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Abstract

RNA binding proteins are crucial effectors of gene expressioffost-transcriptional gene
regulation is defined by specific RNAprotein interactions andto understand the function of an
RBP, it is important to know itsspecific RNAtargets. Many technologieshave been developed
for the identification of recognition motifs, such as RNA Binah-Seq (BNS)RNA BNS so far was
exclusively conducted with purified RBPsRecombinant protein purification can often be
challenging,and RNA affinities can be divergent because pérification -related truncations or
the missing physiological context ofan RBPcandidate. Furthermore, RNA binding functiors
might be restricted to developmental stages ospecific tissues. Therefore, we modified the
original RNA BNS protocol from Lambertet al. (2014), introducing a second target RNA
selection step. By increasing the specificity and resolution of target RNA selection, like in
SELEX, we show that targeRNA motifs can also be identified with endogenousRBPs and
protein complexes immunoprecipitated from cell lysates We further demonstrate a
guantification approach, that allows us to define an optimal concentration range of
immunoprecipitated RBPs in our RNA BNS experiments.Improvements in our sample
preparation finally allowed us to identify target RNA motifs of different RBPs fronmost
various sources, including mouse brain and liver tissues. Since including the physiological
context ofanRBPin RNA BNS, we refer to this adapted method asdogenous RNABNS(endo-
bind-n-seq).

The Enhancer of decapping 4 (EDC4) is a protein that is highly involved in mMRNA metabolism
and Rbody formation. It appeared as a potential new RBP candidate during highroughput
screenings of the last decaddut never has been examined for mediating RNA contacts in detail.
In this thesis, we examined the potential RNA binding function of EDC4 and tested its N
terminal WD40 domain asputative RBD.We aimedto recapitulate the screenings in more
detail, including different EDC4 constructs.Thus, we performed a pultdown approach on
immobilized pre-miRNA hairpins, testing for RNP complex formation with RNAs of known
sequences, and performed CLIP experiments to investigate e interaction of EDC4 with
endogenous RNAs of unknown sequenseBy applying our optimized endo-bind-n-seq
approachonimmunoprecipitated EDC4 and its isolated WD40 domaijrweidentified a putative
RNA binding motifof EDC4 anddentified the EDC4WD40 domainas a specific interactor of
canonicalGU and AUrich RNA motifs that are typically found as regulatry elements in thec 6
UTRof mRNAs" AOAA 11 11 PEA&I T A DPOAAEAOET 1 PropalerA OEA
RNP complex structures, we fially hypothesize about a potential RNA binding mode of the
EDC4 WD40 domain aanew RBD.
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Introduction

1 Introduction

1.1 RNA binding proteins

1.1.1 RBPs contribute to all steps of RNA metabolism

Proteins are the molecular instruments in all kingdoms of life, that orchestrate the diverse and
complex processes required fothe growth, functioning, and survival of all living organisms.
Francis Cick described early in 1958 and more detailed in 1970 theCentral Dogma of
Molecular Biology(Crick, 1970), in which he postulated the importanceof the transfer of
genetic information between all three, DNA RNA and proteins. Onedistinct set of molecular
instruments, that enableparts of this informational transfer, are RNA binding proteins (RBPSs)
RBPs recognizeheir specific RNA substrates throughtlistinct RNA binding domains (RBDs) to
form ribonucleoprotein (RNP) complexesin turn, the resulting RNP complexesre involved in
the post-transcriptional gene regulation and coordinatethe biogenesis,processing,function,

and decay of their interacting RNA compoundgeviewed by Gerstbergeret al,, 2014).

Accordingly, RNA moleculesplay critical roles in most biological processesand the landscape
of existing RNA species is highly divers&Vhile in bacteria and archaeaone essential RNA
polymerase (Pol) proteinexiststo transcribe RNA molecules fronthe DNA eukaryotespossess
three different RNA polymerasa (Vannini and Cramer, 2012; Werner and Grohmann, 2011)
Pol | produces ribosomal RNA (rRNAs), Polll transcribes messenger RNA(mRNAs), small
nucleolar and nuclear RNAgsnoRNA and snRNA)microRNAs (miRNAs) and long ncroding
RNAs, and Pdlll is responsible for the transcription of transfer RNAs (tRNAs) and other
distinct RNA species(White, 2011; Liu et al, 2013; Viktorovskaya and Schneider, 2015)In
plants, two additional DNA-dependent RNA polymerases (PdV and PolV) have evolved as
derivatives of Polll, which transcribe non-coding RNAs for genesilencing processes to

regulate plant development and gnomedefense(Haag and Pikaard, 2011)

The existenceof specificRNA polymerases andhe broad range ofRNA productsalreadyimply

the presenceof numerous RBP factorsthat are involved in the regulation of all aspects ofthe
individual RNA life cycles.In humans, approximately 1400 RBPshave been estimated to

ET OAOAAO xEOE DI 1T UAAATUI AGAA 2.1 Oh AHemietOOOA
al., 2018) More recently, the landscape of RBPs has been examirgada broader view,further
encompassingnteractions alsowith total RNA. By thisan estimated total of around4260 RBPs

has been annotated for human (Gebauer et al., 2021)In plants, more than 1800 protein
candidates have been identified as putative RBPs, and with thereasingnumber of methods

for investigating RNAprotein interactions, many moreRBPsare expected to be identified soon
1
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(Burjoski and Reddy, 2021; Marondedze, 2020)Accordingly, RNP complexes appear to be
ubiquitous in all organisms which emphasizes theircrucial role in the control and functional

regulation of their specific RNAsubstrates.

1.1.2 The different ways of target RNA identification

To understand the biological function of an RBPand be able to recapitulate its role in
development and diseaseit is essential to knowits specific RNA substrate. Therefore, many
approaches have been developedo identify the specific RNA targets of an RBP RNA
Immunoprecipitation and Sequencing (RIRSeq) was one of the firstnethods usedto isolate
RNP complexes from cellysateswith specific antibodies againstan RBP of interest followed
by the extraction and sequencing of thénteracting RNAcompounds (Selth et al., 2009; Zhao et
al., 2010) To subsequentlyidentify putative target RNAs of an RBPfrom a sequencingdataset,
sequencing reads careither be aligned to the genomewith algorithms such as Bowtie
(Langmead et al., 2009)or RNA motifs canbe directly extracted by applying software like
MEME(Bailey et al., 2015)or Weeder(Pavesi et al., 2004)The formation of RNP compleesin
vivo strongly depends on physiological interactions, sulzellular localizations, and the
corresponding concentrations of involved moleculesndeed, with the example ofmammalian
ELAV/Hu family RNA binding protein HUR, RNP complexes were found toe prone to
artificially reassociate after cell lysis Suggesting that RNP complexegnight not accurately
reflect anin vivosituation upon immunoprecipitation due to subsequentreassortment events
after the lysis of cells(Mili and Steitz, 2004) To overcome suchdiscrepancies and to reflect
the actual protein-RNA interactions of an intact cell, RIP has been couplgo ultraviolet (UV)
light irradiation of cells and tissuesprior to lysis (Ule et al., 2005) This UVQrosslinking and
Immunoprecipitation (CLIP) approach relies on the formation otJV-induced covalent bonds
exclusively between proteins and RNAs that are in direct contadwith each other(Huppertz et
al., 2014; Konig et al., 2012; Ule et al., 2802003). In addition, the introduction of a partial
digestion step of crosslinked RNAs in immunoprecipitated RNP complexdsrther enabledthe
approximation of specificRNAbinding sites of the examined RBP. Consequently, the accuracy
of identified target RNAmotifs significantly improved with CLIPcompared to RIPapproaches
By further combining CLIP with high-throughput sequencing HITSCLIP) the method has
becomea standard approachfor in vivotarget RNA identificationof RBP candidatesalso on a
genomewide scale(Konig et al., 2012; Licatalosi et al., 2008; Yeo et al., 2000)er the years,
numerous derivatives of CLIP have beendeveloped to further improve the target RNA
identification of the many existing RBP candidategFigure 1.1). On the one hand,the

sequencinglibrary preparation has been optimized by individual nucleotide resolution CLIP
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(iCLIP), since reverse transcription of copy DNA (cDNA)libraries for sequencingtends to
prematurely terminate at crosslinked nucleotide positions, which still contain covalently
bound peptide residuesafter protease digestionsteps (Huppertz et al., 2014; Konig et al.,
2010). Follow-up strategies such agnhanced CLIP (eCLIP) dnfrared CLIP (irCLIPaimed at
further improving the library preparation and the RNP complex purificationfrom cell lysates
(Van Nostrand et al., 2016; Zarnegar et al., 2016&)n the other handcrosslinking efficiencies
were improved by treating cells with photoactivatable nucleotide analogs such as4-
thiouridine (4 -SU) or 6thioguanine (6-SG) which are incorporated into nascent transcripts
before crosslinking in photoactivatable ribonucleoside-enhanced CLIP (PARCLIP) (Hafner et
al., 2010) CLIPis constantly being developed and manyvariations already exist yet many
others are still likely to evolve to further shed light on the diversity of existing RNP complexes
in their physiological context of a cel(Bae et al., 2020; Hafner et al., 2021; Kndrlein et al., 2022;
Sharma et al., 2021)

Pretreatment No pretreatment 4SU treatment
}5/7/)‘7 /}?UVC }ﬁ?){? ;UVA/B
Cross-linking f? —syAU=U, /5/‘7
B/ \rer
RS CLIP/ icLIp irCLIP eCLIP PAR-CLIP Proximity-CLIP®
Mild RNase
g —@— @ —GUD— -

Figure 1.1: Examples of existing CLIP variants and associated RNP complex treatment. Indicated CLIRbased
methods vary in different steps of cell and library preparation. Cells are either irradiated with UVC (254m) or after
the incorporation of photoactivatable nucleotide analog (4SU, optional 6SG) with UVA/B (365 1im). Thereby,
covalent crosslinks are generated between RBPs and their directly bound RNA substrates, which preserveithe
vivo RNP interaction for library preparation. Figure from (Hafner et al., 2021) .

Besides suchn vivoexperiments, alsan vitro methods have been developed tmentify specific
RNA binding motifs of a given RBP. Quantitativapproaches likeelectrophoretic mobility shift
assay (EMSA) or isothermal calorimetry (ITC) require prior knowledge aboutarget RNA
motifs and therefore arerather used to confirm potential RNP complexnteractions. However,
to identify a specific binding motif, RNAprotein interactions can be assayedn vitro by
Systematic Evolution of Ligands by Exponential Enrichment (SELEMased strategiesin the
first SELEXexperiments, random pools of RNA oligonucleotidesvere repeatedly incubated
with different ligands in several rounds of binding to identify specific molecular interactions.
Shortly after, the method was further exparded towards randomized single-stranded DNA
(ssDNA)pools (Ellington and Szostak, 1992, 1990; Tuerk and Gold, 199@®ince then, SELEX

3
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has become a popular tool foidentifying short and complex, threedimensional RNA and
ssDNAstructures that canspecifically bind to their ligands. Strikingly, theseso-called aptamers
can bind to a broad variety ofigands, includingmoleculessuch asproteins, co-factors or metal
ions, and even whole cellsor viruses (Sakamoto et al., 2018; Stoltenburg et al., 2007lo focus
on the efficient identification of an RBB @rget RNA motif,the SELEX approachhas been
further adapted. In RNAcompete recombinantly purified RBPs are immobilizel for selective
binding to their target RNA substrates from an in vitro transcribed RNA pool. After one
selection round,protein-bound RNAs are eluted from the formed RNP complexes and analyzed
on a microarray, that reflects all input sequences as a referend®ay et al., 2013, 2009) This
high-throughput technique was further optimized with the SELEXelated RNA Bind-n-Seq
(BNS)approach(Lambert et al., 2014) In this method, synthetic randomized input RNA pools
are incubated with different amounts of immobilized, recombinant RBPsor interaction with
their target RNAs(Figure 1.2). After one round of selection the bound targetsare isolated from
RNP complexes an@nalyzedby deep sequencingSinceyielding a comprehensive profile of
RNA-protein interactions, RNA BNS has become a widedglopted protocol in the field for the
in vitro identification and analysis oftarget RNA motifs(Lambert et al, 2015; Van Nostrancet
al., 2020; Jouravleveet al, 2022).

Pool of random RNA \ ) Pull down RBP with streptavidin
) il aR?P i % magnetic DL ri & elute bound RNA
v i / Low \\\‘

L= 7 g . | \ %

High affinity t’avg;(“ , - Medium [RH’} § % @ %> b‘
G/ % hine / Magnet
% X \
RNA bmdlng protein (RBP) @ 0 Library preparation

: and sequencing
with + other ccncentratlons . ¢

Figure 1.2: Overview of the e xperimental RNA BNS approach established by Lambert et al. (2014) . Varying

amounts of tagged recombinant RBP are incubated with fixed concentratiosof a synthetic randomized RNA input
pool. The RBP is pulled down through its fused streptavidin binding peptide (SBBg, using magnetic streptavidin
beads and associated RN#are cloned into a library for sequencing analysidn parallel, the input RNA pool is clond

and sequenced for comparisomith RBP enrichedresults. Figure from(Lambert et al., 2014) .

1.1.3 Many RNA binding domains are well characterized, many are not - yet

Despite thehigh abundance ofdentified RBP candidates, the number of known RBDs is limited.
In fact, some time ago, only a fewanonicaldomains were considered as RBDfike the RNA
recognition motif (RRM), khomology (KH) domain, coldshock domain (CSD)or zinc finger

motif (ZF) (Lunde et al., 2007) Furthermore, structural analysis of RNP complexes ha

4
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emphasized over time, that individual RBDsecognize rather short RNA motifs, that mainly
comprise between 37 nucleotides(Hennig et al, 2014). Accordingly, the questiorarises, how
RBPs can provideheir highly specific and weltregulated functions while maintaining such a

broad versatility ?

Different RBPscanrecognize similar RNA motifsbut their individual preference for additional
featureslike secondary structureelements bipartite motifs, and flanking nucleotide positions
wasfound to significantly contribute to the formation of specific RNP complers (Dominguez
et al., 2018) This overarchingmode oftarget recognition is attributed to the fact, that most
RBPs contain more than one RBD, resulting in a cooperative binding mode of the domains
(Hennig et al., 2014; Lunde et al., 2007/ndividual RBDscanbind to both, single-stranded RNA
(ssRNA)or double-stranded RNA (dsRNA) througlspecific molecular interactions between
the amino acid residuesof the RBDand the bases, sugamoieties, or backbone of the target
RNA (Corley et al, 2020). Furthermore, RNAbase stacking interactionswith aromatic amino
acid residuesof an RBDj sstacking) present a common featureof specific RNP complex
formations (Corley et d., 2020; Knérlein et al., 2022; Shiels et al., 2002; Wilson et al., 2018y
combining two or more RBDs these specific interaction modes can be expandedind hence
exploited for more complexRNP formationsand functions. For example, bnger stretches of
specific RNA sequences care recognized through extended RNA binding surfaces
Cooperative RBDs carfurthermore adopt structural rearrangements uponthe interaction with
their RNA substrates as it has been described for the human prenRNA splicing factor U2
SnNRNP auxiliary factor (U2AF65)Hennig et al., 2014; Hennig and Sattler, 2015; Mackereth et
al., 2011) In addition, on the example ofDrosophilaUpstream of NRas (Unr), arecent study
showed, that intramolecular interactions between RBDsthat directly contact the RNAand
RBDs that do nottontactthe RNA(pseudo-RBDs) canfurther define the formation of specific
RNP compleXHollmann et al., 2020) Unr contains five canonical ssRNAinding CSDsand four
additional pseudo-RBDCSDs Thosewere found to indirectly contribute to the recognition of
RNAtertiary structures, by specifying the multrdomain organization of the RNA contacting
CSDswithin Unr. Hence, the specificity of an RBP fortarget RNA recognition significantly
increases along with an increasing number of cooperatively acting RBDsSRNA binding
specificities can also be influenced by posttranslational modifications (PTMs)f RBDs. PTMs
like glycosylation, phosphorylation or methylation can provoke reprogramming of the
biophysical features ofa protein. This has been thoroughly investigated for many proteins in
the context of structural features, localization, signalingor protein-protein interactions
(Pejaver et al., 2014; ¥C. Wang et al2014). However, PTMs weraot in the focus for RNA
interactions in the past and only recentlyby the effort of two groups, a broad database about

PTMs on RNA binding proteindias been releasedEngland et al., 2022)
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For a long time, the number of considered RBDs was highly restricted to tkaown, ©lassicab
domains (Figure 1.3). However, following genomewide RNA interactone capture studies, the
view on protein folds involved in RNPcomplex formation significantly expanded. Many@on-
classicafand previously unknown RBDswere foundto directly contact RNAgBaltz et al., 2012;
Beckmann et al., 2015; Castello et al., 201283 ome of tikse new inter actors have beenalready
confirmed as RBBin follow -up studies,such asO E Apropeller structures NHL (NCL:=1, HT2A,
Lin-41) and WD40 (Jin et al., 2016, 2016; Loedige et al., 2015, 2014; Saletidochan et al.,
2022; Sun et al., 2018)Notably, however, not only globularly structured RBDsare involved in
RNP complex formation Also, intrinsically disordered regions (IDRs) lacking stable tertiary
structures in their native states,have beenidentified as ubiquitous features of many RBPs
being directly involved in mediating RNA-protein contacts (Castello et al., 2016; Jéarvelin et al.,
2016). Thus, considerng the expanded diversity of known RBDs, a multitude of RNA binding
modes now exists for further investigationson new RNP complexes and theirspecific

physiological functions.

