA production strategy based on type |
selfsplicing introns. However, this system is also limited due to formation of several linear
by-products and contaminating concatemers. To overcome these limitations, we applied
another vectorbased circRNA expression system developed by Litke andyJéft19). This
system is based on the s@alled Tornado expression cassette and relies on ribozyme activity
of the transcript and ligation of tRNA intron by the ubiquitous endogenous RtcB ligase. The
Tornado system has been shown to generate higher lefatgcRNA than any other system
developed so far, with almost no contaminating sgleducts. We therefore applied this
strategy to overexpress our designer sponges in HelLa cells.

As proof of principle, we first attempted to express some endogenousMAsRvith different

sizes using the Tornado system. Tornado constructSSEL219nt), plateletspecificPIt-
circR4(878nt) and the miRNA& spongeCDR1a$1485nt) were generated by cloning the
sequences contained in these circRNAs into one of the arnied¥30, threevay junction in

the Tornado vector. Each Tornado construct contains anaf®0for proper folding of the
Broccoli aptamer, as represented schematicallyigure 3.12 DFHBI is a fluorophore that
becomes fluorescent upon binding to Broccabing this property, direct detection of RNA

was possible by fluorescence imaging. HEK293 cells were transfected with each of the three
Tornado constructs, and total RNA was analysed for circRNA. In addition, SPECC1 circRNA
(1580nt) ¢ with F30 (F30SPE) amdthout F30 sequence (SPE), were also cloned and
expressed. The Tornado construct containing BNEptamer produces a circRNA of about
500nt, which served as a positive control for circularisatiéor Predicted Tornado circRNA
secondary structuresseeSupplementary Figurese S7.

Total RNA obtained from HEK293 cells after Tornado transfectiogsawalysed by gel
electrophoresis, using staining with DFHBI fluorophore, followed by SYBR Gold detection
(Figure 3.13. While SYBR Gold staining detected abundant endogenous RNAs such as tRNAsS,
rRNAs, 5S and 5.8S RNA, DFHBI staining detected only iseculRNA. Tornaddriven
circularisation ensures proper folding of Broccoli aptamer, which is bound by DFHBI and
visualised by fluorescent imaging. Noticeably, apart from the positive cdmtFaptamer,

only GSE1 was directly detectable; suggesting that Tornado system may be optimal for
production of relatively short circRNAs. Medidemgth (PltcircR4) to long circRNAs (SPECC1

& CDR1as) are expressed at lower levels compared to short RhN#tker reason why these

long circRNAs were undetectable may be caused by poly(U) stretcheg f{tHurring in

those genes. RNA polymerase Il recognises oligo(U) regions as strong termination signals, so
that transcription is halted, and only part ofd@lcircRNA may be overexpressed. However,
these long circRNAs were detectable byAOR (described below).
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primers:

lin — P Pol 11l
circ — — termination

— > signal
U6 [+27 U] | 5’ ribozyme ||F30|Broccoli|F30|-|F30| [ 3’ ribozyme || TTTT |

—» circRNA 383nt «—
Plt-circR4
—» circRNA 1042nt<+—]

— circRNA 1649nt<+—

CAI® odMHY C¢2NYyIFR2 O2yaidNuzOta 2F SyR?2
Schematic of GSEL, ®itcR4 and CDRZX&soccoli constructsPol llitranscription is driven by U
promoter with the first 27 nucleotides of U6. The circularizing sequences are flanked by T
NAoz2T evySa o6p YR o NAo2T @YSaod ¢KS ¢2N
termination site (¥stretch). Ealk construct contains the Broccoli aptamer sequence for detect
using DFHBI and three short sequences named F30, which allow proper folding of Broccoli.
used to detect linear and circular RNA are denoted in blue and black respectively, andebtedx
size (nt) of the circRNA is shown under each construct.

SYBR GOLD Staining DFHB | Staining

s 3000

S e 1000

s 500

CAId odmMoY 9YR23ISy2dzi OANDwb! a | N® SFT
HEK293 cells were transiently transfected with Tornado circRNA expression conSIREES30 SP
GSE1, RlitircR4 and CDR1as, each @ming the Broccoli aptamer. Total RNA was extracted
daysposti NI yaFSOGA2yd® bC®. aSNWSR Fa LRAAGAGDS
by 0.8% agarose gel electrophoresis. For diregieindetection of Broccoetagged circRNA, the
agaose gel was stained with DFHBI (right panel), and then with SYBR Gold to stain total R
panel). Bands corresponding to circRNA are marked with a red\yaiarker.
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In

addition to total RNA staining, circRNA expression was also detected-BZRTising

primers that span the cirunction of the aicRNA. HEK293 cells were harvested {post

transfection with Tornadeg5SE1, RitircR4 and CDR1as. Total RNA was extracted and reverse

transcribed into cDNA using random hexamers, followed by PCR withsgeodic and
circRNAspecific primers (seEigure 3.14.

Strikingly, by RPCR we show the overexpression of all three circRNAs and not just GSEL1.

Outfacing (circ) primers were used to detect the circRNA, whifadmg primers (lin) were
used to detect linear RNA (sddgure 3.12. The outfacing primers aver the length of
nucleotides around the backsplice junction, thereby confirming its circular nature.

Plt-circR4 CDR1as GSE1

linear ectoQ endo O linear ecto O endo O linear ectoQ endo O

< < <
o o oc = w0 % %]

B4 .g - .g - .g % . g - g - g -t - 4 - 4 -

c L 8 L 5 5|88 88 8B 6 ® 3 & 8 H
[bp]Mr§Q.§Q.§n.o.EUEUEUMEOEOE@ﬁ[bp]
500 ) i -

o . Q - 500
294 278 100
205 214 463 299 206 215 130 130 169 178 114 114
ACTB
<
oc 7 -
5 & B
T g v oz
T a ©
bpl M = |& & SO & M [bp
500 w— 500
—_— — — a—
100 100

CAId odmMnY 9YyR23ISy2dza OANDwb! Aa& RAA&IDY
Three endogenous circRNASGSE1, PitircR4 and CDR1as were overexpressed in HEK293 ce
Tornadoesystem. Total RNA was harvested two days after transfection and retrarseribed using
mixed primers. RPCR was performed using linear and circRpEcific pimers (indicated with a
line and circle, respectively). Additionally, to distinguish between endogenous and ectof
overexpressed CcircRNA, gespecific and Tornado circRMAecific primers were used
NEALISOGABSt &@d Ly | RR7adihsnyed as2loading ohtrol foRTR3amd
overexpression. In each case, the expected band length is indicated under each laneifoREIt
CDRlas and GSE1l. Since endogenous chgpddiic primers also bind to ectopical
overexpressed circRNA, tMPCR products are expected in this case, which are indicated one |
the other for CDR1as and GSEL. FecirRiR4, which is specific to platelets, no endogenous circl
is detectable in HEK293 cells, therefore RNA extracted from platelets was usedteict
endogenous PitircR4. Ectopically expressed circRNAs distinguished from endogenou:
circRNAswith red ovalsM, Marker
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Tornadoeexpressed circRNAs possess the Broegaimer for ingel detection and additional

few nucleotides from stem region around the circRNAer€fore, ectopically expressed

circRNAs are slightly larger than endogenous circRNAs. Since endogenous circRNAs are
slightly smaller than ectopically overexpressed circRNA, it is possible to distinguish the two
circRNAs by their variable mobility in geéarophoresis. Primers targeting the Tornado
SELINEaaSR OANDwb!a owSOl2 hQ LINAYSNEO NBO23
therefore they are unable to bind to the endogenous circRNA. On the contrary, endogenous
circLINA YSNAR 6 WS y Rejionhsgeoific @ Ahg RircRNA. Sihce this region is also
O2YY2y (2 GKS SOG2LAOIffte 2OSNBELINBaasSR OANJ
We observed good overexpression of GSE1 and Cétksgure 3.14.

When endogenous primers were used fBit-circR4, only overexpressed ltcR4 was

detected. This is because RItcR4 is platelespecific, and when RNA from platelet was

tested, we were able to detect endogenous-EilcR4. This may be a reason why we do not

observe very high levels of TadoPltcircR4L i aK2dzZ R 6S y2404SR (KIF G y-
Yy2NJ WSYR2 hQ LINAYSNEH RSGSOGSR Fyeée fAySEN L
sequence as the circRNA. This strongly suggests that Todnmagm overexpression produces

circRNA withat linear contaminants or concatemers, which was the main drawback of other
systems. Detection ofi -actin mMRNAwas used as loading contrédr PCR, and mock
transfections as negative control.

In conclusion, we demonstrate the overexpression of circRNAg uke Tornado system
developed by Litke and Jaffrey (2019). By considering three different examples, we show that
RNAs can be efficiently and effectively circularisedivo.Although circularisation efficiency

is still higher for smaller RNAs, we weltdeato successfully overexpress also large circRNAs
such as CDR1as (1485nt) and SPECC1 (1580nt). When producing large circRNAs it is necessary
to bear in mind the limitation of oligo(U) mediated termination of transcription. By removing
such potential ternmation sites, it should be possible to produce larger circRNAs. Since most
endogenous circRNAs do not have vadfined functions, except for a couple of cases such

as CDR1las (as miRNAponge, Hanseat al,, 2013) and Sry (Capet al., 1993), we also
wanted to test if overexpression has any functional effects. Both GSE1 and espedcially Plt
circR4 are highly abundant in cells and platelets, respectively, but their function is still
unknown. By overexpression using Tornaystem we expected to see phenpty effects

such as growth defectdn this contextwe observed no difference in growth patterns in
normal versus transfected HEK293 cells (data not shown). This suggests that a more
systematic approach with RNseq, metabolomics or proteomics studies, totample, may

be required to detect changes occurring due to overexpression. Nonetheless, for the first
time we now have a system that actually overexpresses any circRNA of interest without
contaminants, and we believe that this system can be used to nstaied underlying
functional mechanisms of circRNAs in the cell.
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3.7 Overepressiorof circRNAor hnRNP L sponging

After successfully demonstrating our ability to overexpress endogenous circRNAs using the
Tornado system, we further utilised this strajetp overexpress circRNA sponges. SELEX
derived RNAs have previously been shown to bind to hnRNP L with high specificity and affinity
(seeResultsSections 3.1.2and 3.5), therefore these sequences were used to design circRNA
sponges against hnRNP L. Batld type (WT) and mutant (mut) sequences of L_12/10 RNA,
were cloned into the Tornado expression vector to overexpress these sponget.acells.

In addition to our SELE@¢rived sequences, Tornadixpression constructs for (GA)
sequence and a recegtescribed hnRNP L sponge sequerilexX4x, were also made. While,
(CA)o sequence has been reported to sponge hnRN#PVivo(Schreinelet al., 2020), SLX4x

is another highlyspecific hnRNP L sponge which is made up of four copies of aG&HMEN,
high-affinity sequence and shown to efficiently sponge hnRNP L (Schetialer2020). (CA)

and SLX4x therefore served as positive controls for hnRNP L sponging. All four Tornado
expression constructs (labelledLT12/10, Tmut, T-(CA)o and FSLX4x) wer made by
replacing the Broccoli aptamer in the Tornado vector. These constructs also rely on the U6
promoter for transcription and twister ribozymes for circularisationvivg like the other
Tornado vectors (seEigure 3.1%. Since, the Tornadexpressbn system is ideal for small
circRNAs, we had an added advantage in expressing these circRNA sponges, which range from
87nt [(CAYg] to 149nt (SLX4X).

primers:
lin — — Pol Il
circ “— — termination
— signal
Tornado L_12/10 [[U6 |[5 ribozyme | [EEdEIM [ 3" ribozyme | [ TTTT |

 circRNA 119nt <+

Tornado L_12/10_mut “

 circRNA 119nt <+

Tornado (CA) (@

» circRNA 87nt <+

Tornado SLX4x m

- circRNA 149nt <]

CA3d odmpY ¢2NYNRRI 8 ELING drayAvebyt 2 yEAIND w
Schematic representation of Tornado constructs for hLnRNP L sponrged2m0, T._12/10_mut,
T-(CA), and FSLX4x. Pol Ill transcription is driven by U6 promoter. The circularizing sequenc
flanked by Twister riboxyS & 0 p YR o NAoz2l eySaoed ¢KS
with the Pol Ill termination site (3tretch). Primers used to detect linear and circular RNA
denoted in blue and black, respectively, with expected sizes (nt) of the circRNAs gshder each
construct.
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Total RNA was extracted from HeLa cells transfected Waithado-expressed sponges for SELE
derived sequences {_12/10, 1L12/10_mut and SLX4x).

(A) Using a DIdabeled riboprobe spanning the cijgnction and specific to torna@stem region,
all transfected sponges were detected by Northern llobng and 1ng of a 93nt standard was us
for comparison. Ul snRNA was detected using Ulsnitidprobe and this served as a loadir
control.

(B) 3ug of total RNA was run on a 10% demag polyacrylamide gel under the same conditio
as for Northern blot and stained with SYBR Gold. The length of each circRNA is indicated be
gel. A greedine joining the Northern blot and stained gel indicates the same length of circRM
two different detection techniques. Red arrows indicate overexpressed circRNA sponge.

These sponges were transfected into HelLa cells and high expression of circular spemeges
observed both by direct RNA analysis as well as Northern blot detection of circular RNA
(Figure 3.16. Tornadeexpressed circRNA sponges were detected by Northern blotting using
a DIGlabelled riboprobe specific for the cionction of the RNA and aortion of the
Tornadastem region. The riboprobe was successful in binding to WT, mut and SLX4x sponge
(seeFigure 3.16A however (CA)was undetectable (se€igure 3.17R This is probably due

to the secondary structure of the @Apeat sequence, makg it difficult for binding of the
riboprobe. Compared to the mock transfections, it is clear that specific bands arise due to
Tornado overexpression. Interestingly, both WT and mut sponges are overexpressed,
compared to SLX4x. U1 snRNA is the most aburefdRNA with about 1xf@opies per cell
(Baserga & Steitz, 1993). In comparison, it appears that the Toregoessed sponges are
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much more abundant than U1 snRNA, which has similar mobility on a 10% polyacrylamide
gel. Also, comparing the linear standait seems that the sponges have relatively high molar
concentration in the cells after transfection. Total RNA analysis by denaturing polyacrylamide
gel electrophoresis showed many abundant RNAs, when stained with&YHBXFigure
3.16B. By aligning tt RNA bands on the gel to the Northern blot, we observed specific bands
that correspond to Tornado overexpression. This is a key observation because, until now
several expression systems haeen developedo express specific circRNAs using different
strategies. Unfortunately, none of these systems succeeded in circRNA expression at such
high levels as to be directly visualised by t&®MNA staining. Our results therefore provide
strong evidence for high circRNA expressiorivousing the Tornado systeneveloped by

Litke and Jaffrey (2019). Although unexpected, we observed some lyperducts along

with circRNA and we think that these could be a result of incomplete ligation by RtcB, or
circRNAs that were nicked. Linear and circular RNA are distiagpesby gel electrophoresis,
based on their differential mobility.

&
A. > B. < Ilsnedar
o St
7 ol
WV ST -
RNase + © =
501
. 242
-circular 190 25 -circular
147 -U1 snRNA

-linear

F | ULsnRNA 127
| SR 110 i

-
‘ - / - -linear

nt: 99 104 105 110 105

nt: 99 87 93

CA3d odmTY b2 NIKSNISELINGE alSER2 {asLaNaaE52 Wb ¢
YR KAIK SELNB@arzy 2F OANDw

Total RNA was extracted from HelLa cells transfected with Toregpiession constructs of sponge
for all SELE&erived sequences {I_9/10, TL_9/15, TL_12/10, TL_12/15 and 1.12/10_mut) and

detected by Northern blot.
(A) Using a Didabeled ribgrobe spanning the cifuinction and specific to tornado stem region, ¢

transfected sponges were detected.
(B) In addition, circular configuration of sponges was confirmed by resistance to RNase R dig
500ng of total RNA for each variant was mma 10% polyacrylamide gel. 0.5ng and 1ng of a ¢
linear standard was used for comparison. U1 snRNA was detected using Uddndiivdbe and this
served as a loading control. Size of RNA (nt.) is indicated below each blot.
In like manner, all SELHXrived RNAs were cloned into Tornado plasmid for overexpression
in HelLa cells. Since, each of the RN#&ssimilar sequence and vary only in their Iémgnd
spacing of bindingnotifs, all RNAs were successfully detected by the same riboprobe (see
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Figure 3.17A Stably expressed sponge& T12/10, Tmut and¢ro / ! were tested for their
expression and resistance to RNase R digestmh./ ! $ponge wasundetectable by

Northern blot, but both WT and mut sponge were detectable. While the circRNA was resistant
to digestion by RNase R, the linear RNAs were digested. This confirms the circular
configuration of the sponges (séégure 3.17B

Based on the laove observations, it is now evident that Tornagikpressed sponges are
RNase R resistant, highly expressed and detectable. Since these sponges were designed to
bind to hnRNP L, we tested binding ability of stably expressed sponges to hnRMiRd.
CirRNAsponge binding to hnRNP L protein was assayed by RNA immunoprecipitation (RIP)
(Figure 3.13. Hela cells were transfected with the Tornaggression constructs, and 48h
after transfection, cell lysates were collected and probed with-anfRNP L andnéi-FLAG
antibodies. Immunoprecipitated protein was identified as hnRNP L by Western blot; GAPDH
was detected as input and Rigative control Figure 3.18A Direct interaction of
endogenous hnRNP L with expressed Torrsulinges was detected by TR ad
guantitated by RE{q)PCRHKigure 3.18B&Q, using primers that cover the cijgnction. In
addition to the SELEderived sponges,-L_12/10 (WT), -mut and FSLX4x; -{CA)o sponge
interaction with hnRNP L was shown by@B)PCR, as a positive control.

By RTIPCR detection-L_12/10 demonstrated a 50% RIP efficiency, where§&X4x was
shown to bind hnRNP L with 57% efficiency, compared to input. HhRNP L was not expected
to interact with Fmut sponge, however we observe 40% efficiency in binding. Taysha

due to mispriming of the DNA during PCR or background signal because-(oyATIR RIP
efficiency for mut sponge was 0% (degure 3.18L Nevertheless, the WT sponge still shows

a 10% higher efficiency in binding to hnRNP L. Quantitative analysi®NP L bindirig vivq

by RT(g)PCR showed a 6% RIP efficiency €A} whereas WT sponge demonstrated a
mere 3% RIP efficiency. While there was absolutely no interaction of hnRNP L with mut
sponge, SLX4x seemed to interact with hnRNP L mosiestfic (57% RIP efficiency).
Surprisingly, compared to previous report, our results show a-fa increase in RIP
efficiency of hnRNP L withSLX4x and a slight decrease fgCR)o, which showed a 10.7%

RIP efficiency (Schreineral., 2020). Althoug WT sponge shows low RIP efficiencies, it is no
cause for concern because a plausible explanation would be that, the very low RIP efficiency
is a result of very high overexpression of the sponge. As observed from the Northern blot
(Figure 3.16A WT and rat sponges were expressed in almost thifie&d higher amounts

than TSLX4x. Consequently, we speculate if all the hnRNP L in the cell is sponged, no protein
is available for immunoprecipitation, therefore yielding low-Bffitiencies. In any case, these
observations confirm specific interaction of hnRNP L with spoimgeisa
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HelLa cells were transfected with the(TA), , TL12/10, T_L12/10_mut and SLX4x Torne
constructs. Cell lysates were prepared two days after transfection and immunoprecipitated using anti
hnRNP L ogFLAG (ngative control) antibodies.

(A) Western blot demonstrating hnRNP L binding in RIP experiment. Input and IP sample:
analysed by Western blot with antibodies against hnRNP L and GAPDH control.

(B,C)After RNA isolation from IP and input samples, sfanted circRNAs were detected (B) RF
PCR an@C)RTFgPCR. The fraction of bound target RNAs was calculated for each target relative
corresponding input fractio %RIP efficiency. Error bars repeat standard deviations (n=3}],

Mock IP.
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Taken together, this section establishes a framework for the overexpression of circRNA
protein sponges using the Tornado system. Sponges designed to bind hnRNP L were
overexpressed and resistant to RNase R digestion. The sponges also interacted with
endogenous hnRNP ih vivg giving us the first hints of hnRNP L sponging by designer
circRNAs. The functional effects and relevance of such proteiRNA sponge interactions

will be discussed in the following sections.
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3.8 Functional analysis of hLnRNP L sponges

3.8.1Design of optimal circRNA sponge

As a final step in establishing protesponging as a plausible function of circular RNAs, we
tested artificiallymade circRNAponges for hnRNP-dponging. Specifibinding of hnRNP L

to SELEXerived RNAs was demonstrated fior vitro transcribed linear RNA (sdResults
section 3.1 & 3.5, as well as for Tornadexpressed circular RNA vivo(seeResultsection

3.6). These redts indicated binding of both recombinant and endogenous hnRNP L to the
SELEXerived sequences, botim vivoandin vitro. However, we had not tested yeét vitro
circularised RNA for binding to hnRNP L and differences, if any, to lineabiRhiAg.
Theeefore, we designed three short RNAs and tested binding to endogenous hnRNP L. SELEX
derived circRNA sponges L_12/10 (WT) and L_12/10_mut, along wisipadge- (CA)o,
were modified by adding a stem sequence to enhance circularisatioitro (seeMethods
section 2.2.14.

Secondary structure prediction of sponge sequences revealed accessibility of hnRNP L binding
motifs both for the L_12/10 W$ponge as well afor CAsponge (sed-igure 3.19. Due to
redundancy of the Ghepeats, secondary structure o€A)o CAsponge reveals an open
structure easily accessible to binding by hnRNP L. On the other hangp®ige structure

also indicates that the bindirgnotifs are fairly accessible to the four RRligmains of hnRNP

L; however, binding motifs in mut spongee not so easily accessible to hnRNP L.

Several sponges were generatedvitro by T#transcription andn vitro circularisation by T4

RNA ligase, namel$pELEXerived sponges, L_12/10, L_12/10_mut, CA#51 anespBAges
(CA)oand (CAx. Linear RNAponge and circRNAponge were distinguished from each other

by their differential running behaviour on denaturing polyacrylamide gel. Due to their circular
configuration circRNAs either shift upward (usually >50nt) or downward (<50nt) based on size
of the RNA and percentage of PAA (deigure 3.20A

L12/10 L12/10_mut i (CA),o
......."' M... ) Is'u ...........
S 2 e co o' %
.‘?,,‘:. ®eotey $pe. 4 :’ °
% e e 00000, < .
o®e ., e 4 -+
: :” O‘ .o ) % o.
..t.. aw b “@ 3 ©
o L™ v w [ o®
x... .. w ..‘ sll .‘.. ....... 50
L] wil® ....b LS u Sg ”
® LY ..'.Q.. ... ° .... o0® u ‘,‘3 2" .::.
:::::::.0 o "°° " SuC ®
*oe® K 4 : .
no .. 80 [5
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uogoa?