Classical RBDs 150 Non-classical RBDs
160
%]
&)120 : %100
‘T Il mRNA interactome =
S W [ only whole cell lysate a 50
a 60 s
5 ‘I 2
[}
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Figure 1.3: MRNA interactome capture s tudies unravel many canonical and non -canonical RBDs. Numbers of
proteins identified during mRNA interactome capture studies in HeLa cells, containing the indicated canonical
(classical, dark blug and nonrcanonical (nonclassical, light blue) RBDRespective mumbers of proteins identified

in HeLawhole-cell lysatesare indicated in grey. Figure adapted fron{Castello et al., 2012) .

1.1.4 The r -propeller domain structures NHL and WD40 as new RBDs

4 E Aprgpeller domain is a highly structured protein fold that is found inall kingdoms of life
(Hu et al., 2018, 2017; Jing et al., 2002; Pereira and Lupas, 2022; Stirnimagt al., 2010; Xu
and Min, 2011) r -propellers have a funnellike shape (toroidal) and arebuilt from sequence
repeats that typically comprise 40-50 amino acid residues. These repeaw@re arranged into

four-stranded anti-b A O A Ishegt iunitg, referred to as ®ladesdwhich radially orient around
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a central symmetry axisto create the domain-specific ropeller 8structure with a central pore
(Figure 1.4A). Whit this well-defined globular architectureh -piopellers can becharacterized
by four distinct surface areas for specific interactions: the narrowr top surface, the wider
bottom surface the circumference and the centralpore (Figure 1.4B) (Schapira et al., 2017;
Stirnimann et al., 2010) However, it was only with the advent of RNA interactomstudies in
2012, 0 E Agbopeller domains were first suggestedas noncanonical RBDgBaltz et al., 2012;
Castello et al.,, 2012) Until then, they were exclusivelyconsidered as versatile binding
platforms for proteins, peptides,and DNA(Stirnimann et al., 2010; Xu andin, 2011). While
OEA T OAOAT 1T HoOpelefdondahOOMyAly cbndervedsequence repeatdarely
share overall similarities. In addition, the number of blade units was found to vary between
four and ten blades(Paoli, 2001), resulting in a large variety of functiors. One of themost
prevalent representatives | Aprgpeller domains is the WD40domain family, which was
predicted to be among the ten most abundant protein domains in eukaryotdStirnimann et
al., 2010) WD40 domains were first described as sequenaepeats containing 4460 amino
acids in bovineb-transducin (Fong et al., 1986) Following crystallization studies, ab-propeller
fold with seven blades was observed,which frequently terminated with the name-giving
tryptophan-aspartate (WD) dipeptide (Sondek et al., 1996)! T T OEA O AprdpdlldrT
domain, typically composed of six blade unitef around 44 amino acids is the NHL domain
family. This domainwas namedafter the three proteins NCL1, HT2A and LIN-41, in which it
was first identified (Frank and Roth, 1998; Fridell et al., 1995; Slack et al., 2000; Slack and
Ruvkun, 1998) 3 A O A O A | -préap@iér Aamilies have evolved differing in their individual
blade unit compositions. Thus, the highly symmetric protein domain family has becomeafocus
of studies on structural plasticity, the evolution of new peptides and their versatile functions
(Afanasieva etal., 2019; Mylemans et al., 2021)

Figure 1.4: Typical structural features of WDA40 1 -propeller s as described by Stirnimann et al. (2010) . (A)
Top view on a typical WD40 domain foldusually composedof sevenindividual blade units (PDB-ID: 2H68). 1 -
propeller bladescommonly consist offour-stranded anti-pA O A 1-dhdek, 1 fE x EEAE O E-Atrarid ®oade Ol T 0O

7
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7,0 OAq AATT1TcO O TTA 731 OANOAIstkAds ielbmyAokt@previdus WDAOEA A1 111 x
sequence repeas (blade 7, red) (B) Side view on the typical funnelike shape of WD40 domains. The narrow part

is commonlyreferred to as the top surfaceand the wider part asthe bottom surface.The main chain is ctored by

a gradient, starting in blue at the Nterminus and ending in redat the Gterminus.

The first RNP structure ever solved for &-propeller protein was in our lab on the NHL domain

of the Drosophilaprotein Brain tumor (Brat) (Loedige et al., 2015) Brat was shown to be
involved in neurogenesis as well as abdomen development in early embryothrough
translational repression of thehunchbackmRNA(Lee et al., 2006; Sonoda and Wharton, 2001)
Only after its identification as independent RBP, mRNAs were found to be post
transcriptio nally regulated by Brat. Thereby, the positively charged top surface of the NHL
domain was shown to specifically recognizits OAOCAO O0062.! 11 OEAO Al 1T OAEI
sequence(Loedige et al., 2015, 2014)in more detail, the RNA notif was bound within three
pockets across the NHL top surface, that were evenly located between two of the six NHL
domain blades respectively Figure 1.5A). RNA recognition was supported through hydrogen
bonds as well as basstacking interactions between aromatic residues of théb-propeller
surface and the individual RNA bases. In addition, ionic interactions with the RNA backbone
contributed to substrate binding (Loedige et al., 2015) Following these findings, further NHL
proteins were identified as direct interactors of their RNA substrates. Similarly to Brathe
Drosophilaprotein Meiotic P26 (Mei-P26), which is alsoinvolved in cell fate regulation was
shown to specifically reognize an Urich ssRNAtarget motif (Salerno-Kochan et al., 2022)
Furthermore, RNP complex formation with dsSRNA substrates has been reportédr the NHL
domain in C.elegansLIN-41, a protein involved in developmental transitions and
reprogramming events (Kumari et al., 2018) LIN-41 was found to specifically recognize a
structured stem-loop element within its target RNA emphasizingthe possible versatility of

target recognition modes within the samedomain family.

After the report of the NHL RNPcomplex structure in Brat, the structure of the WD40 RNP
complex in the SMN (survival of motor neuron) complex subunit Geminsvas subsequently
solved(Jin et al., 2016) Gemin28 proteins are part of the SMN complex, which is required for
SnRNP assembly and henaae essential for splicing(reviewed by Li et al., 2014) Gemin5 wa
shown to be the snRNA interacting SMBbmplexcomponent, and a region within its annotated
WD40 repeats was found to be crucial for RNébmplexformation (Lau et al., 2009) By solving
the structure of the Gemin5 RNRomplex (Figure 1.5B), Jinet al.(2016) demonstrated for the
first time a mechanism that involved twob-propeller surfaces in the basespecific recognition
of an RNA substrate. Thereby, a broad positivelcharged cleft in the interface of the two
tandem WD40 domains served as a binding platform for the RNA. Interestingly, RNA

contacting amino acid residues were mainly located on loop regions of the interacting protein
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surface between b-strands. Furthermore, like the NHL domain of Brat, basstacking
interactions together with hydrogen bond formations were responsible for the specific
recognition of the target RNA sequence. Lateaidditional WD40 family proteins were found in
direct contact with their RNA substrates, however with differing binding modes. The WD40
domain of the cleavage and pokadenylation specificity factor (CPSF) complex subunit WDR33
(WD repeatcontaining protein 33) was found to directly interact with the bases U3A6 of the
mRNA polyadel Ul AOGET T  OE @titha tircutferénsel RNP omplex formationwas
thereby supported by the zinc finger protein CPSBO subunit of the CPSF compleiFigure
1.5C) (Sun et al., 2018)With this, the CPSF compleAT T OOEAOOAOG ET -dndhi | Al O
processing of premRNAs, of which polyadenylation is an important stgp in mMRNA maturation
next to cleavage by the hexameric cleavage stimulation factor (Cstf)akagaki and Manley,
2000). WDR33 recognizes its target RNA motif through specific baseacking interactions,
however, unlike b-propellers in Gemin5 or Brat, without supporting hydrogen bond
formations. The revelation of the diverse and specific 1 -propeller RNP complex structures
emphasizea their versatility in mediating RNA interactions. With the high abundance of the
domain family, several other WD40, NHL, AT A 1 Qpfopeller qomains likely remain

overlooked as potential RBDsoffering anopenfield for further exploration s.

A BRAT C WDR33
NHL
FRNL
JRE
® &
X
ﬁ\
\V;
B GEMINS
WD40(1)

Figure 1.5: RNP complex structures of th e NHL and WD40 domains. (A) Ribbon model RNP structure of the
BRAT NHL domain (bluetop view) in complex withan®55' 55' 8§ 2. ! | [-IDEZER}E QBooq | 0$"
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model RNP structure of the two GEMIN5 WD40 domains (dark blue, top vieand light blue, side view) in complex

xEOE Al O! 55555 8 2ID:bHI1L){(GDHibADN MGl Aftheg WHRBIFWD40 domai(blue, bottom

view) andthe zinc finger (ZF)protein CPSFot | COAAT q T £ OEA #03& 2.0 Ali Pl Ag EI
motif (grey) (PDB-ID: 6dnh). Blade units of O E Apropeller structures were numbered in sequential order.

1.2 The end of an mRNA lifetime

1.2.1 Eukaryotic mRNA transcription and function in a nutshell

The transcriptomic landscape of a cell iadeterminant of its function and mRNAsserve as the
molecular messengers that carry the genetic information from the DNA to the potein
synthesis machinery the ribosome (Morris et al., 2021). To ensure precise gene expression,
the process of mRNA transcription by RNA Pol Il in the nucleus is tightly regulateld starts
with the assembly ofa pre-initiation complex, consisting of several initiation factors, at the
promoter site of a gene positioning Pol Il at the transcription start site, followed by
transcription initiation and elongation. Upon reachingtne C AT fednation signal, Pol II
dissociates from the DNAandreleasesthe transcribed precursor mRNA molecué (pre-mRNA)
(Cramer, 2019) During transcription, the pre-mRNAundergoesa seriesof modification steps
(Figure 1.6). Thefinal protein coding sequence (CDS) @n mRNAis defined through a crucial
process known as splicingThis involves the action ofa large multi -subunit assembly, mainly
composedof five snRNA containingRNP complexesknown as thespliceosome In canonical
splicing, intronic sequence regions (introns) are excised from the pre-mRNA and the
remaining, protein-coding sequence blockgexong are precisely ligated to form the coherent
protein CDS(Brody and Abelson, 1985; Gehring and Roignant, 2021; Padgett et al., 1984;
Wilkinson et al., 2020) Shortly after transcription initiation, the nascent pre-mRNAundergoes
Al AOGOAT OEAIT 11 AEnsihisha@rétective B DA D& A Gs@adEIRTDIS @B
typically consists of a N7-methylguanosin (m?G) moiety and serves multiple functions It
shieldsthe RNAfrom exonucleolytic degradation butalsocontributes to the regulation of pre-
MRNA splicing the export of the mature mRNAiInto the cytoplasm andthe initiat ion of protein
translation by the ribosome (Galloway and Cowling, 2019; Ramanathan et al., 2016)
Throughout these processes, the G capis specifically recognized byprotein factors, that
constitute either the capbinding complex (CBC) in the nucleus or th&eomplex ofeukaryotic
initiation factor 4F (elF4F) in the cytoplasm(lzaurralde et al., 1994; Marcotrigiano et al., 1997;
Visa et al., 1996) Once arrived at the transcription termination signal, the pre-mRNA is
specifically cleaved at a pohadenylation signal (PAS)hy the cooperative action of CPSKECstF
and the cleavage factos | and Il (CH, CFl), andsubsequently theo 6 delspgoly-adenylated
by a poly(A) polymerase (PAP)Mitschka and Mayr, 2022; Takagaki et al., 1989; Zhang et al.,

10



Introduction

2020; Zhao et al., 1999)Theresulting poly(A) tail further protects the mRNA from degradation
through the interaction with poly(A) binding proteins (PABPs), both, in the nucleus and the
cytoplasm (Nicholson-Shaw et al., 2022)Cytoplasmic PABPsan furthermore engagewith the
translation initiation factor complex OEAO EO AT O1 A Oicloseddop sirdctur@ ADh Al
of the mRNA This interaction not only enhancesthe translation efficiency but furthermore

contributes to the mRNAS Qability (Vicenset al, 2018). PASis located inthea 8 O1T OOAT OI AO
region (UTR) of the preemRNA downstream from the CDSIn the presence ofmultiple PASsa
transcript canundergo alternative polyadenylation,resulting in different mRNA isoformswith
varyingo 6 Sedgths8 4 EA o8 542 1 Aedikbevetalregulatoly inctiohsOl 1

making alternative polyadenylation a key determinantfor mRNA stability, localization and

O:

translation (Tian and Manley, 2017). The successfulmaturation of an mRNAis marked by

specificinteractions with various RBPSOOAE AO OEA #"# AO OEA v Al A

Qu

end, and theformation of exon-junction complexes(EJC)esulting from splicing events(Singh
et al., 2015) Together with other RBPs, the mRN#Arotein (MRNP) complex is recognized by
the transcription and export complex (TREX)This interaction facilitates the loading of the
MRNA export factor NXFANXT1to transfer the mature mRNA into the cytoplasnfCherg et al.,
2006; Vorlander et al., 2022) Oncein the cytoplasm, mRNA are usually engagedby the
ribosome for protein translation until they are no longer needed andace mRNA decayThe
OEAT O I Ad O nibthekebyl dédc@es@Hd ARNAwhile its larger subunittranslates the
mRNAInto protein. Thereby, it catalyzesthe peptide bondformation between mRNA-encoded
amino acids, which is how themRNAtranscriptome definesthe proteome and function of a cell
(Klinge and Woolford, 2019; Monaghan et al., 2023; Sonneveld et al., 2020)

3'-End Processing Transcription and Export
Spliceosome Machinery complex (TREX)
o
= ALYREF
alde.:: & v
vz \ i e N Py
snine LU YL r-srRNP plass % \ J <7)
Capping 3 \ \ (\ \ Exp.ortfaclor
Enzyme > /\ C\ ) S o NXF1
@ <) .4 mRNP F -
[ Ut TR @ P =
o CBC snRNPA CBC s CBC T O
L 7y = 73 T
CBC (GRS (s, (2 TN
L= \ — | ——p | | _PABPNI ——» —
Capping ( b . Splicing b\ \ 5 ied) Cleavage & N \ N Recognition Licensing Export
N (s o b, \ 2D
lascent \ o bap ( L Polyadenylation " \_.77_/\_’1444\
pre-mRNA &L 3 lnm);, ) At ) A
- ) S X ez
& Exon L (7 g ? L &
B AR b 3 R
) ) 1 [ > { )
3 &~ \ )
< - & -

Pol Nucleus Cytoplasm

Figure 1.6: Overview of the mRNA transcription in the nucleus. RNA Pol Il synthesizes pranRNA,which soon
EO AAPDPAA dhdboinddy CBG Intddis Are excised from the nascent transcript and the resulting splice
junctions are bound by the exorunction complex (EJC). At the termination signal, the mRNA is cleaved off from Pol
lland poly-AAAT Ul AGAA AU O Erdcesdidfyimhachiedy AHe poty@) tall is Aour® by nuclear polyA
binding protein (PABPN1), and together with other interacting RBPs the mRNP is recognized by the transcription
and export complex (TREX) which licenses the export of the mRNA to the cytoplabsloading the nuclear export
factor (NXF1NXT1) on the mRNA. Figure froniVorlander et al., 2022) .
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1.2.2 Eukaryotic mRNA decay

The fate of an mMRNAn the cytoplasmis regulated bynumerousinteracting protein factors that
recognizespecificsequence element®r modifications within the transcript and coverthe RNA

body.Binding ofelF4AEto OE A v 8 A Tth& refbadal &b thdmBKAcap, a process referred

to as decappingthus protecting the mRNAfrom degradationbyv -8 6 A @1 OEAT 1T OAT AAGA »p
(Vilela et al., 2000) In addition, elF4E was found tadbe involved in thelocalization of mMRNPs

into dynamic cytoplasmic granulestructures (Andrei et al., 2005) These fuctures, known as

processing bodies(P-bodies), consequently sequester the mRNAN a translationally inactive

state (Rasch et al., 2020; Schiitz et al., 201he mRNAc 8 AT A E Gy cit@plasimk A O A A
PABPsthat are bound to the poly(A) tail, which can vary in length and further control gene

expression(Passmore and Coller, 2022)So how is the mRNA getting degraded?