CAId® odmpY {SO2yRINE a0NHzZOOdzNBEEA 2F Kyw
Predcted circRNA secondary structures for L_12/10, L_12/10_mut(&#J, HnRNP -binding

motifs in L_12/10 are marked by green. Turquoise represents mutated binding sites in L_12/1
and the twenty CArepeats in (CA) are shown in red.The sem sequence which enhances

circularisationin vitro,is shown in purple.
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CircRNA sponges for hnRNP L sponging were sysgléesvitroby T7 transcription, followed by RN
ligation. Five different RNAs were synthesised based on experimental design and require
sponges with Csepeats (CA), and (CA), SELEXerived sponges L_12/10 and CA#51, ¢
L 12/10_mut.

(A) Both short circRNAGCA) and CA#51 and longer circRNAGA) , L_12/10 and L_12/10_mu
show differential mobility compared to the linear configuration on a 12% polyacrylamide
Furthermore, circularity was validated by integrity of circRNA in thegmes (+) or absence) (of

RNase R.
(B) circRNA mobility on a 10% polyacrylamide gel. Linear RNA is marked with a horizontal li

circRNA is indicated by a circiizes of each RNA are indicated at the bottom of the gel (invit)
marker (Gene ruler low range).

(CA)o and CA#51 (both 40nt) circRNAs shift slightly downward on a 12% PAA while (CA)

L _12/10and L_12/10_mut (>50nt) circRNAs shift upward both on a 10% and 12%PAA. Circular

configuration of @ch sponge was further tested by its resistance to digestion by RNase R.
{AyOS OANDwb!a tF-O01 oQ YR pQ SyRa fA1S

digestion by RNase R, in contrast to linear RNAsHsgee 3.20.
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Interaction ofin viro generated circRNA sponges with endogenous hnRNP L was captured by
RIP assay, in a manner similar to Tornadpressed sponges (s&esultsection 3.7. HelLa
cells were transfected with equimolar amountsioivitro synthessed circRNA spongesWT,
mut and (CA),, which served as positive control for hnRNP L binding. Cell lysates from each

transfection were probed with antinRNP L and arlLAG, 48h podtansfection. FLAG
antibody was used as nespecific, negative control for RNAnding. Immunopecipitated

hnRNP L was detected by Western blot, GAPDH was detected as input control and RIP
negative control. Eigure 3.21A RTPCR analysis of sponge RNA after immunoprecipitation
with hnRNP L showed a selective enrichment of WT circRNA sponge, wheregaschment

of mut sponge was detectabl&igure 3.21B We used oufacing primers on the transcript
(in-facing on the circRNA), such that it spans thejcinction for detection of circRNA. These
primers can distinguish circRNA from linear RNgure3.21Bschematic).

Furthermore, by quantitative R{)PCR, we observed >20% interaction of WT sponge with
hnRNP L while mut sponge was unable to bind hnRNgWre 3.21L. Unfortunately, due to

its small size and repetitive @Apeat sequences, we wenegnable to design compatible
primers for the detection ofCA), sponge. Primers that were designed targeting the-circ

junction were unsuccessful in detecting circRNA(RPCR analysis showed very high C
values, therefore data for(CA), has not been shon. However, we showed specific

interaction of hnRNP L to our SEideXived circRNA sponge viva This specificity can be
attributed to the binding motifs on the RNA since, mut sponge with a similar sequence, but
differing in the binding motifs shows atmt no binding at all. Additionally, we observed in
general, that mut circRNA sponge is less stable than the WT sponge. This is one of the reasons
why we detect only a very faint signal for the input fraction of mut sponge ByE&H analysis.
Although no Inding of hnRNP L with mut sponge is expected, presumably any interaction of
mut sponge with hnRNP L causes degradation of the circRNA, further adding to instability.
Instability of mut circRNA was also tested by a tirnerse experiment and Northern analg
(seeFigure 3.23. Interestingly, by R{q)PCR, we were unable to identify hnRNP L interaction
with linear sponge. Linear RMNfionges seem to bind hnRNP L de8&iently compared to
circRNA. This observation was true not only for RIP assays bdibrisosivosplicing assays

¢ a key finding which will be discussed in detail in the following sections.

To overcome the limitation posed by IRCR approaches to detect small circRNAs, as an
alternative, we identified circRNBWNRNP L interactiorby Northen analysisafter RIP
experiment (Figure 3.22. Hela cells were transfected with circRNA sponges, hnFRNAL
interactions were assayed by RIP and the extracted RNA after RIP assay was tested by a
Northern blot. Enriched RNA from input (5% of total RNARMP L IP and FLAG IP were
probed with a DIGabelled riboprobe specific to the cijanction of each circRNA sponge. The
RNAprobes were specific to each circRNA, and could bind to both linear, as well as the circular
configuration of RNA. The two confrgions were distinguished on gel by their differential
mobility. Usually, due to very little material bound by the protein in RIP assay, Northern
detection after RIP is uncommon; however, we successfully detected all three sponges after
RIP assay by Noem blotting (sed-igure 3.22.

101



3. Results
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HeLa cells were transfected with tH€A), , L_12/10 and L_12/10_mut circRNA sponges.
lysates were prepared two days after transfection and immunoprecipitated usingiaRINP L or

anti¢FLAG (negative control) antibodies.
(A) Western blot demonstrating hnRNP L binding with lingaid circRNA (O) in RIP experime

Input and IP samples were analysed by Westdot with antibodies against hnRNP L and GAF
control.

(B,C)After RNA isolation from IP and input samples, transfected circRNA sponges were de
by RTPCRB)and RTgPCRC) The fraction of bound target RNAs was calculated for each ta
relative to the correspondingnput fraction ¢ %RIP efficiency. Error bars represent stand
deviations (n=3). Primers used for-RTR are shown schematically in panel (B). Red arrow indi
immunoprecipitation of hnRNP L with WT sponge, detected b ®H. Asterisk denotes expectt
band size in input fraction of mut sponge. %RIF efficiency BRG], was calculated for WT al
mut sponge relative to corresponding input fraction, indicated below the gel image.
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Northern analysis of RIP samples revealed that WT sponge was most efficient in binding to
endogenous hnRNP L (ségure 3.22. Both CAsponge as well as WT SEisg&nge in their
circular configuration bound hnHNL specifically and efficiently, whereas mut sponge did not
show any interaction with hnRNP L. Strikingly, interactions with linear RNA were completely
abolished both for CAponge and WT sponge. Although linear RNA is detected, the major
product is a ckRNA and as expected, linear products arise out-tihearisation of circRNA

and also degradation after interaction with hnRNP L. A mock transfection control was also
maintained and Ul snRNA served as loading control. On a relative basis, compared to the
linear and circular standards (1ng each), it appears that there is almost a 100% RIP efficiency
with the WT sponge for hnRNP L. This observation supports our conclusion of preferential
binding of hnRNP L to circRNA over linear RNA. This observatiost&eah validated in a
functional context for hnRNP L (sResultssection 3.8.).
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HeLa cells were transfected wi(€®A),, L_12/10 and L_12/10_ut, linear and circRNA sponge
Cell lysates were prepared two days after transfection and immunoprecipitated usingratmP
L or anttFLAG (negative control) antibodies. RNA extracted after immunoprecipitation
analysedby Northern blot.

(A) CircRNA sponge was detected using a specifiddbibed riboprobe spanning the cipenction
of each variant. Total RNA after immunoprecipitation with hnRNP L amal/sedon a 10%
denaturing polyacrylamide gel. U1 snRNA served asrigaxtintrol. Linear RNA is indicated with
horizontal straight line and circRNA with a circle.. 1ng each of linear and circular RNA was
as standards for Northern blot for each variant.

(B)Northem analysis of mock transfected cells after RIP assay.
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Finally, before testing the functional implications of hnRNP L sponging, we decided to first
test the stability of circRNA after transfection. HelLa cells were traredesith linear and
circular WT, mut and Ggponge; totalRNA was extracted at different time points (1, 2, 3 and

4 days postransfection) and analysed by a Northern blot. Using spespgeific DIGabelled
riboprobes, we identified all transfected spong@sgure 3.23. Linear and circRNA sponges

were distinguishable due to differential running behaviour,
circRNA standards.

days post
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HeLa cells were transfected withvitrogenerated circRNA spongeCA) (top panel) L_12/10 anc

L12/10_mut (bottom panels). RNA was extracted after 1, 2, 3 and 4 days post transfection. L
specific DIGabeled riboprobe spanning the cijgnction of each variant, all transfected spong
were detected. 500ng of total RNA for each variant was analysed on a 10% dene
polyacrylamide gel. U1 snRNA served as loading control. Linear RNAatethdith a horizontal
straightline and circRNA with a circle. For each transfection a mock control anebcigilsontrol

were maintained. 1ng and 2ng each of linear and circular RNA was loaded as standards for N

blot for each variantf A Yy S O\ NG/O& | NJ wb ! A
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stability four days postransfection is indicated with a red arrow.
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Timecourse experiment by Northern analysis of transfected hnRi&sifbhges revead that
circula configuration of sponges is more stableitovivodegradation by cellular nucleases
compared to their linear counterparts. It must be noted that, since both linear and circRNA
essentially have the same sequence, the stability of circRNA is a resulffexerd
configuration of the RNA. Interestingly, WT circRfpAnge appears to be most stable, even
four days after transfection compared to Sponge and mut sponge, which is least stable
(seeFigure 3.23. Linear RNA in all three cases degrades verkiguicreating smears on the
blot. It appears that >50% circRNA alsclinearises, from third day post transfection.
However, compared to the standards, a small amount circRNA is still available for sponging.

In summary, we have designed and tested ar&ficircRNA sponges for their ability to bind

to hnRNP L, and our results indicate successful prdigding by designer circRNAs. By RIP
assays and Northern analysis of transfected sponges we demonstrate superior stability of
circRNAs over linear RNAs dartheir specificity for hnRNP-dinding. An interesting
observation was the preferential binding of hnRNP L to circRNAs over linear RNAs. The next
step in establishing protetsponging function of designer circRNAs would be to test the
effects of hnRNIRin a functional context. Since, hnRNP L is an alternative splicing regulator,
we next tested the effects of hnRNFsphonging on alternative splice patterns of hnRNP L
target genes. This will be discussed in the following section.
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3.8.21n vivosplicing asays

In addition to mediating important cellulafunctions such as telomere maintenance,
chromatin remodelling and DNA repair. HnRNP proteins mainly function as repressors of
splicing by binding to the prmaRNA and prevent other splicing factors from asteg the
binding site (Wang & Brendel, 2004b). HnRNP L is a global regulator of alternative splicing
(Zhouet al., 2002; Huet al., 2003a) and can function both either as activator or repressor of
splicing. By siRNwediated knockdown of hnRNP L, we derstrate loss of represser
function of hnRNP L in alternative splicing of target gertggufe 3.24. HNnRNP L was
specifically knockedown using commercially available siRAdgY | 'y Ky wbdgsee[ o
MaterialsTable 2.} in HelLa cells, and changes in alternative splicing patterns were observed
by RT PCR analysis of hnRNP L target genes. Knockdown of hnRNP L was confirmed by
Western blot analysis of hnRNP FEigure 3.24A whee mock transfection and control
luciferase GLXgeMaterialsTable 2.3, did not affect levels of hnRNP L. Alternative splicing
was assayed for four known targets of hnRNPTUP1BPTRFALZY, RIFland GPBP Lrelative

to luciferase control Kigure 3.28). In each case hnRNP L functions as a repressor of an
alternatively spliced exon, promoting exon skipping in the targets (Hurag., 2008). By
knockdown of hnRNP L this function is compromised and therefore we observe more exon
inclusion. FoTJPlandBPTRFALZ an increase in exon inclusion was observed from 22% to
32% and from 24% to 48%, respectiv&liF-land GPBPShowed slightly more exon inclusion

from 28% to 40% and from 28% to 41%, respectively.

Using this model system, we tested if our dgsr circRNA sponges could mimic hnRNP L
knockdown by sponging the protein instead of knockilogvn the mRNA. Both Tornado
expressed sponges (s&upplementary Figure & as well asn vitro synthesised circRNA
successfully sponged hnRNRFiggre 3.25%.