One way to ovecome the protective function oftheseterminal mRNP complexstructures is by
endonucleolytic cleavageresulting in unprotected RNAfragments that can subsequentlybe
exonucleolytically degraded.This mechanism is used for example during RNA interference
(RNAI), in which an RNAiInduced silencing complex (RISC) sequenamecifically cleaves its
target RNA withan endonuclease component of the Argonaute protein familfNeumeier and
Meister, 2021). Also,mRNA surveillance pathways likmonsensemediated decay (NMDppply
endonucleolytic cleavageto initiate the turnover of an aberrant transcript. In NMD, the
endonuclease SMG6 cleaves mRNAarrying a premature termination codon(PTC),to prevent

the synthesis of truncated and dysfunctional proteingKurosaki et al., 2019)

However, the major pathway of cytoplasmatic mRNA decay in eukaryotéslows a sequential
mechanism that targets theprotective terminal RNA structures. Commonly referred to as
deadenylation-dependent mMRNA decay (DDMDJt initiates with the deadenylation of the
mRNA o énd (Figure 1.7). Deadenylation mainly occurs though a two-step mechanism, in
which the poly(A)-nuclease (PAN) complex PANPANS(irst trims long poly(A) tails to roughly
110 nucleotides, followed by almost complete tail removal through the second processive
deadenylase complex CCRMOT (Passmore and Coller, 2022; Yamashita et al., 2005; Yi et al.,
2018)8 3 OAOANOGAT O1 Uh Ox1 Al OAOT AGE O A AEEM@AAAUTQ . AATA A
the Smlike proteins 1-7 (Lsm 1-7) ring-complex associates with the deadenylated mRNA
o énd and helps recruit the decapping machinerfChowdhury et al., 2@7; Parker, 2012;
Passmore and Coller, 2022)The decappingmachinery, consisting of the decapping protein
(DCP)1, DCP2 and other enhancingfactors, subsequentlyinduces cleavagef O E Am7@ dap
structure from the mMRNA.DCP1thereby promotesthe catalytic activity of DCP2 to hydrolyze
and releasethe mRNAcap (Chang et al., 2014; Fromm et al., 2012; She et al., 2008; Vidya and
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Duchaine, 2022) The unprotected mRNA is finally digested by XRN1 ithe v 6 @hd o &
AEOAAOED & 81 AAEABAA | 2zytoplashidriulli-SubuniOriidlease complex
exosomedirectly recognizes and processively degradeshe deadenylated mRNA from the

unprotected 0 @nd OT OEAj WAATAIT AAO Al 8h c¢mpoNFinalEthAAO AT A
OAAOGAT CAO AARAAADPPET ¢ AT U hpAfron$ tRebsBort, Eeohdiring RNIW A O OE,
oligomer (Fuchs et al., 2020)

5'UTR ORF 3'UTR
m'G —— I AAAA
Deadenylation
9 1. PAN2-PAN3
m'G ——{IIIIIIIIIT——AA £ 2 CRENOT

—t:l—% w6 ——- . 3%2
I 33

’m‘ l \ Scavenger mle
decapping
of
5'- 3'decay l m7G|77
:“ 'i:l—% %psr
EDC4 @ - f

Figure 1.7: Deadenylation -dependent mMRNA decay in a scheme. The poly(A) tail is removed by initial

deadenylation of long tails to ~110nt by PAN2PAN3, followed by complete deadenylation by CCRMOT. After
completeremovall £ OEA DI 1 Uj! q OAEI h OEA 1|2 .-d6 AEAEGROA AN ENSB0 CiT A 00 AR
AARCOAAAGCES T BAAAUKGABEA D] @igp AET AO Oknd &FEhd mRANAhd\thelniG cdplsA A o 6
hydrolyzed by the catalytic DCPADCP2 unit which is bound to EDC4. The decapping complex has further bound

XRN1, which digests the unprotectd [ 2. ! A£OAT AHESS vABABAAUR OEA A@i O 1 A AEOA
O1 pOT O Achdditér deadnylation and the remaining cap structure finally isiydrolyzed by the scavenger

decapping enzyme DcpS. Figure adapted and modified frq@arneau et al., 2007) .

1.2.3 Specific mMRNA features determine its turnover fate

But what designates an mRNA for decay? The héifes of individual mRNA transcripts
strongly differ within a cell (Radhakrishnan and Green, 2016) The mRNA surveillance
machinery inducesthe degradation of a transcript by sensing errors withinits CDS through the
translational machinery. Thereby, a premature stop codon (NMD), a missing-frame stop
codon (nonstop decay, NSDyr ribosome stalling features (nego decay, NGD) can induce rapid
turn over of a faulty transcript(Monaghan et al., 2023; Powers et al., 202@urthermore, error -
independent lifetime regulation of mMRNAs has recently beenonnected tothe codon usage
pattern within a CDS The abundance otRNAS that are suitable to decode mRNAnucleotide
triplets (codons) into the amino acids of an encoded protein, is specific to tissues

developmental stagesand organisms(Behrens et al., 2021; Dittmar et al., 2006; Plotkin et al.,
13
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2004; Torrent et al., 2018) The presence ofuncommon codonsin the physiological context
was shown to negatively affect the elongation speed of translating ribosomgand induce
deaderylation of the translated mMRNAby the CCRANOT complexThus, codon bias has been
linked to the regulation of MRNA haHives (Boél et al., 2016; Hia et al., 2019; Mishima and

Tomari, 2016; Narula et al., 2019)For a bng time, researchers especially focused on RBPs that

regulate the mRNA fate by recognizing specific sequence elements within the naoding
OAGCETTO T&£ A1 12.'nh AOPAAEAI I U Ediseléneds tab
trigger DDMD, recruit for example the 6-methyl-adenosine (nfA) reader protein YTHDF2the
MiRNA guided RISC or tristetraprolin (TTP) which specifically recognizes AUrich element
(ARE) motifs (Figure 1.8) (Ashworth et al, 2019). Accordingly, the liespan of an mMRNA
strongly depends on the abundance of such RNP sitesi O E A and ifs alflity B recruit
specific stabilizing or destabilizing effector proteingd Ashworth et al, 2019; Siegeét al, 2022).

CCR4 NOT PAN2-PAN3

GW182
PABP
(YTHDF2) (FUFPW) # (aee)

AU-rich UGUANAUA miRNA site

mG ————————  Open Reading Frame ! AAA..AAA

5'UTR 3*UTR

Figure 1.8: Cisregulatoryel AT AT 60 E1 OEA [ 2RBPs thatdndusetiIDMD Sekabafirendacting
2"00 AET A O OPAAEZEA Al Al Al OGPART (ordbgefand tile. CCRMOB corfiple?
(red). Proteins that directly bind to the mRNA are shown in green, indirectly interactintrans-factors in blue. PABP
recruits PAN2-PAN3. CCRAOT s recruited by several factors: The @methyl-adenosine (nfA)-binding protein
YTHDF2, tristetraprolin (TTP), butyrate response factor 1 (BRF1)and Pumilio (PUF/PUM). CCR&OT can
furthermore indirectly be recruited by Transducer of ErbB2/B-cell translocation gene (TOB/BTG) family proteins
through PABP interactions. Both CCRMOT and PANZPANS can further be recruited by GW182 anbdy AGQloaded
with specific miRNAs. Figure adapted and modified frorPAshworth et al., 2019) .

AREs for example, are one of themajor OOAAET EOU Al ATRAE éhart-livied
transcripts and have beenalready studied for more than three decadegChen and Shyu, 1995;
Otsuka et al., 2019; Ripin et al., 2019; Sidali et al., 202Zey are present in 10-15 % of all

5428

human genes, which are involved in regulatory processes such as RNA metabolism, cell

proliferation, signaling, and stress respons¢Bakheetet al, 2006; Haleest al, 2008). AREs are

typically AOET 6 A&O01 i DAl OAi AGEAh 1 OAOI ApPEI ¢ O! 5551

055! 5551 j 5 Xlaghadbef &l.Q1894). The number and context of ARE pentamers
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however, differ between genes and the ability to destabilize a transcript increases with the
number of overlaps. Several RBPs were found to interact with AREs as destabilizingns-

acting factors, such as the Aldch element/poly(U) -binding/degradation factor 1 (AUF1), the
butyrate response factor 1(BRF1), or TTRKhabar, 2010; Sidali et al., 2022)By binding to the

08 542h 440 ET AOAAGandie ethl., 2004 )arl Auitherindkedvad réported

to enhancethe decapping of AREcontaining transcripts through interactions with decapping
factors such as DCPZFenger-Grgn et al., 2005)Notably, the AREbinding factor ELAV like

protein 1 (ELAVL1, also referred to as HuR) increasenRNA stability, potentially by blocking

the binding sites for destabilizing effector proteins(Brennan and Steitz, 2001) Similar to AREs,

DAT OAT AOEA O'555' 8 AT OA 11 OB andaAaddousEméiliath O
rapid decay of such GUich element (GRE) containing mRNAg/lasova et al., 2008) GREs with

OEA 1T ETEI Al AT T CAS 506Gk 50 ASNGO A4 AARAA  @ibaHurOdt geBeb. A E 1
Like AREcontaining transcripts, they are mainly involved in regulatory processes, however

with emphasis on cytokinemediated signaling pathwaygHalees et al., 2011)To date CUGBP
ELAMlike family (CELF) proteinsare the only considered,cytosolictrans-acting factors of GREs

ET OEA UTR(VliasovaSk. Louis et al., 2013)However,with the example ofthe diversity

of ARE interactors, more RBPs maljkely contribute to transcriptional regulation through

binding to GUrich cis-elements(Dolicka et al., 2020; Otsuka et al., 2019)

1.2.4 Processing bodies (P-bodies)

Many RNP complexes tend to further assemble into larger, membrahess organelles
commonly referred to asRNP granules. This process of liquitiquid phase separation (LLPS)
is dynamic, and driven by changes irthe cellular environment, such asin temperature orin the
concentration of involved molecules Resulting condensatstructures interacting RNA-protein,
but also RNARNA and proteirprotein interactions (Lin et al, 2015; Bananket al, 2017; Tauber
et al, 2020). Weltknown examplesof RNP granules include the nucleolus, Nuclear Speckles
and Gyjal bodies in the nucleus, or Stress Granules (SGs) antidelies in the cytosol(An et al.,
2021; Decker et al., 2022)

P-bodies are considered sites of traslational repression, mRNA storageand decay in the cell
(Hubstenberger et al., 2017; Wang et al., 2018Hydrolysis of the niG-cap is a crucial step in
OEAc @ 6DAOEx AU 1 MAepAnliehttmRNAIdedapdndndny of its involved factors
have been identified to localize into Fbodies (Hubstenberger et al., 2017; Youn et al., 2018)
Both, the catalytic decappingcomplex factorsDCP1(DCP1a in human) anddCP2, as well athe

exoribonuclease XRN1have been detected withinP-bodies in human, yeast andDrosophila

during immunofluorescence experimentgEulalio et al., 2007a, 2007b; Sheth and Parker, 2003;
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van Dijk et al., 2002) Furthermore, the LSM17 ring complex was found to colocalize with
DCP1/2 and XRN1 inthe condensatesin human and yeast(Ingelfinger et al., 2002; Sheth and
Parker, 2003). LSM17 connects the mRNA decay initiating step of deadenylation to the
decapping machinery through interaction with Patl (PatL1 in human) (Haas et al., 2010)a
bridging factor that was also detectedwith in P-bodies (Scheller et al., 2007; Sheth and Parker,
2003). The DEADBbox helicase 6 (DDX6)s a factor known for its functions in translational
repression and mMRNA decyg. It contributes to the link betweendeadenylationand decapping
in P-bodiesby simultaneoudy binding to PatL1 andasubunit of the CCRANOT compéx (Vidya
and Duchaine, 2022) Furthermore, Enhancer of decapping (EDC) factors such as EDC3 and
EDC4 were found to localize into #odies (FengerGrgn et al., 2005; YU et al., 2005)
Foecifically, EDC4has beerconsidered important for the maintenance ofP-bodiesin metazoan
andrecent studes have demonstratedhow the interaction of EDC4 with nucleasem P-bodies
can influence the regulation of mMRNA stabilitiegBrothers et al., 2022; William R Brothers et
al., 2023)

These few examples of colocalizing protein factoralready imply P-bodies as RNP granules
with a high abundance of cooperative decay factorthat are located in proximity. Many other
proteins, that are involved in translational repression and the regulation of mRNA turnover
were found to localize into Rbodies, including components of the miRNAmediated silencing
pathway or nonsensemediated decay(Standart and Weil, 2018) However, Pbodies were
found to not be essential for mRNA degradatio(Eulalio et al., 2007b) Instead,the formation
of P-bodies seems to depend on the availability of transcript intermediates undergag steps
of decay and their associatedtrans-acting protein factors. Specifically, deadenylation was
found to be a prerequisite for P-body formation: Poly(A) binding proteins are absent in P-
bodies (Kedersha et al., 2005) and cepletion of the deadenylationenzymesCAF1 and CCR4
significantly reduces the number of Pbodies in mammalian cells (Zheng et al., 2008)
Moreover, phaseseparating RBPs often contain intrinsically disordered regions (IDRs),
protein sequences that do not expose definedecondary structures until they contribute to
molecular interactions (Banani et al., 2017; Uversky et al., 2015)This tendency to exert
interactions drives RNP granule formation under physiological conditions and hence supports
the formation of P-bodies when corresponding factors ar@vailable (Brangwynne et al, 2015).
Furthermore, posttranslational modifications of Rbody components such as phosphorylation,
as well as stress stimuli can impact the number and size oftiddies in the cytosol(Brengues
et al., 2005; Kedershaet al, 2005; Wanget al, 2014). Recent findingshighlighted that even
protein stoichiometriescan haveasignificant impact on the posttranscriptional fate of mMRNAs

that localize into Pbodies. Specifically, the relative protein levels of EDC4 and XRN1 decided,
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whether miRNA-mediated silencing resuls in translational repression or decay ofa targeted
transcript (William R Brothers et al., 2023) Accordingly, Rbody formation presents a highly
dynamic and variableevent in the cell It strongly depends on the presence and state of the
many involved protein and RNA factors, suggesting situatiedependent and diverse

compositions of this specific type of cytosolic condensates.

1.2.5 Enhancer of decapping 4

The Enhancer of decapping 4 (EDC4, also referred to @e1 or HEDLS (human enhancer of

decapping large subunit)) was first identified in 1994 asnew nuclear autoantigen Gel during

theOOA T /&£ A DPDAOEAT 06 0 OA (Blbth etxak 09B4) Brer&sth@yAin the®d OUT A C
same study, EDC4 was shown to contain a putative nuclear localization sequence (NLS).
Together with recentfindings that indicate a role of EDC4 inhe DNA damage response, this

suggests the presence of a small fraction of endogenous EDC4 in the nuc{élesnandez et al.,

2018; Wu et al., 2020) Nevertheless,starting with studies in 2005, EDC4 was mainly

established as an essential component of cytosolicB®dies(Fenger-Grgn et al., 2005; YU et al.,

2005). Already before, three EDC proteingEdc1-3) have been identified in yeast that interact

with the DCPXDCP2complex andenhancemRNAdecappingactivity (Dunckley et al., 2001;

Kshirsagar and Parker, 2004; Schwartz et al., 20033ubsequently, OEA OEOI AT AT EAT A
AAAAPDPET ¢ 1 AvasQdentifiedds Giimandn@lian factor, that similarly enhances

decapping bypromoting the interaction between DCP1 and DCREenger-Grgn et al., 2005)A

large RNAi screen on suppressors of miRNAediated gene silencing in Drosophila

furthermore emphasizedthe importance of EDC4 as decapping activatg¢Eulalio et al., 2007c)

and later EDC4was commonly referred to as OAT EAT AAO 1T EAARAWtABD ET C 1 ¢
functional characterization, thedomain organization of EDC4as beendefinedin three distinct

regions: The Nterminal domain containing a WD40 motifwith O A O Agropetler blade units,

a serinerich linker sequence withinalowAT | D1 AGEOU OACET -heicaladile A AT 1 ¢
coil domain in the Gterminus (Figure 1.9A)(Bloch et al., 2023; Braun et al2012; Eulalio et al.,

2007c; Jinek et al., 2008)High-accuracy models of protein structure predictions by the

machine learning algorithm AlphaFold further confirmed thepresence ofa conserved seven

bladed WD40 domainstructure, a long coiledcoil domain, and a structured Gterminal end in

EDC4 Figure 1.9B)(Jumper et al., 2021; Varadi et al., 202ZJhe distinct regions ofEDC4 serve

as an interaction platform for many different protein factors. However, EDC4 was also found

to sel-multimerize through its Gterminal domain (Chang et al., 2014, Jinek et al., 20Q8)ith

a total size of roughly 15ZDa (for its canonical, first out of two isoforms in human; UniProtD:

A6P2E9) and its individual interaction domains, EDC4 was found be involved as a scaffold

in diverse specific processegjepending on and correspondingto its interacting factors.
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A WD40 containing IDR containing Alpha-helical
N-terminus S-rich linker C-terminus
= WD40 domain
121 475 611-629 954-1025 . .
EDC4 o S-rich linker
913-934 O NLS
1 1401

o annotated coiled coil

Figure 1.9: Predicted structure and d omain organization of the Enhancer of decapping 4. (A) Schematic
domain organization of EDC4. (B) Ribbon model of the AlphaFold predicted EDC4 structure (KF-Q6P2E9F1).
WD40 domain highlighted in blue, @erminal domain in green, serinerich linker in blue, and annotated NLS in
yellow. IDR depicted in grey.

1.2.5.1 EDC4 in mRNA decay

In 2008, it was still an open question, whether EDC4 should m®nsidered another catalysis
AOOAEAI O$ # 0 &solelybri ebHariciAd fdatoriothe metazoan decapping complex
(Franks and LykkeAndersen, 208). Meanwhile, it has been shown that EDC4 orchestrates the
assembly and activation of mMRNA decay factors, serving as an interaction platform and hence
more as anOnkancer of decapping The EDC4 WD40 domain interastwith a trimeric complex

of the human decapping activator DCP1a, while its-© A O | Efielital doain simultaneously
interacts with DCP2 and XRNI1(Figure 1.10) (Braun et al., 2012; Chang et al., 2014)
Interestingly, EDC4 is missing in yeast, wheréhe assembly of theenzymatic decapping
complex DCPXDCR2 occurs through a directand stable interaction between the two factors
(She et al., 2008) Only in plants, a homolog of EDC4 was identified named VARICOSE (VCS),
which recruits and stimulates the decapping machinery similarly to metazoangXu et al.,
2006).

4EA . OAEQ® EAT EI U PUOI PET OPEAOAOGA s$#0c¢ AAT AAADO
conformation (She et al., 2008) DCP1 interaction with DCP2 was found to stabilize its
catalytically active, closedform in yeast, supporting the hydrolysis of the n¥G cap structure

from the mRNAv 6  fSheldet al., 2008) This interaction is conserved between species,
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however, the residues involved in DCPIDCR2 complex formation are not and depletion of

EDC4 was found to inhibit decappingn human and fies (Eulalio et al., 2007c; FengefGrgn et

al., 20068 $AAADPPEI ¢ AU $#0¢ CAT AOAOAO A ,whighid 1 T1T DEIT
O01 1T AOAKBA A@I T ©®81 AT 1 yanDik et/ld ZDGPA Behe@ Foly hdditionally

recruiting the exoribonuclease XRN1, EDC4 orchestrates and facilitatéee decapping and

degradation of substrates dedicated to undergag v-6 6 | 2. ! (ChaAgheAdl., 2014)
Furthermore, EDC4 wasrecently found to indirectly liberate the catalytically active

deadenylase CAF1(Chang et al., 2019) CAF1is inhibited by complex formation with XRN1.

Thus, by sequestering XRN1, EDQgromotes deadenylation and further contribute s to the

initiationof v 8 1 2 . ! andPbAd foarmation.

DCP1a DCP2 gpen XRN1 DCP1a DCP2 ¢josed XRN1
EVH1 Catalytic
domain NR-Ioop domain
} i :
( w FEB Activation

S-rich i

linker “a hellcal /

EDC4

Figure 1.10: Model of the decapping complex assembled in human. DCP1la is bound as trimeric complex
through its Gterminal trimerization domain (TD) to the EDC4 WD40 domain. It harbors an{{erminal EVH1 domain

for interaction with the N-terminal regulatory domain (NRD) of DCP2and an asparaginearginine-containing loop
(NR-loop) which contributes to DCP2 activathn upon adaptation of a closed conformation of DCP2. DCP2 is bound
to the EDC4 @erminal alpha-helical region through a phenylalaninerich EDC4binding (FEB) motif. EDC4
simultaneously binds through its Gterminal region to a specific binding motif (BM) h the XRN1 @erminus, to
orchestrate the degradation and decapping of an mMRNA substrate on the same scaffold. Figure and model adapted
from (Chang et al., 2014).

1.2.5.2 EDC4 in mRNA stabilization

With its extendedIDR and its function asamodular scaffold for diverse interactions, EDC4 not
ITTTU OAAO6EB OO 2 0E /Aedapdng tdachinery, but also interacts with the
mammalian endoribonuclease Meiosis regulator and mRNA stability factor(MARF1) (Bloch

et al., 20148 -!2&p AET A0 EOO OAOCAO i2.90 EF OEA
independert turnover and interacts with the GO A O Efelicdl dopain of EDC4 in a similar

and mutually exclusive way to XRN1Brothers et al., 2022; Nishimura et al., 2018)However,

different from XRN1,the complex formation of EDC4 with MARF1 inhibits mRNA turnover by
capturing MARF1 in Pbody condensates Thus, by preventing MARF1 from targeting its

substrates EDC4 acts as an indirect suppressor of MRNA decay. Only upeoody dissolution,
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MARF1 can reenter its function in decay and mediatde degradation of its specific mRNA
targets (Brothers et al., 2022, 2020)

1.2.5.3 EDC4and its potential function in RNA binding

EDC4 is constantly located ithe proximity of mRNAs Consideringits versatile function as a
molecular scaffold, it might further more contribute to RNA binding to support P-body
formation. EDCA4 is also part ahe WD40 domain family which is more and moretaken into
account asa norrcanonicalRNA binding domain family (see chapter 1.3). Interestingly, along
with the genomewide mRNA interactome studies thahave established WD40 domains as
new class ofRBDs EDC4 appeared for the first time aa potential mMRNA interactor in UV
crosslinking assaysn human HUH7 cells(Beckmann et al., 2015) This observationwas later

confirmed in other RNA interactomehigh-throughput assays(Mullari et al., 2017a; Treiber et
al., 2017) However, the specific function of EDC4 aa potential RBPhas never beerfurther

investigated in detail.
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2 Aim of the Thesis

High-throughput screenings of the last decadehave revealed numerous new RNA binding
domains andpotential RBP candidatesncluding EDC4. V& reasoned, that due tdts consistent
proximity to RNA molecules andts membership inthe WD40 domain family, EDC4 mighte a
previously overlooked RBPR, worthy of a more detailed investigation. This thesis aims to
establish EDC4 s a directRNAinteractor, with a specificfocus onits WD40 domain asa hovel
RBD.Our goalwas to identify specific RNA substrates and binding motifs of EDC4nd to
analyze the mode of RNP complex formation in more detath provide further new insights

into potential physiological functionsof EDC4through RNA binding.

One approach ve planned to use foidentifying specific target RNA binding motifs of EDC#as
RNA Bindn-Seq Bind-n-Segexperiments sofar were exclusvely conducted with recombinant,
purified RBPs and their individual RNAbinding domains. To select for target RNA motifs in a
more physiological context that includes, for example, cellular interaction partners or
moadifications of an RBRcandidate, we have developedan optimized RNA BNSpproachin the
lab, which we refer to as @ndobind—n—seqﬁ In this thesis, wefurther aimed to enhanceour
method and increase its specificiy to allow for efficient target RNA selection witha diverse

range ofendogenousRBP candidates, including EDC4.
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3 Results

3.1 Endo-bind -n-seqz an improved RNABNSprotocol

RNPcomplexes are essential players in cellular function and gene regulation. However, robust
identification of RNA binding specificties of involved protein components is still challengng
in the field. This is especially due tahe high variety of existing RNA binding domainsand their
differing RNAbinding modes as well asthe diverse intra- andintermolecular interactionsthey
canadaptfor RNA binding To gain further insight into RNA bindingspecificities, wedeveloped
endogenous RNAind-n-Seq(endo-bind-n-seq initially designed by Dr. Nora Treiber and Dr.
Thomas Treiber). Enabling target motif enrichment not only from recombinantly purified
proteins but also from immunoprecipitated (IP) samples our protocol focuses on improving
the previously published RNA Bindn-Seq methodfrom Lambert et al.(2014). Based onthe
work of this thesis, we further improved endo-bind-n-seq towards optimal protein
concentrations in RNA binding reactions afterlP, as well asoptimized precipitation and RNA

interaction stringencies.

3.1.1 The endo-bind -n-seq wor kflow

In classicRNABInd-n-Seq BN assays, recombinarly purified RBPsare immobilized on a
bead-basedmatrix for incubation with a randomized RNA poolin one singleround of selection,
target RNA motifs present in the pool are enriched by RNP complex formation and
subsequently cloned for deep sequencingFinally, sequencing analysis of the bound RNA
fragments gives insightdanto the RNAprotein interaction profile (Lambert et al., 2014) While
classic RNA BNS can be powerful, it requires recombinant RBR&ich might not always be
available. Furthermore the RNAbinding behavior of a candidatecould differ from the situation
within a living cell because ofpurification -related truncations, missing posttranslational
modifications, or missing interaction partners. Finally, the use of onlya single target RNA
selection round could ke problematic when investigating lowaffinity RNA binders due to
statistically less significanttarget motif results. We reasoned, that using the cDNA library from
RNA fragments that were enriched in the first selection round as a template forthe
transcription of a new, specified RNA pool foasecond selectiorround, should further increase
the reliability of retrieved RNA motifs. Hence, t@vercomethe limitations of classic RNA BNS
we decidedto increase the statistical power of the methd, byintroducing a secondround of

selectionin endo-bind-n-seq(Figure 3.1).
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Figure 3.1: Pipeline of the endo-bind -n-seq protocol. POI gets immobilized on a beatbased matrix and faced
with a randomized RNA pool (usually 8mers). Bound RNAs get isolated and cloned for deep sequendtagulting
cDNA library senes as a template forun-off OO AT O A O E b @dajtdr rerAaEDLY Blssicieavage. Througie

v -@dapter incorporated T7 RNA polymerase promoter, a new specified RNA pool gets transcribed, harboring
increased numbers of potential RNA targets. The optiized pool is used in a second round aérget selection.

Asin previous protocols,an RBP candidatenvas immobilized on beads and incubated with a
randomized RNA pool in exces&Jnbound RNA fragmentsvere removed by washingstepsand

RNP complexesvere denatured for the elution of interactingRNA moleculesThe eluted RNAs

were ligated to apreAAAT Ul AOAA o8 $. ! AA AspaptbrddationHdaset | x AA A

on the lllumina Trueseq system Upon reverse transcription, PCR amification, and size
selection of insertcontaining fragments on a PAGHel, the yielded library was finally
subjected todeepsequencing Figure 3.1, greyarrow). We introduced several modifications to

the existing BNS protocalto allow for a second round of selectioriFigure 3.1, blue). Input RNA
librar ies were flanked by the £ 0O ET OAOEAT O AAOAO '555h o6
positions. Thesecontributed to a cleavage sitdor the restriction enzyme Msslafter ligation of
OEA 08 AA N®&D#AE kxterdeEdvANEaL BAACMOtif. By blunt-end cleavage of Mss|

at its recognition site (GUUU|AAAC)OEA T OECET Al o6 dbdldbe restEred E A
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prior to in vitro transcription of a new RNA poojwhich wasapplied in asecondround of target

selection. To performinviro OOAT OAOEDOEI T h OEA 400AO0AN 2AAAp PO
AAAPOT O xAO OADPI AAARAA AU A 4x 2. ! -GG trigt va® AOA DOI
added to the promoter sequence for efficient rdranscription of the library insert sby T7 RNA

polymerase. With this, a new RNA poaeVas produced thatfollowed the initial design for target

RNA selection exceptfor OE A A A A EXGGtiipletA The ped pool now was optimized

towards the investigatedRBP candidateand henceprovidedan increased number 6 potential

target RNA motifsin the secondround of target selection.

To perform endo-bind-n-seg, we mainly useda randomizedinput RNA pool of 81t in length
(Figure 3.2A), sincemost individual RBDsspecifically recognized z 6 nt sequenceelements of
their linear target RNA (Gerstberger et al, 2014). However, to also provide targets for the
analysis of bigger RBP complexes or more extended RNA motifs, we further generated a
randomized 14merRNApool (Figure 3.2B).

A 8mer RNA pool B 14mer RNA pool

| WAAAC AGGU

probgblllly .
01>
>
>
x>
>
| e—
< >
probgblllly

cHRCaIR0k
NU U ggéT 8CUUAACCCQ AU

Figure 3.2: Randomized input RNA pools for endo -bind -n-seq. Nucleotide position distribution of the
synthetically synthesized input pools used for endéind-n-seq,containing either (A) eight random or (B) fourteen
random nucleotide positions. RNA pools were synthesized with Metabion (Germany).

The endobind-n-seq protocol consists ofseveralindividual reaction steps, that build up on
each other. However, onlytwo of the many steps served as a visual checkpoint for sample
integrity and control of the methodological procedure until sequencing(Figure 3.3). The fully
ligated library product had a total size of 140 nt containing an 8mer insert, and 146nt
containing a 14mer after the first selectiorround. 8mer libraries run like a150 bp marker band
on a low-percent PAGEgel, while 14mer libraries run a little higher (Figure 3.3A). The
A A A E O EGJGArIplet inlforaries after the second selectionbarely changed their running
behavior. However, insertcontaining fragments clearly separate from empty adapter dimers
and thus, allowed for size selection of theproper ligation products. Interestingly, the use of
optimized input RNA poolsin the second selectiorsteps clearly reduced the number of empty

adapter byproducts compared tahe first selection steps, especiallywhen usingstringent RNA
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binding conditions (Figure 3.3A, lanes 1 and 3 compared tdanes5 and 7),indicating successful
enrichment of target RNA moleculesvith the optimized input RNApools. Apart from library

purification s, alsothe purification of in vitro transcribed RNApools for the second selection
served as a checkpointRNAs were detected on digh-percent PAGEgel by UV shadowing,
running as a distinct band between DNA template signals and the running front of a
bromophenol blue dye(Figure 3.3B). Altogether, with this workflow , we had a solid setup in
our hands thatallowed us totest for target RNA enrichmentwith diverse RBPs from different

origins.

A 8mer 14mer

high stringency
RNA binding

marker
marker

adapter-insert product | 150 bp

empty adapter dimer |

1st selection round 2nd selection round

B 8mer 14mer

high stringency
RNA binding

template

IVT product

bromphenol blue dye

Figure 3.3: Methodological checkpoint steps in e ndo-bind -n-seq. (A) Example for the purification of an ende
bind-n-seq library on a 6% urea PAGE after target RNA enrichment with an RBP from either a randomized 8mer or
14mer RNA poolwith high or low stringency RNA binding conditions(75 mM or 300 mM of salt). Adapter-insert
products contain selected target RNA motifs; adapter dimers are byproducts wofsufficiently selected target RNA
available in samples for adapter ligation. (B) Eemplary UV shadowing gel aftem vitro transcription of a specified
8mer or 14mer RNA pool from cDNAibraries for a second round of target RNA selection, run omd8 % urea PAGE.
Excised RNA products are highlighted with a red box.

3.1.2 Stable motif enrichme nt for established RBPsin endo-bind -n-seq

The newBNSpipeline was initially tested with well-characterized RBPslike hnRNPA1(Jones
etal., 2022; Luo et al., 2021; Ray et al., 2018y using recombinantly expressed andpurified
proteins, the known target RNAmotifs were clearly enriched within sequenéng reads after
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two selection roundsand analysiswith a modified version of the Weeder2 softwargZambelli
et al., 2014)(tested by Dr. NoraTreiber and Dr. Thomas Treiber, data not shown) hus, having
a robustly working protocol in our hands, the next step was to investigate, Wwether our
established tworound RNA BNS approachvas efficient enough toalso serve as a versatile,
antibody-based RNA motif identification methodFigure 3.4, assayed by Dr. Nora Treiber and
Dr. Thomas Treiber) Asa control, we useduntagged recombinant protein domainghat were
incubated in solution with the randomized RNA inputpools and immobil ized by filtration on a
nitrocellulose membrane(Figure 3.4A). The FLAG/HA (FH)}tagged RBBCELF1, hnRNPA&Nd
GRSF1 werexpressed in HEK293T celland immunoprecipitated by anti-FLAG pulldown for
target RNA selectionin endo-bind-n-seq (Figure 3.4B). In addition, the RBPcandidateswere
immunoprecipitated from HEK293T wild-type lysates with protein-specific antibodies for
motif enrichment with the endogenous bead-bound candidates (Figure 3.4C). Incubation of
immobilized hnRNPAL strongly enriched for UAGUGU#&onNtaining target sequences
independent of the antibodies used for the immbilization (Figure 3.4B and C)lInterestingly,
motifs enriched by recombinant hnRNPAL1Kigure 3.4A) minimally differed from cell-derived
hnRNPAZJ indicating aslightly derivative and context-dependentRNAbinding activity. CELF1
enriched for GUrich RNA sequencesand GRSF1 selected UGGGUdahtaining motifs,
independent of the applied immobilization strategy Figure 3.4A-C). Hence we could
demonstrate that endo-bind-n-seqwas efficient enough to enrichspecific target RNA motifs
with recombinant protein, but alsowith RBP candidateshat were immunoprecipitated from

cell lysates, evenon anendogenous level.

A Recombinant Protein B Overexpressed Protein C Endogenous Protein D
Filter binding assay Flag-IP IP with specific antibodies CSTF1 - Flag-IP
9 Weeder score 2.3 Weeder score 3.08 5 Weeder score 2.69 Weeder score 2.76
CELF1 %1 21 £ g1
a o o s1
oy FucUoucl flu U ucl L.L.L, C
1.2 3 4 5 6 1.2 3 4 5 6 7 1.2 3 4 5 6 2 3 4 5 6 7
2 Weeder score 4.67 Weeder score 2.83 » Weeder score 3.27 E
hnRNPA1 % 1 1’ £1
n B 51 3
U A U JUA “ UALUCUA
0 — 0 il
12 3 4 5 6 7 1 2 3 4 1.2 3 4 5 6 7
2 Weeder score 2.17 2 Weeder score 2.58 2 Weeder score 2.19
2 p b2
GRSF1 51 U 51 U E1 U
0 0 0 -
1.2 3 4 5 8 1.2 3 4 5 6 1.2 3 4 5 6 UGU-rich motif binding

Figure 3.4: Stable target RNA motif enrichment with  purified and cell derived RBPs or complexes. (A-C)
Sequence logo representation of enriched motifs after twendo-bind-n-seqgselection rounds with CELF1, hnRNPA1
and GRSF1. Proteins were assayed using recombinant RNA binding peptides immobilized in filter binding assays
(A), FHtagged fulHlength protein immunoprecipitated from overexpression lysates (B), or endogenous protein
after IP (C). (D) Sequence logo representation of enriched matiffter two endo-bind-n-seqselection rounds with
immunoprecipitated FH-CSTF1. All indicated enrichment scores were calculated with Weeder2. (E) Schematic
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complex organization of the Cleavagstimulation factor (CstF). Two heterotrimeric subunits consisting of Cst50
(CSTF1), Csttb4 (CSTF2) and Cst#7 (CSTF3) forma hexameric complexThe complexassociateswith U- and GU
rich RNA sequences through the RRM domains of CSTF2.