A. « B. hnRNP L as repressor — exon inclusion
@)
SR
[k[;g]_ : [nt] M o o Sy o & o m [nt]
BE®= nrPL 55 B8 .
55 500 == K ; X =
20 Ap— — K____r 300
25 = e= == GAPDH 100 D G G S == 100

% exoninclusion: 22 32 24 48 28 40 28 41
TIP1 FALZ RIF1 GPBP1 ACTB

CAI® odunY ! fad §NGFISIONBIE RO REORWEIY A0 R2 6y
I S[F OSftfta ¢gSNB GUNIyaFSOUuSR SHOK gAaAidK Sld
L) or luciferase (ctrl), and total RNA was extracted one daytpmssfection.

(A) Western blot analysis of hnRNP L knockdown efficiency by siRNA, usingRNP L and anti
GAPDH antibodies

(B)Alternative splicing of endogenous mRNA targets of hnRNRIP1, BPTFALY, RIFlandGPBP
1 (exon inclusion) was assayed by semantitative RTPCR. Percentage of exon inclusion is shc
below. ACTBserved ascontrol for Rt / wd &k [ FyR / GONI RSaiaday

luciferase respectively, marker.
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Differences in splicingn vivg as a result of hnRNP L sponging is specific tespihge and
CAsponge RNA. Since mut sponge cannot bind to hnRNP L, no effect was observed on exon
inclusion. Moreover, splicing effects were dedependent, i.e., \ith increasing spong&NA
transfection there was increased exon inclusion for-8gdnge and Gaponge RNA. Around

1x1(® HelLa cells were transfected with increasing amounts of RNA (0.5,uy)&hd {ug

sponge RNA penillion cells was found to be the mostfective dosage (se€igure 3.2%.
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(A,B)HeLa cells were transfected with dy 1 ug or 2 pug dh viro generated linear and circRN.
sponges (CA), (A)L_12/10 and L12/10_myB). RNA was extracted two days pastnsfection.
Alternative splicing of endogenous targets of hnRNBPTRFALXY andRIF1(exon inclusion) was
assayed by senguantitativeRFPCR. Percentage of exon inclusion is shown bd@¥ Berved as
loading control for RPCRM, marker.

Interestingly, the maximal sponging effect on hnRNP L was observed in each case for circRNA
spongewhen compared to linear spongeshis further validates the efficiency of binding of
hnRNP L to circRNA overdar RNA. In addition tRIFlandFALZwe tested two more targets
(TIPANdGPBPlwhere hnRNP L acts as repressor of spli€iggi(e 3.28. In all genes tested,
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repressoractivity of hLnRNP L was compromised due to sponging and the circRNA sponge was
supeior to the linear sponge in binding to hnRNP L.

A. & (CA),, L 12/10 mut & (CA),, L 12/10 mut
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(A,B,C)Total RNA was extractellom HelLa cells transfected witim vitro generated linear and
circRNA spongeslL_12/10, L12/10_mut and (CAJwo days postransfection. Isolated RNA wa

used for RIPCR with primers against hnRNP L alternative splicing targé®sl, GPBRA), FALZnd
RIF1(B). Percentage of exon inclusion is shown below the corresponding lanes. Positions «
products corresponding to alternatively spliced mRNAs are indicated with red arrows. ACTB
as loading control for RFCRC) Linear RNA is indicatedttva horizontal straight line and circRN
with a circle. Exon inclusion is schematically represented on the right of each phnelarker.

(D) Schematic of alternative splicing modulation by circRNA sponges. HnRNP L regulate
skipping and inclusigracting either as splicing activator or repressor. Depending on whether hr
L acts as a repressor or activator, splicing decisions can be modulated by a sponge circRN.
inactivates hnRNP L by sponging, resulting in a shift in the ratio of spiifsrms (skipping /
inclusion). Exons represented as bars, skipped exon in green; circRNA is shown as a red cil
hnRNP L in yellowtzrom Schreineet al. (2020), modified.
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HNRNP L acts as a splicing repressor when bound 4@ICASS or ESS sites, hindering the
recruitment of spliceosomal components, which in turn leads to exon skipping. When hnRNP

L is limiting,its repressor function isninimised, resulting in partial exon inclusion. Splicing
activator function of hnRNP L assumes hnRMPvien exon inclusion or intron removal,

which is diminished when hnRNP L is bound by circRNA sponges. When hnRNP L regulates
exon inclusion, hnRNP L sequestration promotes exon skipping~{gaee 3.27. HnRNP L

acts as activator of splicing f@C2D2AHMMRand PPP3CBnd mediates exon skipping. Our
results strongly indicate exeskipping as a result of hnRNP L sponging by &NAs.
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(A,B)Total RNA was extracted frodeLa cells transfected with vitrogenerated linear and circRN.
sponges L_12/10, L12/10_mut and (CAJwo days post transfection. Isolated RNA was used
RTFPCR with primersgainst hnRNP L alternative splicing targe®C2D2A, HMMEA) and PPP3CE
(B). Percentage of exon skipping is shown below the corresponding lanes. Positions of PCR
corresponding to alternatively spliced mRNAs are indicated with red ar@EBeved as loading
control for RTPCR. Linear RNA is indicated with a horizontal straight line and circRNA with a
Exon skipping is schematically represented on the right of each pdnelarker.

The twofold function of hnRNP L in acting as splicing activator or repressor, promoting exon
skipping or exon inclusion, respectively, is schematically representeigure 3.26D
Sponging of hnRNP L by designer circRNAs inactivads$P L as described, thereby causing
changes in splicing of target genes.
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These observations led us to conclude that designer circRNA sponges reproducibly and
strongly affect alternative splicing in a variety of hnRNP L target genes where hnRNP L causes
exon inclusion or skipping, based on different mechanisms of action. In general, hnRNP L
sponging by designer circRNAs outperformed sHrRi¢diated knockdown of hnRNP L in
observed alternative splicing effects (compdigures 3.24and 3.26) and showed a ke
dependent effect Figure 3.2%. Tornadeexpressed circRNAs showed maximal effects two
days postiransfection, presumably due to the compromise between endogenous RNA
turnover and Tornada@ircRNA accumulation (data not shown). Besides the report from our
own group (Schreineet al., 2020), to our knowledge, this is the only other evidence for
protein-sponge function of designer circRNAs. In our opinion, this observation is pivotal in
understanding circRNA function and design, in the context of-BiNdingproteins.
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3.8.3 Cell fractionation

Since hnRNP Ehuttles between nucleus and cytoplasm with a predominant nuclear
localisation (PineRomaet al., 1989), we assayed the effects of hnRNP L sponging by designer
circRNAs, on nucleaytoplasmic distribubn of hnRNP L in cells expressing circRNA sponges
(Figure 3.28. HeLa cells were transfected with designer sponges (Toregd@ssed, as well

asin vitro generated circRNA sponge$CA), L_12/10 and L_12/10_myuand mock control.

Each sponge was trafiested in linear as well as circular configurations. Twdaty hours
postctransfection, cells were fractionated into cytoplasmic and nuclear fractions. Equivalent
lysate amounts of total cells, nuclear and cytoplasmic fractions were analysed for hiigNP L
Western blotting. GAPDH and hnRNP Al were also identified as controls and normalisation
for cytoplasmic and nuclear fractions, respectively. The cytoplasmic:nuclear ratio of hnRNP L
for mock transfection is 36:64, based on Western signals. This ratmniparable to the
distribution seen in mut sponge transfection (36:64 for linear and 28:72 for circRNA) and CA
sponge (31:69 for circRNA). Contrastingly, with WT ciresffdAge transfection this ratio
dramatically shifts to 61:39, comparable to shiftingcgtoplasmienuclear ratio observed by

6/ ) aLRy3IS U NSchfeingr& ali22D)y

Input Cytoplasm Nucleus
(CA)y L_12/10mut (CA)y, L 12/10 mut (CA)y, L_12/10 mut
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Small hnRNP-¢ponge circRNA shifts nuclegytoplasmic distribution of hnRNP L. (GA) 12/10
FYR [YmMHkMAapYdzi X SFOK Ay tAYySEN 2N OAND
followed by cell fradgbnation after 24h. Equivalent lysate amounts of total cells, cytoplasmic
nuclear fractions were anadgd by Western blotting for hnRNP L, GAPDH, and hnRNP Al
distribution of hnRNP L between nuclear and cytoplasmic fractions was quantitated, bas
Western signals (mean values and standard deviations given below the respectivenlars;
HnRNP L distribution shifted by L_12/10 sponge, is marked with a red box.
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Our results strongly argue for translocation of hnRNP L from nucleus to cytoplasm by the
L_12/10 circRNA sponge. This strong effect is specifithéocircular configuration of WT
sponge and was not observed for mut sponge. However, total stetatyg levels of hnRNP L

did not change significantly. The circRdf#ecific effect of WT sponge may be attributed to
the differential stabilities of circularersus linear configurations which, most likely also differ
between nuclear and cytoplasmic residence. Nuclgdoplasmic shift of hnRNP L was also
observed for cells transfected with Tornadapressed circRNA sponge (Sgplementary
Figure).

In pardlel, subcellular localisation of transfected circRNA sponges was also tested by
Northern analysisKigure 3.29. Tornadeexpression constructs of all SEldexived sponges,
namely ¢ T-L_9/10, TL_9/15, TL_12/10, TL_12/15 and L_12/10_mut, along with tw
positive controls {CA)o and FSLX4x were transfected into HelLa cedl8.hours after
transfection, cells were harvested and fractionated into cytoplasmic and nuclear fractions.
RNA was extracted from the respective fractions and analysed by North&itmg using a
riboprobe spanning the cifunction and the Tornadastem region. For each sponge, all three
fractions, wholecell Figure 3.294, cytoplasmic and nuclear fractionsigure 3.29B were
analysed. All circRNA sponges were detected in the embell fraction with varying
intensities. This differential expression of Tornas@ressed circRNA sponges is sequence
and sizedependent. With the exception of-$LX4x, a predominant cytoplasmic localisation
was observed for all SEL-Hetived linear spoges. Circular sponges were either equally
distributed between nucleus and cytoplasm, or showed a slightly higher cytoplasmic
localisation. Surprisingly,-SLX4x and-CA)o circRNAs showed a predominant nuclear
localisation. However, lower expression datht signals on Northern blot may suggest that
sponges localiseimh the cytoplasm were undetected forSILX4x and-ICA)o. In contrast, T
L_9/15 sponge showed an exclusive cytoplasmic localisation. These differences in localisation
patterns, we assumeya due to variable sequenemntext and their ability to sponge hnRNP

L.

Although the exact mechanism of nuclegtoplasmic transport of circRNA sponges is
unknown, we think that these circRNAs after binding to hnRNP L passively diffuse through the
nuclea pores into the cytoplasm. Based on our understanding so far, RNAL Pol Il transcribed
Tornadesponges are synthesised in the nucleus and transported to the cytoplasm, and in the
process they bind to hnRNP L, which istramsported with the circRNA. Hower, this
proposed mechanism needs more experimental validation. On the other hand, transfected
circRNAs, due to their highffinity to nuclear hnRNP L, are found to be equally distributed in
the nucleus and cytoplasm. Interestinglyy vitro synthesised ihear sponges show a
predominant cytoplasmic localisation (data not shown), which is in line with the previous
observation (Schreineet al., 2020). This is motikely due to the lower affinity of linear
sponges to hnRNP L.

We conclude that designer cRNAs efficiently sponge hnRNP L and cause translocation of
hnRNP L from nucleus to cytoplasm. This translocation may also have effects on the functional
properties of hnRNP L such as alternative splicing, transport and/or localisation of mRNAs
(Krecic & ®anson, 1999; Schreinet al., 2020).