After the succesful target RNA enrichment with immunoprecipitated RBPs, we decided to
further examineindirect RNA bindingactivities in the context ofa multi-subunit RNP complex.
Therefore, we expressed FHCSTFlin HEK293T cellsto perform endo-bind-n-seq CSTF1
forms a complex with CSTF2 an@€STR, constituting the cleavage stimulation factor (CstF)
which is involved in mRNA polyadenylation(Grozdanov et al., 2020; Takagaki and Manley,
1997). CstF recognizesvariable GU or U-rich sequence elemerg through CSTF2, which
harbors two RRMs(Takagaki and Manley, 1997)However,CSTF1lis a member of the WD40
protein family and therefore, we reasoned it might possibly contribute to RNA binding
Interestingly, while recombinant CSTF1 protein did not enrich for a specific RNA motif (data
not shown), endo-bind-n-seq with immunoprecipitated FH-CSTF1resulted in the robust
selection of a Gktich binding motif (Figure 3.4D). Thus, we concludedhat CSTFlitself was
not directly involved in target RNArecognition, but indirect isolation of the CstFcomplexfactor
CSTF2hrough CSTF1 was sufficient tenrich its target RNA motif in endebind-n-seq (Figure
34E).

Altogether, our first experimentsindicated, that we had an efficient, new RNA BNSlerivative
in our hands. The increased statistical significance of enriched RNA motifs allowed fahe
identification of target RNAs with purified proteins, but also with candidates directly
immunoprecipitated from cell lysates Since including the cellular context of an RBR our
results suggesedthat endo-bind-n-seq carfurthermore be used to studyindirect RNA binding

events, including larger protein assemblies.

3.1.3 Improved RNA motif selection with quantified amounts of RBPs

Our first endo-bind-n-seq experiments were performed with samples from HEK293T cels,
using cell numbers as a reference for the immunoprecipitation of defined amounts d&@BP.
However,sinceaiming for broad applicability of our method, we frequently faced theuestion

of how much cell material from any origin would be required to efficiently perform endo-bind-
n-seq Depending on the used cell system, protein expression levels can differ. At the same time,
the context of distinct local protein and RNA concentrans is decisive for RNA binding
affinities. Whenapplying too much protein in RNA binding unspecific electrostatic interactions
might occur, while too low protein concentrations might result in a loss of target motif

enrichment. To avoid suchdiscrepancies wedevelopeda reference systemthat allowed us to
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quantify the absolute protein amouns immunoprecipitated from defined amounts of cell
lysate, to accurately determine the final protein concentrations applied in endo-bind-n-seq
(Figure 3.5). We expressed and purified a GSHA-tagged hnRNPA1(2187) construct and
titrated i ncreasing amounts of the recombinany purified protein for analysis bywestern blot
with HA-specific antibodes (Figure 3.5A). We subsequently quantifiedthe resulting western
blot signals and plotted them against theespectively loaded protein amounts Figure 3.5B).
To generate a quantification reference curvehe detected signal intensitieswere subjected to

regression, using a onesite-dependent binding saturation model(formula in Figure 3.5B).

oy

A rec. GST-HA-hnRNPA121¢7 Binding saturation (one site)

Y =B, X/ (X+K,) + NS- X + BG

Tev ] .
q Ll ) 428 aa 6
5

[ng] loaded [ng] loaded 4

I L] 1
3 1 333 111 37 12 41 14

27 9
GST-HA- - - -
hnRNPA1@167 |_. Yy e |
increased intensity output |!_! e 5 -
3 4 5 6

1 2 7 8 9 10

anti-HA

quantified westen blot signals
(normalised mean singnal intensity)

o 5 10 15 20 25 30

loaded GST-HA-hnRNPA1187" amount [ug]

Figure 3.5: Reference setup to quantif y absolute protein amounts enriched from cell lysates after IP. (A, top)
Domain organization of the recombinantreference protein construct GSFTHA-hnRNPA1(2187), containing a GSF
tag for protein purification (green) and a HAtag (dark blue) for immunodetection in western blot. (A, bottom)
Exemplary western blot of titrated, defined amounts of thereference protein, detected with anttHA antibody. (B)
Quantified western blot dgnals were normalized tosignal valuesderived from 1 pg ofloaded GSTHA-hnRNPA1(2
187). Resulting signal nean intensities from 4 independent replicates were plotted against the respectivieaded
amount of protein. Regression was analyzed according to the given equatiof a onesite-dependent binding
saturation, including non-specific background binding eventyBmax: maximum specific binding; Kd: equilibrium
dissociation constant; NS: nonspecifibinding; BG: background; values defined by clsiquare - goodness of fit
approximation).

Having in hand aquantification system based on the use of HApecific antibodes, we next
aimed to determine the final amount of protein that was immunoprecipitated from
overexpression cell lysatesand to define the concentrations applied in endo-bind-n-seq
reactions. We chose totest two RBP candidatesHnRNPA1 asa positive control, which had
consistently enriched its target RNA motif during our first experiments, and the less
established RNA interactor ZC3H7BSecond presents ainc finger protein, that has been
identified to bind to pre-miRNA hairpins before (Treiber et al., 2017) However, it features
some complexityby harboring five consecutive zinc finger motifs at its @erminus, with four
of them being of C3HX-type, and oneof C2H2type. We expressed FHtagged hnRNPA1 and
ZC3H7Bin HEK293Tcells and performed anti-FLAGpulldowns from defined amounts of total
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lysate. The samples were loadedn an SDSPAGEtogether with samplesof 1 yg GSFHA-
hnRNPA1(2187),which servedasaninternal referencefor the analysis ofwestern blot signak
(Figure 3.6A). Quantified anti-HA ggnal intensities ofthe immunoprecipitated RBPcandidates
were normalized to the reference and the absolute amounts of precipitated protein were
calculated applying our quantification system. This allowed us toestimate the exactprotein
concentrations used in RNA binding reactions when working with the respectively tested
amount of overexpression lysates of a given protein candidate (Figure 3.6B). Interestingly,
expression efficiencies significantlydiffered between the two candidates in HEK293T cells.
While for FHhnRNPAL, 25Qug of lysatewas sufficient to reachconcentrations between 50and
60 nM of protein in endo-bind-n-seqgreactions, immunoprecipitation of FH-ZC3H7Bfrom 1 ug

of lysatewas required to achievecomparablereaction conditions (Figure 3.6B, marked with

@

asterisks).
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Figure 3.6: Quantification of final protein concentrations in  endo-bind -n-seq after IP. (A) Exemplarywestern
blots of FLAGIP experiments from titrated amounts of overexpression lysates with FFZC3H7B and FFhnRNPAL.
1pg GSTHA-hnRNPA1(2187) were co-loaded as intenal reference for normalization of quantified anti-HA derived
immunosignals. (B) Absolute protein amounts were calculated from 3 independent replicates usinogrr reference
setup (Figure 3.5). Resulting final protein concentrationsin RNA binding reactions of endebind-n-seq (volume of
400 pL) were determined and plotted against theespectively tested input lysate amounts.

We nextexaminedRNA motif selection efficienciewith the defined amountsof FHhnRNPA1
and FHZC3H7B in endebind-n-seq.Based onreliable quantification results, we started with
immunoprecipitation of FHZC3H7Bfrom 4 ug of lysate and from 1 pug of lysate for FH
hnRNPA1 andfurther tested the following decreasingprotein concentrations (Figure 3.7).
Strikingly, both candidates enriched forspecific target RNA motifs in a bro@ concentration
range, between the highesttested amountsdown to around 2nM of protein (Figure 3.7A). FH-
hnRNPAL selectedor its previously observed UAGUGU&ontaining target sequence and FH
ZC3H7B had strongly enriched for AGUUUG®BNtaining motifs after Weeder2 analysis.
Weeder2 not only generates a list of enriched motif sequences but also scordg® identified
motifs according to their robustness in reproducible nucleotide positioning, motif overlapand
thus significance(Pavesi et al., 2004)Interestingly, when plotting the resulting scores against
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the estimated protein concentrations, we found a clear peak fmoncentrations around 55nM
with both candidates (Figure 3.7B). Significantly higher concentrations caused a decrease in
motif significance,indicating a co-selection of nontarget RNAmotifs in binding reactions.
Furthermore, the significance of FFhnRNPAL enriched motifs decreased markedly stronger
with concentrations surpassing the observed optimum compared to FAC3H7B (>> 60 nM,
Figure 3.7B). This might be due to the earlier found, strong expression of AHRNPAL in
HEK293T (igure 3.6). In summary, air data suggested, that RBPased beyond acertain
concentration range in RNA binding reactions bind less specifally, resulting in a less
significant target motif output. Considering that both protein candidates were completely
unrelated, harboring different RNA binding domains and having enriched for different target
RNAmotifs, we concludedthat protein concentrations ranging between 50-60 nM represented
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Figure 3.7: RNA target motif enrichment with titrated protein concentrations in  endo-bind -n-seq. (A)
Sequence logo representation of enriched motifs after two selection rounds with different concentrations of FH
ZC3H7B and FFhnRNPALlin endo-bind-n-seqafter anit-FLAGIP. Precalculated final concentrationsand weeder
scoresare given. Optimal concentrations are highlighted with an asterisk (light blue: ZC3H7B; dark blue: hnRNPAL).
(B) Weeder2 enrichment scores of highest sciorg target motifs were plotted against tested protein concentrations,
using the meanvaluesfrom two independent replicates.
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3.1.4 Optimization of buffer conditions for RBP candidate immobilization

Working with RBPs implies the ability of acandidate to bind toits individual target RNAin the
cell. RNAsoften interact with not only one single RBP, but they are regulated by several
interaction partners at the same time. Accordinglyproper target motif identification for an
RBP candidate in enddind-n-seq can be impaired by previously blocked RBDs orby co-
purified protein contaminants.To assess the impact of cell lysatderived impurities on endo-
bind-n-seq experiments, we assayed different buffer conditions for the purification of
immunoprecipitated RBP candidates. We either tested increasing salt concentrations in
washing steps toclear the RBR from cellular RNAs or high amounts of detergent (RIPA
buffer), focusing onpotential protein contaminants. The differently treated protein candidates
were subsequently applied in RNA binding reactions under low salt conditiond~igure 3.8).
We expressed FFhnRNPA1 and FFZC3H7B in HEK293T cellsand used anti-FLAG couple
beadsfor their immunoprecipitation from earlier defined, optimallysate amounts (Figure 3.7).
In addition, we incubated anti-FLAG beads with wild-type HEK293T lysate as a negative
control. The protein-loaded beads were washedvith increasingbuffer stringencies, using the
indicated conditions. Western blot analysisconfirmed that the amount ofimmunoprecipitated
RBP candidatesvas notaffectedby the altered washingconditions (Figure 3.8A). Interestingly,
however, plotting of the weeder scores of endo-bind-n-seq enrichedmotifs clearly indicated
animpact of washing conditions on the target RNA selectiorfFigure 3.8B). The significance of
enrichedtarget motifs markedly increasedwith proteins that were washedwith amedian high
ionic strength after their immobilization (salt concentrations between 300-500 mM, Figure
3.8B). While for FHZC3H7B RNAmaotif selection efficiencieswere consistentwith in this salt
range, FHhnRNPAL enriched bestor significant motifs after protein washes with 500mM of
salt. Wehence concludedthat salt concentrations around 500 mM were not harmful to the
state ofthe proteinsyet, but sufficient to releasepre-bound contaminantsthat might affectthe
outcome ofendo-bind-n-segexperiments. Surprisingly,afurther increasein salt concentration
negatively affeced the RNA selectiorfor both protein candidates(1M NaCl Figure 3.8B). High
levels ofdetergent did not have any impact orRNAbinding reactions and both FH-hnRNPA1
and FHZC3H7Benriched with efficienciessimilar to low salt conditions (RIPA, 150mM NacCl,
Figure 3.8B). Weeder scoresof non-specifically bound background RNA maotifs stayed
consistently low with all tested conditions when using wild -type HEK293T lysateincubated

anti-FLAG beadsn RNAbinding reactions, which served as a negative contrgFigure 3.8B).
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Figure 3.8: Target RNA selection efficiency subjected to the titration of IP washing stringencies. (A)
Exemplary western blots ofimmunoprecipitated protein amounts after IP washes applying increasing buffer
stringency conditions. (B) Weeder2 enrichment scores of highest scoring motifs, plotted against buffer stringencies
tested in IP washing steps fooptimized purification of immobilized protein candidates in endebind-n-seq

Wenextexamined themotifs correspondingto the plotted weederscores Figure 3.8B) in more
detail (Figure 3.9). As before, FHhnRNPAL robustly enriched forits target RNA sequence,
selecting motifs that contained an UAGU/G)G core under all tested conditions (Figure 3.9A),
suggesting highaffinity interactions. For FHZC3H7B, the earlier identified AGUUUCG maotif
(Figure 3.7A) could be recapitulated undemwashing conditionswith 300 mM, 500mM,and1 M

of salt after immunoprecipitation . However, with a reduced emphasis orthe cytidine moiety
of the motif compared toprevious experiments (Figure 3.9B). When using low salt conditions
or RIPA bufferfor washes ofbead-bound FHZC3H7B, target RNA motifs became less clear
reflecting the significance score from Weeder2 analysis,which were similar to the negative
control under these conditions (Figure 3.8B). Together, these results suggested a rather low
binding affinity of ZC3H7Bto its target RNA motif.Background notifs, that were enriched with
wild -type HEK293T lysate incubated@nti-FLAG beadsstayed consistent throughout all tested
washing conditions (Figure 3.9C), similar to their weeder scores (Figure 3.8B). At the same
time, the selectedbackground motifs appeared surprisingly specific,containing an AGUGKS)
core sequence Therefore, we assumedsome beadbased biasfor specific background RNA
motif selection from our input pools (Figure 3.9C). Nevertheless,the difference between the
RBRderived results highlighted, that washing conditions forprotein candidates with 500mM
of salt after immunoprecipitation present a suitable standard to conduct endo-bind-n-seq

experiments.
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Figure 3.9: Motifs enriched in endo-bind -n-seq after anti -FLAGIP with altering washing conditions . Sequence
logo representation of enriched motifs after two selection rounds with immobilized A) FH-hnRNPAL,(B) FH-
ZC3H7Bor (C) empty FLAGbeads incubated withwild -type HEK293T lysate. Incubated beads were washed with
indicated buffer conditions. Sringency of washing conditions increass from top to bottom.

3.1.5 Optimization of RNA binding conditions for areduced background bias

When testingfor optimal washing conditions of immunoprecipitated RBPcandidatesin endo-
bind-n-seq (chapter 3.1.4), we observed a beadderived bias of background RNA motif
selection, which resembledtarget motifs that were enrichedby FH-hnRNPA1(Figure 3.9). To
challenge this background bias, weonducteda second buffer optimizationapproach, using
increasing salt concentrations in RNA binding ractions. We immobilized FHhnRNPA1 from
quantified HEK293T overexpressionlysateswith anti-FLAG beads, anth parallel incubated
anti-FLAG beads with wildtype HEK293Tlysates to assess backgroundRNAmotif selection.
Washedbeads were subsequently applied irendo-bind-n-seq RNA binding reactions, using
buffer conditions ranging between 150 mM and 1 M of salt (Figure 3.10). Interestingly, the FH
hnRNPA1 core motifUAGU/G)G was only found when using RNA binding conditions with
300 mM of salt or higherin the binding buffers (Figure 3.10A). Under low-salt conditions
(150 mM), FHhnRNPAlenriched for asimilar motif containingan AGUGAore (Figure 3.10A),
which however was indistinguishable from motifs enriched by the negative control (Figure
3.10B). With increasing salt concentratiors inRNA binding buffers, thebias of background RNA
motifs disappeared Instead, arandom distribution of nucleotides could be observed that

clearly differed from the FH-hnRNPAL enriched targets undethe same conditions Hencewe
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concluded that starting from 300 mM of salt, ionic strengthsn RNA binding bufferswere high
enough to suppresghe biasedinteraction of specificRNAmotifs with the beads(Figure 3.10B).
Interestingly, significance scores fromthe Weeder2 analysis stayed constantly low for all
background motifs. However, FH-hnRNPA1 motif score results peaked at 500mM of salt
(Figure 3.10C), suggesting optimal RNA bindingonditions for the RBPcandidate. Altogether,
our dataemphasizedthat salt and buffer conditions present an important factor in endebind-
n-seq reactions, which requires specific adjustmentsfor each individual RBP candidate to

achievehigh-quality target motif output results.
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Figure 3.10: Titration of RNA binding stringenc ies in endo-bind -n-seq. Sequence logo representation of
enriched motifs after two selection rounds with (A) immunoprecipitated FH_hnRNPAland (B) with wild -type
HEK293T lysate incubatedempty anti-FLAGbeads. RNA binding stringencies increase from left to rigtiy salt
concentrations in RNA binding buffers. (C) The trend of Weeder2 enrichment scoresis graphically depicted,
corresponding to the bindingbuffer conditions of upper motifswith in the respectivecolumns.

3.1.6 The multi -domain zinc finger protein ZC3H7B enriches for two different
target motifs in endo-bind -n-seq

The zinc finger protein ZC3H7Bwhich we had used toassessendo-bind-n-seq with different
protein concentrations after immunoprecipitation (Figure 3.7), and to optimize immobilized
RBP candidateconditions (Figure 3.8 and Figure 3.9), represents a rather complex RNA binder.
It is constituted of five consecutive zing figer motifs at its Gterminus, which might collaborate
in amore sophisticated RNA binding mod€Figure 3.11A). It further harbors three N-terminal

tandem tetratricopeptide repeats (TPR)which have beenfound to enhanceprotein complex
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formation by mediating protein-protein interactions (Blatch and Lassle, 1999)So farin this
thesis, we have exclusively worked with the overexpressed, tagged fullength FHZC3H7B
construct, which reproducibly enriched the target RNA motif AGUUUCGNh endo-bind-n-seq
(Figure 3.11B). However, considering the TPR repeats of the protein, waannot exclude that
the motif got enriched through a multi -protein complex that was co-immunoprecipitated
through FH-ZC3H7Bin our experiments. ZC3H7Bhas previously been reported to associate
with mRNAs, however withouta description of specific RNAtarget motifs (Baltz et al., 2012;
Castello et al., 2012)Later, ZC3H7Bhas been identified asa specific interactor of the pre-
MIiRNA hairpins miR7%1, miR162, and miR29a, recognizing an WA(A/ U) motif in their apical
loop (Treiber et al., 2017) Interestingly, previous endo-bind-n-segexperiments performed by
Dr. Nora Treiber and Dr. Thomas Treiberyielded a target RNA motifthat matched thetarget
sequencewith in the apical loopof the reported pre-miRNAinteractor hairpins (Figure 3.11C),
when using a recombinant ZC3H7B(415956) construct, containing the proteins zinc finger
domain (Figure 3.11A). To further assess theselection of two independenttarget RNA motifs
by ZC3H7B in endebind-n-seq, we decided to investigatthe RNPcomplexformation with the

two motifs in more detail.
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Figure 3.11: ZC3H7B enriches two different target RNA motifs in endo-bind -n-seq. (A) Schematically depicted
domain organization of the fultlength zinc finger protein ZCH7B, and a truncated construct comprising aa4%56,
focusing onits zinc finger domain. (B) Sequence logo of a ZC3H7B targettihenriched in endo-bind-n-seqwith
anti-FLAGimmunoprecipitated full-length FHZC3H7B. (C) Sequence logo of a ZC3H7B target motif enriched in
endo-bind-n-seqwith truncated, recombinantly purified GSTZC3H7B focusing on the zinc finger domaiweeder
scares are given.
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3.1.6.1 RNP complex formation of the ZC3H7Bzinc finger domain in EMSA

To examinethe RNP complex formation of ZC3H7Bom anin vitro perspective, weperformed
electro-mobility shift assays (EMSA)with RNA constructsharboring the endo-bind-n-seq

enriched ZC3H7Btarget motifs (Figure 3.11B and §. Therefore, wein vitro transcribed either
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the AGUUUCG (Motif Eigure 3.11B) or the AUAGAU (Motif 2Figure 3.11C) motif, flanked by
random AGlinker sequences on boththe v 8 thé &3 ,AmdAincubated themwith the
purified zinc finger domainGSTZC3H7B(415956) (Figure 3.12A). Both radioactively labeled
RNA constructs containing either Motif 1 (Figure 3.12B) or Motif 2 (Figure 3.120), clearly
shifted in gels after incubation withincreasing amounts ofGSTZC3H7B(415956), confirming
RNP complex formation. In contrast, ircubation of the purified zinc finger domain with an
unrelated control RNA consisting of AGCQOmotif repeats, did not result in comparable RNA
signal shifts, suggestinga specific interaction of GSTZC3H7B(415956) with both its endo-

bind-n-seq enriched targetRNA motifs (Figure 3.12D). In addition to in-gel shifting RNP
complex signals, both labeled ZC3H7B target RNA construatere increasingly retained with in

gel pockets upon protein addition, whichcould not be observedfor the control RNAsubstrate
(Figure 3.12B-D). This further confirmed the specificty of GSTZC3H7B(415956) RNP
complex formation, sincepreventing gel migration exclusivelyfor the target motif containing

RNA constructs. Interestingly, the pre-miRNA loop matching Motif2 RNAwas retained and
shifted markedly stronger in EMSAthan the Motif 1 RNA (Figure 3.12B and C) indicating a

higher affinity of GSTZC3H7B(415956) to the target RNAMotif 2.
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Figure 3.12: The ZC3H7B zinc finger domain specifically binds to its target RNA motifs in EMSA. (A) SDSPAGE
analysis of purified, recombinant GSTZC3H7B(aa415956) used in EMSA. (B) Increasing amounts of GST
ZC3H7B(aa415956) in RNA binding reactionsx E O fadioldbelled RNA constructs harboring theendo-bind-n-seq

enriched target sequencegB) Motif 1 and (C) Motif 2between random linkers, or with (D) an unrelated RNA as

negative ontrol. Protein amounts were titrated up (0/15/30/60/120 nM) and incubatedwith constant levels of
RNA.

To closer investigatethe RNA binding affinity of GSFZC3H7B(415956) to its target RNA
motifs, we repeated the EMSAvith both Motif 1 and Motif 2 contaning RNA constructs,
including more protein titration steps. We analyzed RNP complex formation with protein
concentrations ranging between 51280 nM, and subsequently quantiied and compared the

respectively bound RNAfractions (Figure 3.13). We further attempted to preventthe retention
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of RNP complexes withirthe gel pockets byintroducing competitor moleculessuch assalt or
a mixture of tRNAs. Howeverneither salt, nor tRNAs couldcounteract the accumulation of
target RNAsignalsin the pockets (data not shown)Again, both RNA constructstrongly shifted
in EMSA upon the addition of GSZC3H7B(415956). However, especiallysamples within the
lower protein concentration rangeclearly emphasizedan earlier shifting of Motif 2 RNAsignals
compared to Motif 1RNAIn the gel(Figure 3.13A). Quantification ofthe bound RNAfractions,
by analysis ofthe decreasing signals of unbound RNs*and plotting againstthe applied protein
concentrations, confirmed this observation (Figure 3.13B). Together, our resultsindicated a
higher RNA bindingaffinity of the zinc finger domain GSIZC3H7B(415956) to RNAMotif 2
compared to Motif 1.Nevertheless alsoRNP complexformation with RNAMotif 1 generated
an adequateRNAbinding curve and thus, we concluded, that bothendo-bind-n-seqenriched

RNAsequencegepresent specifictarget RNAmotifs of the zinc finger proteinZC3H7B
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Figure 3.13: GSTFZC3H7B(415-956) binds target Motif 2 with higher affinity than Motif 1~ in EMSA.(A) EMSA
of the recombinant, Gterminal GSTtagged ZC3H7BUET A £ET CA O -Adicladelfiell RNAEcGnBtructs 8
harboring the endo-bind-n-seq selected indicated target moti§ (Motifl, top; Motif2, bottom) between random
linkers. Protein amounts were titrated up to 1.28uM with constant RNA levels. (B) Shifted RNA portions were
quantified by reducing signalintensities of free RNA. Bound fractions were calculated and plotted against applied
protein concentrations.

3.1.6.2 ZC3H7BRNP complex formation in a radioactive competitor assay

We next examined,whether target Motif 2 (AUAGAU)showed higher RNA binding affinity to
GSTZC3H7B(415-956) in EMSA becausef RNP complex formation withthe sametruncated

ZC3H7Bconstruct that was alsoused during its selection in endebind-n-seq Therefore, we
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performed a competitor assay between the two identified target RNA motifs, using
immunoprecipitated FH-ZC3H7Bfor RNP complex formation (Figure 3.14). Equal to endo-
bind-n-seqgexperiments,where Motif 1 (AGUUUCG)as beerselectedasatarget. Respectively,
one of the two target motif RNAswas radioactively labeled and subsequentlymixed with
increasing amounts of cold, unlabeledRNA corresponding to theopposite target motif or an
unrelated control sequenceFor each mix, equal amounts of FRAC3H7B were immobilizedon
beads for RNP complex formation which was confimed by western blot analysis Figure
3.14A). RNA samples were either incubated with empty beadssa control or with bead-bound
FH-ZC3H7B The interacting portions of radioactively labeled RNAwere subsequently
analyzed on a denaturing PAGE géllhe resulting signals were quantified and normalized to
the zero-competitor input signal, to determine the preferentially bound FH-ZC3H7B target
RNAmotif (Figure 3.14B). Competition of the FH-ZC3H7Bselected labeledRNAMotif 1 with
increasing amouns of cold Motif 2 resulted in acontinuous decrease ofletectableRNAsignals,
indicating less and less MotiflL binding to FH-ZC3H7B(Figure 3.14B, rowl). Interestingly,
when applying a mix with 1 pmol of both target RNAmotifs, the signals detected for Motif 1
decreased almost by half compared teero-competition samples This reflected the stochastic
distribution of the two target RNAmaotifs in the binding reaction, suggestingequal knding to
FH-ZC3H7BIn contrast, Motif 1 signalsfrom the competition with increasing amounts of an
unrelated control RNAdid not indicate a significant inhibition of RNPcomplexformation with
the target (Figure 3.14B, row 2). Incubation of the radioactively labeled, GSTZC3H7B(415
956) selectedtarget Motif 2 with FH-ZC3H7Bgenerated detectable signals equal to Motif 1,
confirming efficient RNP complex formation.However, Motif 2 RNPcomplexeswere barely
affected by the addition ofcold Motif 1 RNA and radioactive signals only startediecreasing
upon the addition ofat leastdouble the amount of the cold competor (Figure 3.14B, row 3).
The adition of increasing amounts of controlRNAdid not have any effect on FFEZC3H7B
bound Motif 2 portions, showing constantsignals for all tested conditions (Figure 3.14B, row
4). Together, our results confirmedahigher affinity of ZC3H7Bto target RNA Motif 2 (AUAGAU)
compared totarget Motif 1 (AGUUUCG), and the use of immunoprecipitat&C3H7Bfull-length
protein instead of the isolated zinc finger domain did not have any impacton this binding
preference.Nevertheless as in EMSA, the interaction of FAC3H7B with both itsendo-bind-
n-seq enrichedtarget RNA motifs was specificand only the respectively opposite motif, and

not an unrelated control RNA efficiently competed with RNP complex formationof ZC3H7B.
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Figure 3.14: ZC3H7B competitor assay of endo-bind -n-seq enriched target RNA motifs. (A) Western blot
analysis ofanti-FLAG immunoprecipitated FHZC3H7Bsamples usedn the competitor assay (B) Signals detected
from 1 pmol of v -Badiolabelled RNA constructs harboring indicated ZC3H7B target motifs, after binding to
immobilized FH-ZC3H7B andincubation with increasing amounts of coldcompetitor RNA. Competitors either
harbored the opposite target motif or an unrelated control sequencéRNA constructs analogous to EMSAjgure
3.12). RNP interactions analyzed bylenaturing PAGEgel were exposed to a phosphor screen for 24 or 72h.
Imaging signals were quantified and normalized to zero competitor input signals.

3.1.7 Endo-bind -n-seq enables target RNAmotif selection with RBPsisolated
from tissue samples

RBPs frequently exhibit expression patternghat are specific totissues or developmental
stages. In addition, protein modifications or interaction partners can vary inthe context of thar
dynamic naural environment. Hence, as a proof of concept, we lasassessed RNA binding
specificities of endogenous RBPs from mural tissue samplda endo-bind-n-seq We used
mouse brain and liver samples to examine target RNA motif selection by the RBP candidates
hnRNPA1, GRSFand CELF1, for which we already had successfully enriched their targeNA
motifs in earlier experiments with purified proteins and after immunoprecipitation from
HEK293T celllysates(chapter 3.1.2) To perform efficient target RNA selection reactions with
suitable amounts ofprotein for each candidate, we first immunoprecipitatedhe proteins with
specific antibodies from titrated amounts of brain and liver lysates for quantification in
western blot (Figure 3.15), to estimate the finalprotein concentrations in endebind-n-seq
(according to chapter 3.1.3)CELF1 and GRSF1 did not markedly differ their quantities or
running behavior between brain and liver tissues. Interestingly, however, hnRNPA1 wa®t
only significantly lower expressed inmouse liver tissue compared tothe brain, but alsoran
markedly lower than in brain samples indicatingthe expression of a shortehnRNPAlisoform

in mouseliver.
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Figure 3.15: Quantification of immunoprecipitated RBPs from  mural tissue. Exemplarywestern blots of mouse
brain and liver derived RBP candidates after immunoprecipitation fromtitrated amounts of tissue lysate with

specific antibodies against CELF1, GRSBt hnRNPA1 1ug of GSTHA-hnRNPA1(2187) was co-loaded on blotsin

triplicates as an internal reference for immunosignal normalization and subsequent quantification of
immunoprecipitated protein amounts (see chapter 3.1.3)

We calculated theespectivelyrequired lysateamountsfor each candidateto match the earlier
defined optimal protein concentration range around 6nM for target RNA selection gee
chapter 3.1.3) and performed endebind-n-seqfrom mousetissue samples Figure 3.16A). We
immobilized endogenous hnRNPAL1 from adjusted brain and liver lysammounts with specific
antibodies on beads and validated the immunoprecipitation by western blot (Figure 3.16B).
Beadsbound hnRNPAlwas incubated withour randomized RNA irput pool for binding under
high-salt conditions (300 mM), which we previously had identified as an optimal condition to
avoid RNA background binding events while not having an impact on specific target
interactions with hnRNPAL1 itself (chapter 3.1.5)Empty beads, that were incubatedn equal
lysate amounts and treated analogouslyto hnRNPA1 samplesserved as a negative aarol.
Strikingly, hnRNPA1 from both tissue extracts enriched for its known target RNA motif,
containing an UAG(U/G)G corewhile the negative control did not enrich for a specific sequence
element (Figure 3.16C). The high values ofresulting Weeder2 significance scores further
emphasized the efficiency of target RNA selection by hnRNPA1 frdnoth mouse tissues
Hence, our data confirmedthat endo-bind-n-seqrepresentsa suitable approachfor examining

the binding specifiaty of anRBP, also whenisolated from sources as complex aissue samples.
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Figure 3.16: Endogenous hnRNPA1 from murine tissue efficiently enriches its target RNAmotif. (A) Outline
of anendo-bind-n-segexperiment usingimmunoprecipitated RBPs from mouse tissue sampleBigure created with
biorender.com (B) Western blot of endogenous hnRNPA1 immunoprecipitatedrom defined mounts of murine
brain and liver lysates (C) Sequence logo representation of enriched motifs after two selection rounds with
immobilized hnRNPAL1 from tissus or lysate-incubated empty beads as negative control. Weeder2 enrichment
scores are given.

To assess the robustness of our method on other examples, verther immobilized
endogenousGRSFland CELF1from adjusted brain and liver lysate amounts with specific
antibodies, and again validated the immunoprecipitation by western blot Figure 3.17A). Since
we had not specifically examinedthe RNA binding behavior of GRSF1 andCELF1 under
different stringency conditions before, we included lowsalt conditions (75mM) next to high
salt RNA binding (300mM) in our experiments. In addition, empty beads wee incubated in
respective lysate amounts and treated analogouslyto the candidates to serve as a negative
control. Interestingly, GRSFZlearly enriched for its earlier observed target RNA motif UGGGU
from both tissue extracts under lowsalt conditions (Figure 3.17B). Under high-salt conditions,
the motif became less clear for GRSF1 from liver tisssi@nd related weeder scores markedly
dropped compared to the other samplesHowever, GRSF1 frombrain tissue still efficiently
enrichedfor its target RNAunder high-salt conditions, suggesting higheRNAbinding affinities
of GRSFIrom mouse brain(Figure 3.17B). For CELF1we had expected to enrich for Gltich
target RNAmotifs, which however wasonly the case for samples from brain extract under high
salt conditions (Figure 3.17C). In addition, significance scores for CELF1 results from liver
extracts weregenerallylow, similar to the negative control fFigure 3.17D),indicating poor RNA

binding capacities of CELF1 proteins isolated from mouse liveextract. Interestingly, as in
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earlier experiments, empty beads enriched for a specific background motihder low-salt RNA
binding conditions, which only disappearedunder high-salt conditions (Figure 3.17D). In sum,
RNA binding specificities of GRSF1 and CEL$demed to differ in a tissuedependent context.
Nevertheless, endebind-n-seq successfully enriched for their expected RNA motifsunder
specific conditions,confirming our method as asuitable approachfor the identification of RNA

binding motifs of endogaous RBPsevenafter their isolation from tissue samples
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Figure 3.17: Endo-bind -n-seq with  GRSF1 and CELF1 from murine tissues (A) Western blot analysis of
endogenous GRSFand CEFL1, immunoprecipitatedrom defined mounts ofmurine brain and liver lysates used in
endo-bind-n-seq with low salt (LS, 75mM KCI) and high salt (HS, 30tM KCI) RNA binding conditions. (ED)
Sequence logo representation of enriched motifs after twoesection rounds with immobilized (B) GRSFland (C)
CELF1 frommouse brain and livertissues, or (D) lysate-incubated empty beads as negative control. Weeder2
enrichment scores are given.
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3.2 Enhancer of decapping 4 (EDC4 z anew potential RBPof the WD40 family

Enhancer of decapping 4EDC4) also known as HEDL®r Gel, is a key component of the
MRNA decapping machinery and is involved in mRNA degradation and translational
repression. It serves asa scaffold anddirectly interacts with many different proteins, such as
DCH, DCP2and XRN1(Chang et al., 2014)Furthermore, it isessential for P-body formation
in the cytoplasm(Eulalio et al., 2007b; YU et al., 2005EDQC! not only seemsto play a role in
the active decayof mRNAs but is also very likely involved in the storage of transcripts within
P-bodies (Hubstenberger et al.,, 2017) Genomewide mMmRNA interactome studies have
identified many new potential RNA bincers, that do not contain so far known RBDgBaltz et
al., 2012; Castello et al., 2012Therefore,domains that were not considered RBDbefore, like
the b-propeller WD40 domain, may directly contact the RNAThese findings suggested, that
EDC4could directly interact with RNAthrough its WD40 domain which so far has not been
examinedin detail. The aim of this study wado further characterize the WD40 family member

EDC4with aspecialfocusonits potential RNA bindingfunction and possible RNAsubstrates.