112



3. Results

Whole cell fraction
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Total RNA was extracted from HelLa cells transfected with Torempi@ssed sponges for all SELLI
derived sequences {I_9/10, TL_9/15, TL_12/10, fL_12/15, 1L.12/10_mut and SLX4x) afid
(CA), sponge.

(A) Udng a Dldabeled riboprobe spanning the cijenction and specific to tornado stem regiol
all transfected sponges were detected.

(B)Equivalent amounts of cytoplasmic (left) and nuclear (right) RNA fractions were loaded on
polyacrylamide gel. UN®NA served as loading control. Size of each RNA is shown below eac
T-(CA), circRNA is represented by a red asterisk.

113



4. Discussion

4. Discussion
4.1 Determination of exact binding motifs for RBPs by SELEX

Systematic evolution of ligands by exponential enrichment, SELEX in short, is a widely known
combinatorial method in molecular bimdy, for the directed evolution of oligonucleotide
sequences that bind to selected biomolecules (Twetrél., 1990; Ellington & Szostak, 1990).
SELEX has been described as an unbiased method for the determination of sequences that
optimally bind to biomatcules in general, fulfilling specific functions. Therefore it can be
applied to several examples where biomolecules interact, like DNA/RNA interaction with
proteins, as ligands. The biggest advantage of this technique is the ability to determine
specificty of binding to both small and large molecules. As a result, SELEX has been frequently
used to determinede novahe RNAbinding specificity of RBPs (Schneieleal.,2019). In this

study, we applied this effective approach in determining the exact bqndequence of two
important proteinsg hnRNP L and RBM24, both of which regulate alternative splicing. RBM24,
a singledomain RBP, regulates musaleecific alternative splicing, while hnRNP L is a classical
multidomain RBP, regulating splicing. How nadthain proteins exactlyecognse their
respective targets is still an open question in the field. What advantage in target recognition
does a multidomain protein like hnRNP L possess over a single domain protein, such as
RBM24? What roles do the individuprotein domains play in binding? These are some
guestions that can be addressed by SELEX.

Owing to its versatility and specificitin vitro SELEX followed by RN&q, has become a

powerful tool in understanding how several elements aeseognsed at the same time by

RBPs. Multidomain proteins have an obvious advantage in target recognition and binding
compared to singkelomain proteins, due to the multiple domains involved. HnRNP L has four

RRM domains, all of which are involved in recognition and bgdiAlthough the kinetics of

motif recognition are not fully understood, it is most likely that the fidelity of recognition is
YEAYGFAYSR 0@ O2YO0AYIFG2NRL f-andp FRA YHZ RE&f 22FI2 &
Based on our understanding, we poese that hnRNP L recognises its target by means of one

RRM binding specifically to one motif, as a result the other three domains simultaneously,
200dzLle 0KS |R2FOSyid Y20AFad ¢KA&a Y2RSt 2F ¢
domain diffusing throuly space to find their exact bindirgotif, since the domains are

tethered to each other. It also adds a probable proediding function to domain recognition

i.e., when one domain binds to its respective motif in the RNA, if the tethered second or third
domain does not find its exact binding motif, it disassociates and finds another target.-Single
domain proteins like RBM24 on the other hand, need to rely on just one domain that
recognises its target, which may be more challenging based on the kineticxlofd

In view of this complex procedure required for RNA binding, SELEX in our opinion is the ideal
method to decipher these interactions. We modified the SELEX approach by using a:§0Ont (N
random sequence instead of 2@ long, frequently used randofRNA sequences. The
rationale behind the approach is to accommodate as many binding motifs as possible for
recognition by the multidomain hnRNP L protein. By introducing a long degenerate sequence
for binding, one can expect that the interaction will be stiepecific because at least two to
three motifs will be bound by the protein. This approach has been thoroughly validated by
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our group previously for another RBP, IMP& multidomain protein involved in
posttranscriptional gene regulation (Schneid¢ral., 2019; Belkt al., 2013).

Another layer of complexity in understanding protd®INA interactions is the secondary
structure of RNA and the tertiary/quaternary structure of the protein. Why and how
multidomain proteins identify their targets can be explad through crystal structures, to
understand the binding in a 3D context. Unfortunately,-feligth hnRNP L has not been
crystallised. However, individual domains of hnRNP L have been crystallised (@latker
2015), and whatever information we hawncerning binding come from these partial
structures.

Our work demonstrates a systematic experimental approach to study combinatorial RNA
recognition by the multidomain RBP, hnRNP L and single domain RBM24. For hnRNP L, both
affinity and specificity arachieved through simultaneous engagement of multiple domains

with their respective RNA elements. Bioinformatic analyses can predict certain features of
RNA recognition by multidomain proteins, but may not explain combinatorial recognition
(Dominguezt al, 2018; Ragt al, 2013). In addition, commonly used global approaches to

map proteirgRNA interactions, such as CLIP and RIP, have been analysed with the aim to
reveal short consensus sequences. By employing SELEX, a systematic analysis of multidomain
RBR, as well as rational searches for higinfidence and functional target sequences was
made possible.

4.2 A new and efficient role of circRNAs in protein sponging

CircRNAs were reiscovered as a large class of amding RNAs in the last decade, and are
present in almost all eukaryotes investigated so far (&taK., 2013; Salzmaet al., 2012).
Several naturally occurring circRNAs have also been identifieattzaradctersed based on
hightthroughput sequencing and computational analyses (Chen, 2026teAKsenet al.,

2019). However, most of these findings have been unable to comprehensively determine the
functions of circRNAs. Although some functions have been established, such as- miRNA
sponging for the naturally occurring CDR1as sponge (Hatsdn2013) and the Sry sponge
(Capekt al., 1993), functions of a vast majority of circRNAs identified remains elusive (Wilusz,
2018). Several hypothetical functions have been proposed for endogenous circRNAs such as
protein-sponging, allostery, templates fdranslation (Hentze & Preiss, 2013), but upon
critical analysis of the available data, sufficient evidence is lacking to prove these ideas. This
is especially true for circRNA translation, which is highly debated (Hansen, 2021).

In view of this predicameanwe used an alternative approach to study circRNA function.
Instead of characterising each endogenous circRNA for a putative function in the cell, we
designed circRNAs to fulfil a specific function. By this approach we identified circRNAs that
can becategorsedunder a certain family of functions, such as protsponging. We designed

and developed optimal circRNAs for RBPs, to function as protein sponges. Bpmirging

by circRNAs was previously only proposed for the circMbl circRNA, encoded by the
muscleblindmbl/MBNLJ gene inD. melanogaste(AshwalFlusset al., 2014). However, this
study did not satisfactorily demonstrate protein sponging of MBL protein by the circRNA. In
contrast, artificial circRNAs have been shown to sponge proteins ansettigestration also
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affects the functionality of the protein sponged (Schreieeral.,, 2020). This thesis further
establishes the principle of efficient protesponging by circRNAs for alternative splicing
regulators such as hnRNP L and RBM24. Our catitibto understanding proteisponging
suggests that, since proteins can be specifically and efficiently sponged by designer circRNAs,
it is plausible that such an interaction also exists in nature. It is quite possible that circMbl
may be one of those rtarally occurring proteirsponges capable to functionally affecting

MBL by sponging, but this has to be investigated further.

It is therefore clear that a careful, systematic approach needs to be applied when defining
circRNA sponge functions. Aspects saslstoichiometry of protekwtircRNA interaction and

size, must be considered while designing circRNAs. In general, for circRNA functions (like
miRNA sponging) and specifically for protein sponging, it is necessary to understand the
competition between citRNAs available for binding and the respective protein (or miRNA)
levels in the cell. Our colleagues have demonstrated that designer circRNAs can indeed
outcompete hnRNP L for binding (Schreigeal., 2020). Our results consistently showed a
high accumudtion of Tornadeexpressed circRNA, which was greater thahri6lecules per

cell (comparable to U1l snRNA)dure 3.18. This further corroborates previous observations
where Tornado circRNAs accumulated to levels of up t6-2@0molecules per cell (Soéiner

et al., 2020). Such high expression is clearly sufficient to quantitatively sponge endogenous
hnRNP L, which is usually found at &t@lecules per cell (Schreinet al., 2020).

Another aspect to be considered is the accessibility of the circBRMARNP L binding. Since
circRNAs usually accumulate in the cytoplasm, they may not be accessible to hnRNP L, which
is predominantly nuclear. However, sponge transfections revealed a dramatic shift in the
cytoplasmieto-nuclear ratio of hnRNP L distributidrom 36:64 to 61:39Higure 3.28. This
suggests molecular interaction between circRNA sponge and hnRNP L and translocation of
hnRNP L as a result of sequestration. The exact mechanism of this translocation is unclear,
and probably occurs by diffusionrtiugh nuclear pores.

However, an open question is, can increased circRNA expression or increased binding sites on
the circRNA, affect its sponging function? CDR1as is an efficient miRNA sponge, partly because
it possesses >70 highly specific and consehiading sites for mii¥ (Hanseret al., 2013).

Our hnRNP-Eponge SLX4x, is one such example of increased biaffiogncy with more
binding sitesKigure 3.18. A SELEgerived, highaffinity hnRNP ‘binding sequence (CA# 51,
p-ATACATGACACACACAGECA et laldZ2005), was used in four copies to increase the
binding sites for hnRNP L binding. Using PIE (permuted gatxon) overexpression vector
(Wesselheft et al., 2018), up to sixteewopies of CA#51 were incorporated into the circRNA

by Anna Didio (data not shown). On the other hand, with the introduction of the Tornado
overexpression system, it is now possible to express circRNAs at high concentrations
Currently, in our opinion, the Tornado system is the most efficient overexpression system for
small circRNAs. Although Poldtiven transcription from tRNAased vectors limits circRNA

size to ~800nt (Notet al.,, 2017) and also requires the absenceoly(T) stretches, circRNA
expression by Tornado system is efficient and robust. In comparison, circRNA expression by
vector systems based on backsplicing (Wesselheteftl., 2018) are limited in terms of low

yield and contaminating linear RNA and RNAcabemers. The choice of circRNA expression
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system therefore depends on several factors such as length, secondary structure and
composition of sequence of interest. Notwithstanding, future experiments incorporating
more protein bindingsites in the circRNAnd/or consequent higlexpression, may be
necessary to fully understand and further optimise protein sequestration by circRNA sponges.

4.3 Global gene regulation through protein sponging

Natural biological processes like embryonic development, organ fitomaand disease
pathogenesis are governed by highly coordinated genetic /gene regulatory networks (Singh
et al,, 2018). Differential expression of regulatory genes induce differential expression of their
respective target genes, by varying mRNA and pndtaiels, which in turn determine cellular
functions. Differential expression of these genes is brought about by regulatory molecules
which include DNA, RNA and proteins. Interactions between these molecules, or complexes
of these, determine gene expressioQuantitative transcriptome profiling by microarray
hybridization and highhroughput RNAseq (Mortazaviet al., 2008), have enabled the
systematic mapping of genes whose expression levels are correlated. Such a correlation in
expression levels acrosolngical samples established gene expression correlation networks,
which provide genomscale views of gene regulation in the context of events like
haematopoiesis, oncogenesis, embryogenesis and inflammation (Shghl, 2018).
However, early researclnahese networks only considered gegene interactions because
eukaryotic expression is thought to be hierarchicalhgansed i.e., protein products of
regulated genes in turn regulate expression of other genes, often involving feedback
mechanisms. Netwt analysis has since been modified to include interactions among cellular
molecular constituents of other types such as protmetabolite networks as well as protein
protein interaction networks, to arrive at a more global understanding of these complex
networksg a branch of science now known as systems biology.