3.2.1 The EDC4 WD40 domain alone does not localize into P-bodies

EDC4 is an essentialBody factor and therefore is commonly used as a marker for-Body
staining in immunofluorescence(lF) experiments (Ayache et al., 2015; Eulalio et al., 2007b;
Hubstenberger et al., 2017; Ling et al., 2014l has been reported, that the @erminal domain
of EDCdis required for its localization into P-bodies(YU et al., 2005) However, & PRbodies are
a hub of MRNA metabolism and we considered the EDC4 WD40 domain as a potential new RBD,
we were wondering if the isolated WD40 domaincould still localize into Pbodies to some
extent. To examine this, we usednducible Flp-In TREx293 cel$, that could overexpress FH
tagged fulllength EDC4, or a truncated construcsolely comprising the WD40 domain
(EDC4(WD40),Figure 3.18A). To investigate the localization of overexpressed HEDC4 and
FH-EDC4(WD40) in immunofluorescence experiments, we usedspecific antibodies
recognizing the HA-portion in the FHtag (Figure 3.18B). As expected, FFEDC4 was detected
in distinct, bright spots in the cytosol, representing Fbodies of the cellFH-EDC4(WD40) did
not localize into Rbody condensates. Instead, the WD4fbmain showedarandom distribution
within the cytoplasm, indicating that potential RNA contacts with the WD40 domain were not
sufficient for its localization into P-bodies and specificinteractions with the full body of EDC4

were required to detect the cytosolic foci.
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Figure 3.18: EDC4AWD40) alone does not localize into P-bodies. (A) Schematic presentation of fullength EDC4
with annotated protein domains (top), and the truncated construct used for studies focusing on the WD40 domain
(bottom). (B) Immunofluorescence detection of EDCdonstructs (green) with anti-HA antibody in Flp-In T-REX293
cellsoverexpressng FH-EDC4or FH-EDC4WD40) constructs. Nuclei were sained with DAPI (blue).

3.2.2 Atoolbox for deeper investigations on EDC4

3.2.2.1 Generation of EDC4 specific antibody

We aimed to investigate EDC4 in more detail and examine its characteristms an endogenous
level. To not depend on tagged and overexpressedprotein constructs, we generated EDC4
specific polyclonal antibodiesby the immunization of a rabbit. Therefore, we induced the
expresson of recombinant Hiss-EDC4(WD40)in bacteria, which however was insoluble in
E.coli Hence we applied a denaturing protein reconstitution approachfor the purification of
the domain (Figure 3.19A). We separated protein aggregates fromexpression lysates by
centrifugation and resolubilized the aggregateddomain by resuspersion of the pellets in a
buffer with stepwise increasingconcentrations of urea as a denaturing agent (Figure 3.19B).
The fraction that was resolubilized with eight molar urea contained the highest amounts of
Hisse-EDC4(WD40) (Figure 3.19B, lane 5) and was applied for affinity chromatography
purification (Figure 3.19C).After four elution steps, clean HisEDC4(WD40) could be obtained
(Figure 3.19C, lane 8) Theprotein solution was dialyzed to a residual concentration of two
molar urea, aiming for astrong immune responsewith high antibody titers, and used for

antibody generation.
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Figure 3.19: Purification of recombinant H is6-EDC}WD40) for antibody generation. (A) Schematic overview
of the purification strategy. (B) Aliquots of the indicated purification steps were analyzed by SBBAGE and
Coomassie staining. Aggregategroteins were stepwise solubilized from the pellet, usingndicated increasing
concentrations of urea in the buffer. (C) Aliquots of the indicated HisTrap affinity chromatography steps were
analyzed by SD®AGE and Coomassie staining. Chromatography was performed with samples solubilized ftbmn
pellet with 8 M urea.

As a first test, the produced rabbit antEDC4 antibody serum was directly applied in western
blot, immunofluorescence,and immunoprecipitation experiments, to validate its function in
recognizing EDC4Unfortunately, except for spotted Hiss-EDC4(WD40)on a nitrocellulose
membrane in dot-blot experiments, our antibodies did not recognize EDC4 in western blot
experiments (data not shown). However, when appying anti-EDC4 serumin immuno-
fluorescence experimentsin Flp-In TREx293 wildtype cells, we could observe clear
cytoplasmic P-body foci from endogenous EDC4Figure 3.20A), suggesting that our antibodes
were suitable for the detection of the native protein. To test the antibody for
immunoprecipitation of EDC4, weused overexpressed FHEDC4 and FFEDC4(WD40)from
Flp-In TREx293 cellsand analyzed thesamplesby western blot, using anti-HA antibody for the
detection (Figure 3.20B). Both, full-length EDC4as well as the WD40 domain construatould
be successfullyimmunoprecipitated with our antibod ies. Together, our initial tests validated
the functionality of the produced anti-EDC4 antibog and hence, we isolated the antibodies
from the serum by SepharoseG affinity purification to further improve the usagein later

applications.
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Figure 3.20: Validation of the generated anti-EDC4 antibody serum. (A) Immunofluorescence detection of
endogenous EDC4 (green) in Fn T-RExX293 cells with serum obtained fromHiss-EDC4(WD40)immunized rabbit

(anti-EDC4). Nuclei were stained with DAPI (blue). (Bnmunoprecipitation of overexpressedFH-EDC4 and FH
EDC4WDA40) from induced Flp-In T-REx293 cell lysates with anHEDC4 rabbit antibody serum. Samplesnd 10 %

of input lysate were analyzed by western blot and detected with antHA antibody.
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3.2.2.2 Generation of EDC4 knockout cell lines

To expand our toolbox for studying EDC4, we performed knockout experiments using the
CRISPR/Cas9 systenWe designed singleguide RNAstargeting the WD40 domain encoding
region of EDC4 Figure 3.21A), and generated knockouts in Flgn T-REx293 allowing us to
later conductrescueexperiments by the Flp-In recombination system of the cels. To validate
the knockout of EDC4, we performed western blot analysisf lysates from different knockout
clones and compared them tdFlp-In T-REx293 wild -type lysate (Figure 3.21B). Since our
produced ant-EDC4 antibog did not work for western blot analysis (chapter 3.2.2), we used
acommercial antibody to detect endogenou€DC4in the blot. A strong signal around 18kDa
could be observed in wildtype lysate, which completely disappeared in lysates oKOClonel
and KO Clone3, indicating complete depletion of EDC4n these cells. Interestingly, inKO
Clone5, a band could be observedthat showed around half reduced intensites for EDC4
compared tothe wild-type, suggestingthe generation of a heterozygous cell linelt has been
shown, that DCP1lastably interacts with the WD40 domain of EDC4nd colocalizes with it in
P-bodies(Chang et al., 2014; YU et al.0@5). To assesswhether the knockout of EDC4had an
influence on protein levels of DCP1lain our KO clones we additionally analyzed DCP1ldy
western blot (Figure 3.21B). However, depletion of EDC4 did not havstriking effects on the
abundance of DCP1la compared tthe wild-type or the heterozygous KO Clone5, showing
similar signalsbetweenall samples As a seconknockout validation approach, we performed
immunofluorescence experimentsusingour self-madeanti-EDC4 antibody(Figure 3.21C). We
examined wild-type Flp-In T-REx293 cells and compared them to cellhaving either
overexpressed FHEDC4 or knocked out EDC4As before, distinct P-body foci could be

observed in the cytosolof wild -type cells Thesize of thefoci significantly increasedupon FH-
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EDC4overexpressin, reflecting the highlevels of EDC4in the cells.In contrast, KO Clonel
completely lost detectablesignalsin immunofluorescence experiments Hence, we concluded,
we hadsuccessfuly depleted EDC4with our knockout approach. In addition,the complete loss
of detectable signals inthe knockout cells further confirmed the specificity of our produced

anti-EDC4 antibody.
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Figure 3.21: Validation of EDC4 knockout cell lines by IF and western blot. (A) Schematic presentation of the
EDC4 body (blue: WDA40, green: coiledoil) and used PAM sequence positioficoding for amino acid 169) for
CRBEPR/Cas9 knockaits. (B) Western blot analysis of Flpin T-REx293 WT lysatelane 1) and three EDC4 K®&Ip-
In T-REx293 clones(lanes 24) with commercial antibodies againstthe indicated proteins. Detection of 1 -Actin
served as a loading control(C) Immunofluorescence detection of EDCWith our anti-EDC4 antibody serunin Flp-
In T-REx293 WT orupon overexpression FH-EDC4 and EDC4 KQxlonel (green). Nuclei stained with DAPI (blue).

Like EDC4DCP1la is commonly used as a marker fébody stainingin immunofluorescence
experiments (Hubstenberger et al., 2017; YU et al., 2009puring the western blot analysis of
EDC4 knockout cloneswe observed that DCP1la levelstayedconstant betweenthe wild -type
and EDC4knockout cells (Figure 3.21B). We used this fact, to assess whethdéne depletion of
EDC4indeed had caused loss of Rbodiesin our cells, as has been observed befo(&¥Uet al,
2005; Eulalio, BehmAnsmant,et al, 2007). We performed immunofluorescence experiments
with specific antibodies detecting DCPlaand analyzed itslocalization in wild-type and EDC4
knockout cells (Figure 3.22). Like EDC4, DCP1a localized distinct cytosolic P-body foci in the
wild -type cells. However, in EDC4 KO CloB8eDCP1a signals were randomly distributed within
the cytosol Hence we assumed thaP-body formation was in fact impeded in our knockout
cells. Altogether, our dataindicated that we had successfully generated full EDC4 KO clones

and againemphasizedEDC4 as an essential factdor P-body formation.
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Figure 3.22: DCP1ladoes not localize into P -bodies in EDC4 KO cells.Immunofluorescence detection of DCP1a
in Flp-In T-REx293 WTcellsand EDC4 KO clor(green). Nuclei were stained with DAPI (blue).

3.2.2.3 Recombinant expression and p urif ication of the EDC4 WD40 domain

Our main goalin this project was the characterization of the EDC4 WD40 domain asnew
potential RBD. To be able to examine RNP complex formation from ianvitro perspective, we
next developed a purification strategy for ecombinant EDC4WD40 domainconstructs. WD40
domains present highly complex protein folds, and ouffirst expression and purification
attempts, applying induced overexpression of recombinant EDC4(WD4M E. coljresulted in
fully aggregaed proteins (chapter 3.2.2). To provide more suitable machinery for the
expression ofWD40 domain folds, we initially purified EDC4(WD40)from insect cells(data
not shown). However, this expression systems not very flexible in handling and therefore,we
kept developing arecombinant expression and purificationstrategy for EDC4(WD40)domains
from E. colicells, based onbacterial auto-induction as reported by Studier (2005). Briefly,
recombinantWD40 domainswere N-terminally fused to acleavable GS¥ag and expressedin
E. coliBL21 cellsat low temperatures. Bacteria were grown inan optimized medium, which
further contained lactose for auteinduced expressionof the recombinant GSTEDC4(WDA40)
construct in growth-saturated bacteria cultures (seemethods section 4.5)GSTFtagged WD40
domains were purified from bacteria lysatesby GSTaffinity chromatography, followed by a
second GSHaffinity run after cleavage of the Nterminal tag. The untagged WD40 domains
were collected from flow-through fractions, while free GSTtags were captured on the column.
The flow-through was finally fractionated by size exclusion chromatography Eigure 3.23A).
Our EDC4(WD40) peptide comprised 479 amino acid§igure 3.18A), with a molecular weight

of 53kDa. Therefore, we initially used a Superde®00-based gel filtration system(Figure
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3.23A, blue), which provides an overall separation range of 1@ 600 kDa (according to the
manufacturer) and should have perfectly matched the molecular weight of our protein.
However, except for a very small portion oEDC4(WD40)protein showing absorption between
12-13 ml (fractions B4-5), almostall our protein ended up in he void volume (fractions A12
15), assumingly having lost its solubility upon cleavage of the G$dg (Figure 3.23A, blue).The
second clear peak around 14nl (fractions B89) exclusively contained residual free GSTtags

according to PAGE analysis (data not shown).
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Figure 3.23: Purification of the recombinant EDC4WD40 domain from auto -induced bacteria lysate. (A) Size
exclusion chromatography profie, detected at 280nm, of recombinant EDC4WD40) samplesfractionated after
affinity purification, using either a Superdex 200 (blue) or a Superose 6 (green) matrix withtotal volume of 24 ml.
(B) SDSPAGE analysisnd Coomassiestaining of indicated pooled fractions after Superose 6 gel filtration(C) Final
purification products of recombinant EDC4{(WD40) proteins, that were expressed as wildype (wt) or mutant (A-
/E-mut: S105A/E, S407A/E)domains, analyzed by SDBAGE and Coomassigtaining.

It has been observed before, that EDC4 can interact with its¢Bloch et al., 2011; Jinek et al.,
2008). Hence, we speulated that our purified WD40 domains might have multimerized
instead of aggregated, which was supported by a protrudin@houlderdwithin the void peak
(Figure 3.23A, blue). To assess thishypothesis, we next fractionated affinity-purified
EDC4(WD40)samples ona Superose 6 matrix, whichs suitable for separating proteins in a
range between 5kDa and 5MDa (Figure 3.23A, green). Still, we detected a distinct major peak

in the void fractions (fractions B1314). However now, the overall absorption pattern indicated
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the presence of more soluble protein complexes. Strikingly, SIPRGE analysis revealed almost
pure EDC4(WD40) protein running around 55kDa in fractions B6-B9 (Figure 3.23B),
suggestingthe presence ofnative but indeed multimerized WD40 domains according to the
chromatography profile (Figure 3.23A, green). Other emerging absorption signals did not
contain any further peptides of interest. Wewere able toreproducibly apply this expression
and purification strategy, also for the generaon of WD40 domain mutants (focus of later
results) (Figure 3.23C). Hence we concluded to havea working and flexible approachin our

hands, that allowed us topurify the recombinant EDC4 WD40 domairfrom bacteria.

3.2.2.4 Expression and p urification of EDC4 (WD40) in complex with DCP1la

DCP1la is known to directly bind as a trimeric complex to the EDC4 WD40 domain, to promote
MRNA decappindChang et al., 2014)Consequently, we were wondering if the interaction with
DCP1la might interfere with a potential RNA binding function of the EDC4 WD40 domailim be
able to simulate a moren vivo situation in later RNA interaction studies, we further aimed at
purifying recombinant DCPlaprotein. While we were not able to express and purify soluble
DCPlaalonein bacteria (data not shown), auteinduced caexpression of GSTagged DCPla
together with GSTEDC4(WD40) produced soluble protein with our previously applied
expression and purification approach (chapter 3.22.3). GSTDCPla and GSEDC4(WD40)
containing bacteria lysates were purified by GSTaffinity chromatography, followed by
cleavage ofthe N-terminal tag from only the WD40 domain and fractionation of the proteins
by size exclusion chromatographyon a Superose6 matrix (Figure 3.24). Intriguingly,
absorption peaks in the resulting chromatogram seemed to overlap in soluble protein
fractions, suggestingthe presence oflifferent protein complexesin our sample (Figure 3.24A).
Analysis of the individual fractions by SDEPAGE revealed three majofraction types, which
either contained almost pure recombinantGSTFDCP1a running little higher than 100 kDa (A,
fractions A15-B2), GSTDCP1la with very few amounts of EDGWDA40) (B, fractions B34), or
similar amounts of GSFDCP1a and EDC4(WD403uggesting complex containingractions (C,
fractions B5-B7). Reanalysis ofthe final samplescontaining the respectively pooled fractions
indicatedthat we hadpurified both GSFDCP1l1a as well a&STDCPla:EDC4(WD40) complexes
(Figure 3.24C), which could beapplied for RNP complex formation studies bthe EDC4 WD40

domain.
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Figure 3.24: Purification of the recombinant DCP1a: EDC4AWD40) complex . (A) Size exclusion chromatography
(SEC)profile on a Superose 6 (green) matrix witha total volume of 24 ml, detected at 280nm. Sample of o-
expressed recombinant GSTDCPlaand EDC4(WD40) from auto-induced bacteria fractionated after affinity
purification. (B) SDSPAGE analysis and Coomass#taining of indicated fractions after Superose 6 gel filtration. (C)
Final purification products, pooled from the following fractions. A: A15B2, B: B34, C: B5B7. Samples were
analyzed by SD$AGE and Coomassigtaining.