Alternative splicing networks are key players in global gene expression and are embedded
into these gene regulatory networks. Humeg al. (2008) demonstrated specific changes in
alternative spking patterns on a global scale by microarray analysis and knockdown of hnRNP
L, a splice regulator. In this study, the authors have convincingly shown that knockdown of
hnRNP L promoted exon skipping @¢&€2D2And HMMRetc.), exon inclusion (imfJPland
FALZetc.) and intron retention (irDAF), thus altering splicing patterns in hnRNP L target
genes. These results have been reproduced, in part, also in this thesis using a novet protein
sponging mechanism (Schreinetr al., 2020) instead of hnRNP L knookah (seeResults
section 3.8.). CircRNA protetsponges were designed to sequester hnRNP L and diminish its
functions in alternative splicing regulation. Such a sequestration establishes conditions
comparable to RNAnediated knockdown of hnRNP L. Bothrtsfected circRNAs as well as
Tornadceexpressed circRNAs sponged hnRNP L specifically, such that alternative splicing of
hnRNP L target genes was altered. Another example of modulating gene regulatory networks
by sponging was shown for Hepatitis C Viru€\{MH propagation in cell culture system.
CircRNAnediated sponging of endogenous miRN2Z2, inhibited HCV, since miR2 is
necessary for virus propagation (Jestl., 2018).

Taken together, these observations along with our results strongly suggestd#siggner
circRNAs can affect gene regulatory networks. Global gene regulation is a complex process
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involving several interconnected networks, and altering one part of these networks could
have bearing on gene expression on the whole. This is clearlyrdgrated by the changes

in alternative splicing networks, which was caused by the sequestration of one alternative
splice regulatorhnRNP L, using designer circRNAs.

4.4 Designer circRNAs for variolisical/ biotechnologicalpplications

The work preseted in this thesis was aimed at demonstrating a functional role for designer
circRNAs in proteisponging. Although the design of circRNAS in this work was limited to two
known RBPs hnRNP L and RBM24, both involved in alternative splicing regulatismadvel
technology can be applied to any RBP of clinical and biotechnological relevance. RBPs are
multi-faceted proteins regulating almost all steps in RNA metabolism, such as splicing,
translation, stability, localisation and degradation. Therefore, praggulation of RNARBP
networks is crucial for good health (Kelagtial., 2021). RBfegulation relies on binding
affinities to RNA, micrenvironment and events such as metabolism, and stresponse.
Misregulation or dysfunction of RBPs, or a disiup in RNA homeostasis often leads to
several diseases including diabetes, cardiovascular disease and other disorders such as
neurodegenerative disorders and cancer (reviewed in Keédimil., 2021). RBPscognse
hundreds of transcripts and form exteme regulatory networks that maintain cell
homeostasis. From the formation of membraneless organelles to Mendelian and somatic
genetic disorders, RBPs play an active role in various processes of the cell (Gatlalyer
2021).

Antisense oligonucleotides AGO), RNAnediated knockdowns and pharmacological
inhibitions are currently the firsthoice of treatment for most of these pathologies. Therapies
targeting alternative splicing disorders are limited to ASOs and siRhated knockdowns.
Although severalASOs have been clinically approved by the FDA (Food and Drug
Administration, USA) for treatment (Quemenet al., 2020), most of these therapies are
limited due to toxic side effects. Since, our work demonstrating prespionging through
designer circRN&Amimics RNAnediated knockdown, we propose their use as a sustainable
alternative. CircRNAased interventions offer several advantages over A&@stly, most

ASOs and siRNAs need to be chemically modified to overcome endogenous degradation
pathways. Tese modifications, upon degradation in the cell are often metabolised
inefficiently causing toxic side effects. However, substantial chemical developments have
been introduced in the field to diminish toxicity of ASOs, making them more tolerable. But
whenadministered chronically, toxicity may still be observed (Quemenat.,2020). On the
contrary, circRNAs are naturally occurring compounds and widespread in diverse cell types
(Jecket al, 2013; Salzmaet al, 2012). They are degraded within the ceil natural
degradation pathways by cellular nucleases (endonucleases and exonucleases), without any
toxic side products. CircRNA degradation is not fully understood, however a few mechanisms
such as Agmediated cleavage of CDR1as initiated by miRNA @naatsl., 2011) and RNase
L-mediated degradation (Ljuet al, 201%), have been reportedSecondly due to their
OANDdzf  NJ O2y FAAdzNF GA2Y yR 101 2F pQ FyR of
to cellular endonucleases compared to line&AR(Suzulet al., 2006). We also demonstrated

that designer circRNAs were more stable compared to linear RNA, and detectable up to four
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days postiransfection (sedResultsection 3.§. Finally,miRNAsponging studies have shown

that circRNAs were more fefient than ASOs in preventing HCV propagation in cells ¢dost

al., 2018). Considering these observations, we strongly believe that circRNAs could serve as
an efficient alternative to ASOs and siRiMAdiated knockdown of RBPs, in several diseases
causeddue to disruption of RBRNA networks. Since they occur naturally, if unmodified, it is
less likely that circRNA administration could elicit an innate immune response (Wesselhoeft
et al,, 2019)Interestingly, in a recent report our colleagues haeeongrated the successful
inhibition of the novel SARSoV2 coronavirus proliferation by designer antiser@eRNAS
(Pfafenrotet al.,2021).

Numerous RBPs are known to be overexpressed or their genes upregulated, in various types
of cancers and therefore ls@ming targets of new cancer therapeutics. Interestingly, hnRNP

L was identified as one such therapeutic target in the progression of pancreatic canasr (Fei
al., 2017). HnRNP L directly regulates the alternative splicing of the androgen recekéy
lineagespecific oncogene in prostate cancer. HhNRNP L also regulates circRNA formation by
backsplicing in these cells (Feti al, 2017). By another mechanism involving nonsense
mediated decay (NMD), hnRNP L has also been linkedé¢t Emphoma progressn (Kishor

et al, 2018). HnRNP L protects mRNAs with NMPR dzOA y 3 TSI ( dz2NFRa, & dzOK
which, in the case of B cell ymphoma leads to cancer. Protection by hnRNP L allows aberrant
BCL2 mRNAs to evade NMD, thus promoting BCL2 overexpressioeapidsia (Kishoet

al., 2018). In both these cases, it is clear that targeting hnRNP L as a therapeutic target may
FffSOALFGS OFyOSNI LINPINBaaA2yd . f201Ay3 (GKS
been proposed as potential chemotherapy optiddiowever, developing these therapies may
need more careful examination and time. An alternative strategy could be the proposed use
of our designer circRNAs. Designer circRNAs withdffghty for hnRNP L have been shown

to have dramatic effects on hnBRNL distribution (se®esultssection 3.8.3 and alternative
splicing of target genes (s&esultsection 3.8.2andSchreineet al., 2020). We are confident

that applying designer circRNAs in these disease contexts offers a new paradigm in cancer
therapy. A recent example of circRNp#otein sponging has been described for the HUR
protein, which is bound by circPABPN1, derived fildeABPNIgene (Abdelmohseet al.,

2017). CircPABPN1 sequesters HUR, and prevents it from bindffgBieNIMRNA, which in

turn lowers translation of the mRNA. Although, circPABPN1 has not been shown to have any
role in cancer, since HUR targets many mRNAs from tuisgppressor and cancer related
genes likeMYC HIF1Aand BCL2it would be interesting to find if circPABPN1 alsonpotes

cancer progression (Abdelmohsenal., 2017).

In addition to clinical applications via protesponging function, circRNAs and SEté&Xed
aptamers in general, have been implicated in various biotechnological applications such as
conditional ger regulation, biosensing, riboswitch for gene regulation, tags to visualise RNA
or protein distribution in living cells (molecular probes), and for diagnostic purposes (Weigand
& Suess, 2009). Latest developments in the field have applied aptamers fommassays

and aptamesbased magnetic cell sorting (Nimjeeal., 2017). The first breakthrough in the
therapeutic application of an RNA aptamer came with the approval of PegapRiBdléted
aptamer angiogenesisnhibitor), by the FDA in 2004 (Ulrigt a., 2006). Pegaptanib (also
known as Macugen), is an avascular endothelial growth factor (afMEGkes) RNA aptamer
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developed by Ruckmaet al. (1998) using the SELEX technique. It was approved for the
treatment of pathological choroidal neovasculatisa, associated with neovascular age
related macular degeneration (AMD). Following this, several Sledded aptamers were
developed for various applications as antivirals, anticoagulants, -irff@dmmatory
compounds, aptamers against eslirface antigea and whole organisms and aptamers in
cancer treatment (reviewed in Ulriatt al., 2006 and Nimjeet al., 2017). These examples
reiterate the applicability of the SELES<hnique in designing functionally relevant and
biotechnologically important compoursd Building on this idea, we propose the development

of circRNA as aptamers that bind with high specificity to small molecules such as adenosine
and ATP or to hormones like insulin or other growth factors. Targeting these molecules would
first require thedesign of circRN-Aptamer with a high affinity bindingite. The binding site

for these molecules may be SEideXived (as obtained for hnRNP L protsponges, see
Figure 4.1) or an existing higffinity site, which can be implemented into a circRNAotab

et al. (2016), developed a novel internalising aptamer, GL56, which targets the insulin
receptor (IR). This nucleagesistant, SELEderived RNA aptamer, specifically recognises the
IR and rapidly internalises into target cells. The aptamer is foanspecifically inhibit IR
dependent signalling, when applied to cancer cells expressing IR (lebahi2016). By
incorporating oligomers or multimers of GL56, and expressing them as a circRNA, it is very
likely that bindingaffinity can be enhanced. Rhermore, circRNA may be coupled to a
degradation signal and administered directly to target cells and tissues, or into serum, such
that after its function it may be removed safely through the secretory machinery.

In summary, the unique features of nudecid aptamers including higtffinity binding to

target molecules and specificity, provide vast potential for future applications. Properties
such as diversity (aptamers can be developed for any molecule), uniform activity regardless
of batch synthesisasily modifiable pharmacokinetic properties, no/low immunogenicity and
unlimited shelf life, make RNA aptamers a better choice of drugs over antibodies (reviewed
in Nimjeeet al., 2017). A unique feature of aptamers is the reversal of inhibitory actwity

the drug by the administration of an antidote which disrupts binding of the drug to its target.
This property has been proposed for the development of reversal agents for new oral
anticoagulant drugs (Nimjeet al., 2017). Such reversal is not possiigh antibody-based
therapies, thereby making the future of aptamleased therapies very promising.
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4.5 Perspectives

The fascinating field of circular RNAs has drawn much attention in recent years due to their
special properties such as high stdbilin cells owing to their closed covalent structure
(Kristenseret al.,, 2019). CircRNAs are ubiquitous, and have been identified in all eukaryotes
studied; however, their expression is highly tisspecific (RybakVolfet al., 2015). Although

the biogeneis and expression profiles of circRNAs have been well examined, except for a
couple of weHestablished examples, functional relevance of circRNAs is still largely unsettled
(Hansen, 2021). With the introduction of the novel protsjponging function usgpdesigner
circRNAs, circRNA function can be now viewed from a new perspective (Sclatealer
2020).

The primary objective of this thesis was aimed at establishing this functional role of circRNAs
in protein sponging, using artificial designer circBRNAe have demonstrated that designer
circRNAs were capable of sequestering RBPs specifically (psptaiging) and modulate

their function. Observed effects on alternative splicing due to sponging of hnRNP L, correlated
with RNAimediated downregulatiorof hnRNP L. Although very promising, this strategy is
limited to those RBPs with a known and highly specific bing@ggience. Nonetheless, this
novel technique seems to be a promising alternative to siRi¢diated knockdown of hnRNP

L, in therapy. HhnRNPid essential for ceBurvival, and complete knockdown of hnRNP L is
lethal to the cell (Gaudreast al.,2016). In light of this, circRNAediated sponging offers
target-protein regulation on a broader range, without completely abolishing its activitgeS

in theory, sponging is also reversible, partial sequestration of hnRNP L by circRNA is a
sustainable alternative compared to complete removal by siRNA. CircRNA sponging, like other
aptamerbased therapies, allows controlledgulation with the possility to reverse
inhibitory activity of the sponge=igure 4.1schematically outlines the basic steps involved in
optimal circRNA design.

It must be noted that therapeutic circRNAs are a new class of clinically relevant molecules,
which need to be investajed further for approval as therapeutic agents. We discuss current
limitations of therapeutic RNAs in general and potential strategies to overcome these
limitations, here.

Firstly,according to the 78 Ensembl version, out of ~20,300 prota&iading gene annotated,

only about 4479 (22%) are estimated to be drugged/druggable by-estblished small
molecules or antibodies (Finabal.,2017). Several factors influence design and development
of drugs, the major factor being targéinding site. Since satl-molecules and antibodies can
effectively bind to a limited set of molecules (like proteins), their effectiveness for the
Wdzy RNHzZ3 3 6t SQ GFNBSGa Aa O2YLINBYAASR® whb!
to a widerange of targets including necoding RNAs. This dramatically expands their
therapeutic possibility. ASOs and siRNAs were described as therapeutic agents in 1978 and
1998, respectively (Depret al.,2020), and since then have been most widely applied in drug
development and for persmlised immunotherapy. Until now, seven ASO drugs have been
approved for use in humans, while many others are undergoing clinical trials (®¢tédn
2019). A recent and well publicised example was the use of Milgagersonalised ASO drug
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usedforaOKAf R adzZFFSNAY3I FNRBY | NINB ySdzZNPRS3ISyYyS
by a genetic mutation leading to an alternative splicing error (&iad.,2019).

Interestingly, from our SELEX experiments we observed that designing circRNA sponges is
easier for multidomain RBPs (hnRNP L) compared to siloghain RBPs such as RBM24. This

is because hnRNP L binds to its target RNA via all four RRM domains. Due to the recognition
of an array of binding elements in the target RNA by respective RRM dgnragraction
between protein and RNA is more favourable and the protein binds tightly to its target. In
contrast, RBM24 relies on a single domain for recognition and binding to RNA. This interaction
may be relatively less compact compared to hnRNP L, evharitiple domains bind in a
combinatorial manner. Combinatorial recognition of RbIAding elements is an important
aspect of proteilRNA interactions, which was also recently established by our group for a
multidomain RBP, IMP3 (Schneid¢ral.,2019).

Secondly,a major challenge in RNA therapy is stability of RNA compounds in blood.
Therapeutic RNAs are highly charged and have a large molecular mass compared to small
molecules. This may pose a significant hindrance for delivery through the plasma nmembra
Doublestranded siRNAs cannot pass through cell membranes as easily as single stranded
ASOs, and upon entering the cell, unmodified RNAs are highly accessible to cellular nucleases.
This problem can be overcome by using circRNAs which show hightysiabiliva But in
general, efficacy of targeted RNA therapyitro does not always correlate with efficagy

vivo, and commonly known targeted delivery is only wedtablished for the liver.

Finally delivery strategies for RNA therapeutics are luitThere are two main reasons why
targeted delivery, in most cases is unsuccessful: susceptibility of oligonucleotides to
degradation by cellular nucleases and inefficiency of cellular uptake. Both these challenges
have been overcome in part, by chemigabdifications of the ASOs and siRNAs. RNA
therapeutics can be modified by diverse chemical modifications of the nucleobases,
phosphate backbone and sugars (reviewed in Wan & Seth, 2016). The most commonly used
modifications include; using Phosphorothicaté t { 0 Yy dzOf $S2 (i A R®meinyi O 6 2 Y ¢
0 HOMe) ribose sugars instead of phosphate backbone and ribose sugar, respectively. These
modifications promote higher cellular uptake and increase resistance to nucleases
(Matsukuraet al.,1987;Inoueet al.,1987). Therapeutic RNAs also interact with proteins on

cell membrane and are effectively internalised by endocytosis. However, most of these RNA
molecules remain trapped in the endosomes and cannot fulfil their therapeutic roles, a
phenomenon known as neproductive uptake (Crooket al.,2017). Additional modifications

& dzOK -0-Y&8S (i K@ E & SVIDR)g locked mufleic acid (LNA) and cationic guanidinium
groups for backbone modification have been shown to enhance cellular uptake. Since siRNAs
are larger andNB | dzZA NB &S LJ NF GS &Sy ahSa S yIRFR /iR S¢S
Y2RAFAOIFIGA2ya F2N) 6KS adAFINE yYyR t{ Y2RATAOI
introduced (reviewed in Depregt al.,2020). Although these modifications ensure effitien

uptake of RNA drugs and resistance to degradation, gymnosis (the process of cellular uptake

of therapeutic RNAs unaided by chemical or physical means of drug delivery) remains highly
inefficient (Depreyet al.,2020). An effective way to overcome gymrsaisito employ physical

delivery strategies such as microinjection or electroporation. Also, chemical delivery using
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cationic lipids such as lipofectamine are routinely applied for the transfection of RNA
therapeutics into cells (also applied for circRNi@nsfection in this thesis). Furthermore,
formulating RNA therapeutics into lipid nanoparticles or liposomes containing neutral and
cationic lipids such as cholesterol, promotes delivery across plasma membrane, while
avoiding toxicity (Prakastt al.,, 2013.

To sum it up, if unmodified, therapeutic circRNAs correspond to natural RNAs in their safety
and are a promising alternative to other therapeutic RNAs. However, cirbRBEY therapy

is still largely unexplored. Delivery of certain circRNAs may be iieiddkie to large size, and
efficiency of circRNfaroduction is celtype and tissuespecific. Furthermore, addition of
specific localisation signals by end modification is not possible due to their closed
configuration. Regardless, many circRNAs have leposed as putative regulators of
miRNA (by sponging) in spite of stoichiometric challenges and lack of miRNA response
element enrichment in circRNA sequences (@ual., 2014; Stagstedt al.,, 2019). Although

the prospects of identifying a necanonicalgamechanger in gene regulation is very high, it

is our opinion that scientific data must be evaluated critically before studying noise and
artefacts generated from circRNA functional studies (Hansen, 2021). Scrutinising the
functional properties of cirdRAs with increased stringency would be beneficial to the circRNA
field as well as the scientific community to address future challenges and applications of
therapeutic circRNAs.

In conclusion, this study expands the functional possibilities of circulas RNa#\establishes

for the first time, a novel application in protein sponging. Our data strongly suggests that this
approach may be extended to any RBP of clinical importance. Designer circRNAs can be
developed into a novel and highly specific new clasthefapeutic RNAs, to be applied in
cases where overexpressed (or mislocalised)-RiNéing proteins cause human disease, such

as in many tumour tissues.
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L_9/10(59nts)
GETTATGCATCCCACTTAGACTCCACBTACATCCACTTBGATTTATG

L_9/15(64nts)
GETTATECATCCCACTTEBGAGCACCCTCCACTAGSETCCACTT@GGATTTATG

L_12/10(65nts)
GETTATEGCAGCACCCTCCACRCTCCACTTGGATGCACCCTCCACRTTTTATG

L_12/15(70nts)
GETTATECAGCACCCTCCACRGCACCCTCCACTAGASGCACCTCCABTATTTATG

L_12/10_mut(65nts)
GGETTATGGTGCACCCTCCACTETCCACTTEGGT GCACCCTCCACT CTTATG

CABY {{RESNAISR wb! aSljdzSyO0Sa F2NJ oAYRAY
DNA sequence of the corresponding RNA used for hnRNP L sponge design il depider of
increasing size (in nt). Binding mot#eCAC and ACAT (in bold font) for binding of the four respe
hnRNP L domains, in WT RNA are indicated in red. A representative mut variant of L_12/10
also shown, with mutated motifs indicatéd blue.WT, wild type;mut, mutant.
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Total RNA was extracted froReLa cells transfected with TornadapressedtircRNA spongesl-
L_9/10, TL_9/15, TL_12/10, L_12/15, Tmut, 'I'-(CA;0 and FSLX4x two days post transfectio
Isolated RNA was used for-RTR with pmers against hnRNP L alternative splicing targatdP1,
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Positions of PCR products corresponding to alternatively spliced mRNAs are indicated w
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the right of each paneM, marker.
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Tornadeexpressed hnRNP L circRdponge kifts nuclearcytoplasmic distribution of hnRNP L.
L_9/10, TL._9/15, TL_12/10, TL_12/15, L_mut, FTSLX4x and-[CA), were transfected in HelLz
cells, followed by cell fractionation after 24h. Equivalent lysate amounts of total cells, cytopl;
and ruclear fractions were anadgd by Western blotting for hnRNP L, GAPDH, and hnRNP A
distribution of hnRNP L between nuclear and cytoplasmic fractions was quantitated, bas
Western signals (mean values and standard deviations given below the tigsplanesn = 3).
HNRNP L distribution shifted by circRdnge, is marked with a red box.
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Table 1.1: Expression and mechanistic role of hnRNP L in tumor tissues (fraanhadku2020,

Hepatocellular
carcinoma

Prostate
cancer

Bladder
cancer

Gastric cancer

Pancreatic

cancer

Breast cancer

Ovarian clear

cell carcinoma

Acute myeloid
leukaemia

Glioblastoma

proliferation,
migration,
viability

proliferation,
invasion,
metastasis,
apoptosis,
viability

proliferation,
invasion,
metastasis,
apoptosis,
EMT

proliferation,
migration

proliferation

invasion,
EMT

proliferation,
invasion

proliferation,
invasion

p53 tumor suppressor
pathway

specific binding to CASC9
affects PI3K/ AKT and DNA
damage signalling
pathways

p53/p21/cyclin D1 pathway

CEACAM1/Caspase

p53/bck2/caspase
signalling pathway

protein-protein interaction

IncRNA.uc345

hnRNP L, NSP 5a3a, B23
interaction

Binding to DSACMS1

combining with TIRIL to
form a complex that
increases TNF transcriptior

hnRNP L interacts with
SChLAP1 and ACTN4

pathway inhibitor

hnRNP L upregulated,
carcinogenic factor, RBP, tumo
associated antigen

hnRNP L upregulated,
carcinogenic factor

alternative splicing regator

hnRNP L upregulated,
carcinogenic factor, RBP

MAPK pathway

transcription factor E2F1,
LNMATI

RBP

RBP

carcinogerc factor

RBP

increased titers of IgA
autoantibody against hnRNP L

RBP

RBP

modified)
Phenotypes . .
Cancer type P Related carcinogenesis| Role References
affected
apoptosis | caspase 9 hNRNP L phosph(.)rylatlo.n. Goeheet al., 2010
regulates alternative splicing
Lung cancer C9/E3ESS RBP Goeheet al., 2010

Siebringvan Olst
etal, 2017

Klingenberget al.,
2018

Guet al., 2020;
Cox & Lanet al.,
1995

Deryet al., 2011

Chenet al., 2018

Lvet al., 2017

Chenet al., 2018

Daiet al., 2016

Liuet al., 2016

5Q! 32eaial A
2010

Niknafset al., 2016

Yoneyamat al.,
2015

Sayacet al., 2018

Jiet al.,, 2019
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B cell
lymphoma

Chronic
lymphocyte
leukaemia

apoptosis

altering Bcl2:IGH fusion
mRNA and Bcl2 levels

hnRNP L combines with
D2S1888 to inhibit mHR55

RBP Kishoret al., 2019

Pagottoet al.,

RBP 2019

Table 1.2: Potential functions of RBM24 in development and disease (from Griétrad., 2020,
modified)

Tissue or disease

Posttranscriptional regulation

Role in development or disease

Skeletal muscle

Cardiac muscle

Lens

Inner ear/
Neuromasts

Olfactory epithelium

Blastula/Gastrula
Prostate cancer

Nasopharyngeal
carcinoma

Hirschsprung diseast

Familial
dysautonomia

Hepatitis A and B

musclespecific premRNA splicing,
mMRNA stability

musclespecific premRNA splicing,
mMRNA stability and translation

cytoplasmic polyadenylation, mRN
stability

mRNA stability

unknown (cytoplasmic locadition
in neuronal cells)

unknown

interaction with miR106a5p

interaction with miR25

interaction with MIR143HG

increased recognition of the
Ydzii i SR p Q IKBKIAPA
gene by Ul snRNP

pre-genomic RNA packengy and
replication

myogenic differentiation, somitogenesis and sarcomg
organization (Grifonet al,, 2014; Yangt al,, 2014

heart development, sarcomere assembly and cardia
contractility (Livet al., 201%; Yanget al., 2014; Maragh
etal, 2019

lens fiber diffeentiation, and lens transparency (Shag
et al., 2020; Dasket al., 2029

hair cell morphogenesis and differentiation (Cherg
al., 2020

may pomote neurogenic differentiation by regulating
translation of target mMRNAGrifoneet al., 2020)

germ layer formation (Lt al., 201Q
inhibition of tumorigenesis (Waeit al., 2020

inhibition of cell proliferation, migration and invasion
(Huaet al., 2016

proliferation or migration of enteric neural crest cells
and gangliogenesis (i al., 2016

possible role in protecting against the aberrant spliciy
of the mutated gene (Ohet al., 2017

possible host factor for the viruses (Yetoal., 2019
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Table 1.3: Biological functions and mechanism of action of key circRNAs (from Kristehsen
2019, modified)
. . . . Putative biological References
CircRNA Location Mechanism of action . g
function
neuronal development Memczalet al,
ositive re uIatoFr) of inéulin 2013; Hansest al,
miRNA sponge or decoy for R gecretion gnco enic 2013; Wenget al,
functions, 9 2017;Kleavelandet
al., 2018;
cirS7/ CDR1ag Cytoplasm
. compromises pre Hannifordet al.,
interacts wih IGF2BP3 metastatic function 2020
interacts with p53 and blocks it C . .
from MDM2 inhibits gliomagenesis Louet al., 2020
) miRNA sponge or decoy for miR | epidermal stem cell Kristensenet al.,
CIrcZNF91 | Cytoplasm 23b-3p differentiation 2018b
tumor suppressor, positive Zhenget al, 2016;
circHIPK3 | Cytoplasm MIRNA sponge or decoy for re ulatorpc?f insulir,1p Okholmet al,
ylop multiple MIRNAs se%retion 2017; Stolkt al.,
2018
. miRNA sponge or decoy for miR L .
circBIRC6 | Cytoplasm 342 ad MiR145 maintains pluripotency Yuet al., 2017
GircPVT1 Cytoplasm miRNA sponge or decoy for miR | positive reguIaFor of cell Verduci et al, 2017
497-5p cycle progression
circCCDC66 | Cytoplasm mIRNA IR O CEiel . oncogenic functions Hsiaoet al., 2017
multiple tumor suppressor miRNA|
CCA progression, induces
GircCCACL | Cytoplasm miRNA sponge or decoy for miR | angiogenesis and.dlsrupts Xuet al, 2021
514a5p vascular endothelial
barriers
rotein sponge or decoy for mbl | regulator of neuronal Pamudurtiet al,
circMbl Cytoplasm P pong y 9 . 2017;AshwaiFluss
and templae for translation functions )
et al, 2014;
suppresses PABPN1
circPABPNL1 | Cytoplasm| protein sponge or decoy for HUR | translation and decreases Abd;lmzo:ls?ret
cellular proliferation v
protects longtern
ciacGAS Nucleus | protein sponge or decoy for cGAY hematopoietic stem cells Xiaet al., 2018
from exhaustion
impairs prerRNA
processing and ribosome
circANRIL | Cytoplasm| protein sponge or decoy for PES]| biogenesis to induce Holdtet al., 2016
nucleolar stressrd
activate p53
circFoxo3 | Cytoplasm| protein scaffold (facilitates MDA |n(:|u ces apoptosis of cancq ¢ al, 2016
dependent ubiquitylation of p53) cells
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circcAmotll

FECR1

ci-ankrd52

circelF3J

circPAIP2

Circ-ZNF609

Circ-FBXW7

circPINTexon2]

circ:SHPRH

circNfix

Cytoplasm

Nucleus

Nucleus

Nucleus

Nucleus

Cytoplasm

Cytoplasm

Cytoplasm

Cytoplasm

Cytoplasm

and sponge for MDM2 (to prevent]
ubiquitylation of FOX&)

protein scaffold (facilitates PDK1
dependent phosphorylation of
AKT1)

protein recruitment (recruits TET1
to the promoter region of its own
host gene)

enhances protein function
(positive regulator of Pol Il
transcription)

enhances proti function
(positive regulator of Pol Il
transcription)

enhances protein function
(positive regulator of Pol Il
transcription)

template for translation

template for translation

miRNA sponge or decoy for miR
197-3p

template for translation

template for translation

reinforces interaction of Ybx1 with
Nedd4l (an E3 ubiquitin ligase) an
induces degradation of Ybx1 by
ubuiquitination

miRNA sponge or decoy for miR
214

cardioprotective role in
doxorubicin induced
cardiomyopathy

oncogenic @inctions
through upregulation of
FLI1

positively regulates the
expression of its parental
gene

positively regulates the
expression of its parental
gene

positively regulates the
expressiorof its parental
gene

regulates myoblast
proliferation

tumor suppressor

inhibits malignant
progression in triple
negative breast cancer

tumor suppressor

tumor suppressor
cardiac regenerative repai

LINEY23GSa Dal
synthase]l Ay 48 o
SELINB&aAzy-|
catenin activity.

Zenget al., 2017

Chenet al., 2018

Zhanget al., 2013

Liet al., 2015

Liet al., 2015

Legniniet al., 2017

Yanget al., 2018

Yeet al,, 2019

Zhanget al., 201&

Zhanget al., 2018b

Huanget al.,, 2019

Huanget al.,, 2019

CDR1as, cerebellar degeneratiatated protein 1; CCA, cholangiocarcinoma; cGAS, cyclicANVP
synthase; circRNA, circular RNA; FECR1, FLI1 exonic circular RNA; FLI1 kliemdlevegration 1

transcription factor; HUR, Hantigen R; MDM2, mouse doubfainute 2; miRNA, microRNA; PABPN1,
poly(A) binding protein 1; PDK1, phosphoinosiiggpendent protein kinase 1; PES1, pescadillo

homologue 1; Pol Il, RNA polymerase Il; TEEthylcytosine dioxygenase TET1; YbxioX binding

protein 1.
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Abbreviations and symbols

Abbreviations and symbols used in this thesis are listed here. Frequently used gene names are
mentioned, for full gene names of other genes see the NCBI Gene Database (http://www.ncbi.nim.
nih.gov/gene/)

~ approximately

xg times gravity

°C degree Celsius

> 3 microgram

> § microliter

HQ bonds to the & carbon of ribose in nucleic acids
H-MOE H -O-methoxyethyl

H hYS H-O-methyl

0Q directionality in nucleic acids: in the direction of th&@bose carbon
p Q directionality in nucleic acids: in therection of the G5 ribose carbon
aa amino acid

A adenosine

A ampere

ACTB actin, beta gene

AGO2 argonaute2 protein

APS ammonium persulfate

ASO antisense oligonucleotide

ATP adenosine triphosphate

bp base pair(s)

BRA branch point adenosine

BA bovine serum albumin

C cytidine

G cycle of threshold

cDNA complementary DNA

CD45 cluster of differentiation antigen 45

CDR1las cerebellar degeneratiomelated protein 1 antisense
CFTR cystic fibrosis transmembrane conductance regulator
CircRNA circular RNA

CLIP crosslinking and immungrecipitation

Da Dalton

dNTP deoxyribonucleotides

DFHBI 3,5-difluoro-4-hydroxybenzylidene imidazolinone
DIG digoxigenin

DMD Duchenne muscular dystrophy

DMEM Dulbecco's modified eagle medium

DMPC dimethyl pyrocarbonate

DNA deoxyribonucleic acid

DNase deoxyribonuclease

DTT dithiothreitol

E. coli Escherichia coli

EDTA ethylenediamine tetraacetic acid
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endo
eNOS
ESE
ESS
ESTs
et al.
ex
ecto
FDA
fwd

g

g
G

GAPDH
GFP
GMP
GST
GTP

h

HCV

His
hnRNP L
hnRNP LL
HPLC
IFNM ]
intr

ISE

ISS

mut
MYL6
N-terminal
ng

Ni-NTA

endogenous

endothelial nitric oxide synthase
exonic splicing enhancer

exonic splieig silencer

expressed sequence tags

et alia

exon

ectopically expressed

Food and Drug Administration
forward

acceleration due to gravity

gram

guanosine
glyceraldehyde3-phosphate dehydrogenase
green florescence protein

guanosine monophosphate
glutathione Stransferase

guanosine triphosphate

hour(s)

Hepatitis C virus

polyhistidinetag

heterogenous nuclear ribonucleoprotein L
hnRNP dike

high-performarce liquid chromatography
LYGSNFSNRY (el L i
intron

intronic splicing enhancer

intronic splicing silencer

kilo

liter

low-density lipoprotein

marker

molar

microtubule associated protein tau
N6-methyladenaine

7-methyl guanosine

minute(s)

microRNA

milliliter

messenger RNA

mass spectrometry

mutant/mutated

myaosin light polypeptide 6
aminoterminal

nanogram

nickeknitrilotriacetic acid
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nM nanamolar

NMD nonsensemediated decay

NR40 nonyl phenoxypolyethoxylethanol
nt nucleotide(s)

OH hydroxyl ¢group)

PAGE polyacrylamide gel electrophoresis
PAPOLA poly(A) polymerase alpha

PARK7 Parkinson disease protein 7

PBS phosphate buffered saline

PCR polymerase chain reaction

PIE permuted intronexon

PK proteinase K

PKR protein kinase R

PNK polynnucleotide kinase

Pol 1I/1 RNA polymerase Il/IlI

pre-mRNA precursor mRNA

pre-tRNA precursor tRNA

PS phosphorothioate

PTC premature termination odon

gPCR quantiatative PCR

RBP RNAbinding protein

rev reverse

RIP RNA immunoprecipitation

RNA ribonucleic acid

RNAI RNA interference

RNase ribonuclease

RRM RNA recognition motif

rRNA ribosomal RNA

RT reverse transcription

RTgPCR guantiatativereverse transcriptiorPCR
RtcB wb! -@eBDbAO0O LIK2@GHlKkelS | yR p
SDS sodium dodecyl sulphate

SELEX systematic evolution of ligands by exponential enrichment
Seq sequencing

SiRNA small interfering RNA

SMA spinal muscular atrophy

SMN survival of motorneuron

SnRNA small nuclear RNA

SnRNP small nuclear ribonucleoprotein
SR serineargininerich

SRSF1 serine/argininerich splicing factor 1
SS splice site

SSO spliceswitching oligonucleotide
TBE tris-buffered saline EDTA

TJIP1 tight junction proteinl

Tornado twister-optimised RNA for durable overexpression
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tricRNA
Trm4
tRNA
U

U

uv
U1-U6
U2AF
\

viv
WT
wiv

ZKSCAN1
h

i
1

n

tRNA intronic circular RNA
methyltransferase

transfer RNA

unit

uracil

ultraviolet

small nuclear RNA W16
U2-auxillary factor

volt

volume per volume

wild type
weight per volume

zinc finger with KRAB and SCAN domains 1
alpha

beta

gamma

delta, without/lacking
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