3.2.3 UVcrosslinking of EDC4 RNP complexes in T-REx293 cells

EDC4 was for the first time described aa potential new RBPin the results of agenomewide
MRNA interactome stug, that was based oncovalent RNA-protein crosslinking experiments
with ultraviol et (UV) lightin HUH7 cells(Beckmann et al., 2015)To recapitulate this finding
and to identify endogenous target RNAs of EDC4, we aiméal perform UV crosslinking and
immunoprecipitation (CLIP) experiments followed by sequencing of proteinbound RNAsIn
this method, the formation of a covalent bond between cellular RNAs and their interacting
RBPs is induced byhe irradiation of cellswith UV light at 254nm, to strengthen the RNA:
protein interaction. RNP complexes are subsequentlymmunoprecipitated, and crosslinked
RNAs can get isolated and applied to a specializedcloning strategy for next generation
sequencing (Konig et al., 2012) To examinepotential cellular RNP complees of EDC4, we
accordingly performed CLIP experimentsvith overexpressed FHEDC4 and FFEDC4(WD40),
as well as endogenous EDC#om Flp-In T-REx293 cells Figure 3.25). The aosslinked EDC4
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constructs were immunoprecipitated with anti-FLAG or antEDC4 antibodies,and the co-
purified, protein-bound RNAswere radiolabeled.RNP complexes wereesolved by SDFPAGE
and analyzedn autoradiogramsatfter blotting on a membrane Figure 3.25A). Non-crosslinked
samplesserved as a negative contral Intriguingly for both, overexpressedand endogenous
EDC4as well as theoverexpressed WD40 domainclear radioactive signals could béetected
at the expected size in crosslinked samples, that were significantly weaker in narosslinked
samples. Western blot analysis confirmed the observed differences between radioactive
signals,showing equalprotein amounts in crosslinked and noncrosslinked samples(Figure
3.25B). Accordingly, we assumed we had successfully -@mmunoprecipitated covalently
bound target RNAs of EDC4 by CLIP. Howeveontradictory to our data, cloning attemptsfor

deep sequencingf putatively bound RNAsin thesesamplesreproducibly failed.
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Figure 3.25: Detection of 32P-labeled RNP complexes of different EDC4 constructs in CLIP. (A) Autoradiograms
of indicated radiolabeled RNAprotein complexes treated with or without UV crosslinking (CL) at 254 nm.
Overexpressed FH-EDC4(WD40) and FHEDC4 were antFLAG immunoprecipitated Endogenous EDC4 was
immunoprecipitated usingour anti-EDC4 antibody from Flpln T-REx293cells.Arrows emphasize signals expected
to represent EDC4 RNRomplexes.(B) 10 % of indicated CLIP samples wereespectively analyzed in western blot.
FH-tagged protein was detectedy anti-HA antibody, endogenous EDC4 with commerci@lDC4specificantibody.

We sought toenhance the efficiency bour CLIP approach by performing photeactivatable
ribonucleoside-enhanced crosslinking and immunoprecipitation (PARCLIP) experiments. In
this method, photoreactive nucleoside analogues (8hioguanine (6SG) or 4thiouridine (4SU))
are incorporated into nascent transcriptsbefore the irradiation of cellswith UV light at 365nm,
to improve the crosslinking efficiencieswith in RNP complexegHafner et al., 2010) We tested
this approach with overexpressed FHEDC4 from Flpin T-REX293cells and assayed the
different nucleoside analgues in PARCLIP (Figure 3.26). Western blot analysis confirmed
that the amount of immunoprecipitated FHEDC4 from overexpression induced FlpIn T-
REX293 cellsvas canparable between the tested conditions (Figure 3.26A and B).Strikingly,

autoradiograms of radiolabeled FHEDC4 RNP complexeshowed markedly increased signals
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for samples treatedwith photoreactive nucleosides4SU and 6SGgompared to untreated
samples figure 3.26C). Hence, we assumed thathe crosslinking efficiencieswere clearly
improved and we had coimmunopurified higher amounts of RNA Sincesignals from 6SG
treated samples appeared cleandout with the same intensitiesas4SU we decided tofurther
validate 6SG treatmentfor FH-EDCA4prior to library cloning attempts. Therefore, we used non
crosslinked samples and cells that were not induceaf FH-EDC4 overexpression aa control
and tested two different concentrations of 6SG treatmen{Figure 3.26D). Interestingly, the
different amounts of 6SG did not have striking effeston resulting signals, indicating that
nascenttarget RNAs of EDC4 weralready saturated with 50 uM of 6SG Non-crosslinked
samples showedreduced signalintensities and samples without overexpressed FHEDCA4
almost lost the signal A faint still could be observegwhich was most likely derived from leaky
expression of FHEDCA4in our Flp-In T-REX293 cells due to minimbamounts of inducing agent
in our culturing media (Figure 3.26D, lane 2) Hencewe concluded thatthe detected signals
were specific to FHEDC4 RNP complexeand that 6SG presentd a suitable nucleoside
analogueto examine EDC4 in PARCLIP.Unfortunately, despite several further optimization
steps including RNase treatment conditions and RNA selection variations in the cloning
procedure, we were notsuccessful ingenerating a library for next-generation sequencing and
therefore were not able to identify endogenoustarget RNAs of EDC4 in F{n TREx293 cells.

A 48U 6SG w/o B
L 100 100 50 100 6SG[uM]
+ -+ - + - + - + - + - UvVcCL n IP In IP In IP In |IP
|- - =& — .m@a& - - ==|FHEDC4 = — = — | FH-EDC4
C D 100 100 50 100 6SG [uM]
4SU 6SG w/o - + + + UV CL
T N _ 1 T - + 1T + - 1 UV CL KDa + Tat

- + +
250
- < 1804 .- P . <
’ \

130+

Figure 3.26: Detection of 32P-labeled RNP complexes of FH-EDC4 in PARCLIP.(A,B) Western blot analysiswith
anti-HA antibody of anti-FLAG immunoprecipitated FHEDC4 from Flpin T-REX293 cellsthat were either induced
for overexpression by tetracyclin (+ Tet) or not ¢ Tet), for use in CLIP or PARCLIP. (C) Autoradiogramof
radiolabeled FHEDC4 RNP complexsn CLIP (UV 254 nm)or in PARCLIP with either50 pM 4SU or 6SG addition
to cells (UV 365nm). (D) Autoradiogram of radiolabeled FHEDC4 RNP in PARLIP with indicated amounts of 6SG
and induced or uninduced FHEDC4 expression.
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3.2.4 RNP complex formation of EDC4 with pre-miRNA hairpin structures

The first high throughput screen in which EDC4 wasactually validated asan RBP, was
published by our lab (Treiber et al., 2017) The study was based on a pulldown approach, in
which pre-miRNA hairpins were immobilized on beads to identify interacting protein
partners. Thereby, EDC4 was foundb specifically interact with the miRNA hairpin miR-15b.
To confirm this observation and aeper investigate RNP complex formation by EDC4, we
applied the same pulldown strategyand includedin our experimentsthe isolated EDC4 WD40
domain andan N-terminally depleted construct lacking the WD40 domaint %$ #1j 37 $1 1 qQQ
(Figure 3.27A). To perform RNA pulldown experiments we in vitro transcribed pre-miRNA
hairpin constructs, that carried a common overhangsequencefor their immobilization on
streptavidin beads through a biotinylated adapter RNA.We overexpressed FFEDC4, FH
EDC4(WD40)and FH%$ # 1 j 3 7 $ 1 AMTREXR93 &ellskand incubated the lysates with
streptavidin beads, that only carried the biotinylated adapter RNAas a preclearing step to
avoid unspecific background interactions. Pre-cleared lysates weresubsequently used in
pulldown experiments with immobilized RNA hairpins and analyzed by western blotin our
first experiment, we aimedto validate the interaction of EDCA4with its reported inter actor miR-
15b and included miR93 as a controlhairpin, which was not found to interact with EDC4
before (Figure 3.27B). Indeed, we could reproduce the interaction of FHEDC4 with miR15b,
while no protein could be detected after pulldown with miR93. We further tested RNA
hairpins, in which we exchanged thedouble-stranded stem and the singlestranded loop
regions of miR-15b and miR-93, to examine the interaction of EDC4 with miR15b in more
detail. Interestingly, only the miR-15b stem containing hairpin could pulldownsmall amounts
of FHEDC4 However, the resulting signalswere not comparable topulldown samples ofmiR-
15b itself, suggestinghe presence of aarget site in themiR-15b stemregion which, however,
somehow was impaired in the chimeric hairpin structure. Strikingly, FHEDC4(WD40) was
pulled down with all four tested RNAhairpins and even showed slightly stronger signalafter
pulldown with miR-93 and the miR93 stem containing hairpin chimera (Figure 3.27B).
However, theoverall interaction efficiency of FH-EDC4(WD40)with the tested miRNA hairpins
appearedto be less efficientcompared to fultlength EDC4Depletion of the WD40 domain
seemed tosignificantly impact the RNP complex formation of EDC4 with the hairpins and we
could only detect faint signals in all pulldown samplesfFH-%$ # 1 | 3 7 Bogeth€},®ur data
emphasizedan essential role otthe full-length contextof EDC4for specific pre-miRNA hairpin
interactions and suggestedthat the EDC4 WD40 domain was importardnd sufficientfor RNP

complex formation.
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Figure 3.27: Full-length EDC4specifically interact s with miR -15b in pulldown experiments. (A) Schematic
presentation of EDC4 constructs used in miRNA hairpjpulldown assaysFH-taggedEDC4EDC4(WD40)pr aWD40
domain deletion construct (EDC4¢WD40)) were overexpressed in Flpin TREx293 cells (B) Pulldown assaywith
miR-15b as a target, miR-93 as a negative control, and hairpin-loop exchange constructsof the two. Interacting
proteins and 20% of input material were analyzedby western blot with anti-HA antibody. Schematic hairpins were
colored accading to their expected interaction behavior (green: target, redno target).

We were wondering whether ourexamined EDC4 constructs generally exerted the observed
RNP complex formation characteristicsor whether they were specific to the chosen RNA
hairpins. To assess this, we tested thramore miRNA hairpins (miR-7-1, miR21, miR-138) in
pulldown experiments with the three FHtagged EDC4 overexpression constructs and in
addition, we tested for hairpin interactions of the purified EDC4(WD40) domaimlone and in
complex with GSTDCP1a(Figure 3.28). Surprisingly, this time FHEDC4was not only pulled
down by miR-15b, butby most of the miRNA hairpins (Figure 3.28A), including miR-93 which
before had servedas our negative control (Figure 3.27). Still, the RNAhairpin interactions of
FH-EDC4 seemed to be & specific nature, since pulldown samples of mi1 did not show
any signals in western blot(Figure 3.28A). Interestingly, again FHEDC4(WD40) did not show
any specifcities in RNA binding and was pulled down with all tested miRNA hairpinsncluding
miR-21. FH-%$ # 1 j & 7 $ 1 1 @nlyGaini sigrfld after pulldown with all miRNA hairpins,
confirming that the WD40 domain noticeably contributed tathe RNAhairpin binding of EDC4
We next assessed thecontribution of the EDC4 WD40 domainn pre-miRNA pulldown
experiments, by testing hairpin binding with purified EDC4(WD40) and the GSTF
DCP1a:EDC4(WD40) complegFigure 3.28B). We usedthe known interactor miR-15b asa
positive control, miR-21 asa negative control, and miR7-1 as an unknow target that had
shown interactions with FH-EDC4 in our experiments.To ensure equal amounts ofthe
assumed WD40 RBD, we calculated the final concentrations of the WD40 domain in the
pulldown reactions for both, EDC4(WD40) and GSIDCPla:EDC4(WD40), consideringhe
presence oftrimeric GST-DCP1la portions in the purified complex. The egual pulldown
conditions were confirmed bycomparableEDC4(WD40) signal$n input samplesafter western

blot analysis (Figure 3.28B, lanes 1 and 2).Even though mostof the total input proteins were
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lost after pre-clearing reactions both miR15b and mir-7-1 seemed to successfullpull down
the remaining precleared GSTDCPla:EDC4(WD40}omplex, showing signals for GSDCP1la
and EDC4(WD40) inthe western blot analysis (Figure 3.28B). In samples of mir21, the
complex components couldnhot be clearly detected, indicating that the interaction with mir -
15b and mir-7-1 wasspecific. A GSTFaffinity pulldown on GSFDCPla:EDC4(WD4®onfirmed
the accuracy othe detected GSIDCP1a:EDC4(WD40) signaia pre-miRNApulldown samples
(Figure 3.28C). Strikingly, after pulldown experiments with purified EDC4(WD40)alone, no
protein could be detectedfor any of the tested hairpinsindicating that the interaction with
DCP1lahad contributed to pre-miRNA binding (Figure 3.28B). Hence our data suggested that
the EDC4(WD40)domain could only interact with pre-miRNA hairpins in the context of a
complex containing DCPlaMoreover, the binding specificities of EDC4to different RNA

hairpins appearedto be versatile and dependentof the full -length protein in a cellular context.
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Figure 3.28: Pre-miRNA hairpin pulldown swith overexpressed and purified EDC4 constructs. (A) Pulldown
assay of overexpressed FHthgged EDC4 constructs on five different miRNA hairpin®rotein eluates and 20% of
total input and residual input after pre-clear reactions were analyzed by western blot with antHA antibody. (B)
Pulldown assay of reombinantly expressed and purified EDC4(WD40) domains and G®ICPla:EDC4(WD40)
complexes. Eluates and 286 of input samples were analyzed by western blot with commercial arEDC4 and anti
DCP1a antibody. (C) Western blot analysis of the GBCPla:EDC4(WD40complex after GSTaffinity pulldown,
detected with specific antibodies against DCP1&ed) and EDC4(green). Schematic hairpins were colecoded
according to their interaction behavior (green: reported target; yellow: unknown target; red: no target).

3.2.5 The EDC4 WD40 domaininteracts with GU - and AU-rich RNA elements

10 PAOO 1T £ OEEO OEAOEONh xdado-bitiinAdqg @riotdcbl,UnvhithD OET E UA /
allows for the identification of target RNA motifsfor RBP candidatesthat contain canonical
and non-canonical RNA binding domains (see chapter 2.1J0 investigate the RNA binding

specificity of EDC4 and itsassumed, non-canonical WD40 RBD in more detail, we took
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advantage of our dedicated method. We overexpressed DC4 and FFHEDC4(WD40) in Flp-
In T-REx293 cells and immobilized the candidates by aniFLAG immunoprecipitation for
incubation with a randomized 8mer RNA pooin endo-bind-n-seq(Figure 3.29). Interestingly,
full-length EDC4 Figure 3.29A) as well as the isolated WD40 domainHigure 3.29B) selected
for motifs, that contained @GUU(Upand GUG)dsequenceelements. The significance scores
from Weeder2 analysis appeared rather lowcompared to empiric score results of RBR
enriched target RNA motifs that usually had surpassed values around ondgchapter 3.1).
However,the motifs selected byFH-EDC4 and=H-EDC4{VD40) markedly differed from typical
background sequenceshat got enriched by anti-FLAG immunopreciptated samples(chapter
3.1), suggestingthat the target RNAselection wasnot very efficient but still specific. Of note,
ourrandomizedinput2 . ! BT T 1 0 AOA & AT EAA AU MRNA&G BATGAOEA
for methodological reasonsin endo-bind-n-seq, which get commonly clipped offduring the
bioinformatical analysis for the presentation of final motif results (Figure 3.29, dashed

nucleotides).
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Figure 3.29: Endo-bind -n-seq enriched target motifs of EDC4 and its WD40 domain. Sequence logo
representation of the two highest scoring motif results, selected by overexpressed (A) FH-EDC4 and(B) FH-

EDC4(WD40) from FIpln T-REx293 cells, after two selection rounds in endbind-n-seq, using randomized 8mer

RNA pools. Significance scorefom Weeder2 analysis are givenDashed letters are part of th&NA inserts inendo-

bind-n-seq libraries and are typically trimmed from final motif results during the bioinformatical sequencing
analysis procedure.

The full RNAmotifs, that had been selected by FHEDC4and FH-EDC4(WD40) including the
invariant @UUWoverhang of endebind-n-seq library inserts, reminded us of the pattern of
typical GUrich element (GRE) RNA motifsSuch GREs usually consist of uridirech
sequencesthat contain seFOADAAOET ¢ 1T O 1 OAr®mokitpanddreontrioy5 5' 6 A
Al 01T A ET OE A-livm@mRINA tanstrigis (Baieés@tGl., 2011; Viasova et al., 2008)
To examine, whethertypical GRE sequeces mightindeed present target RNA motifs of the
EDC4 WD40 domain, we next performed EMS&xperiments. We in vitro transcribed RNA
congructs AT T OAET ET ¢ OEQ Oadthus, OEORADEE DADAADBATI OA Al
putative target,or O# ' 5 5 & sa®ahépatidedontrol. The RNA constructs were radiolabeled

57



Results

and subsequently appliedin RNA binding reactions withincreasing amounts ofthe purified
EDC4(WD40)domain (Figure 3.30A). Even though wehad transcribed the RNAconstructs
from synthetic DNA templates, the UGUtkpeat reproducibly generated two RNA products,
which we could neither separateduring its purification, nor dissolve by heatreatment prior

to RNA binding reactions indicating that the byproduct was not derived fom secondary
structures. Nevertheless,RNA binding reactions resulted in surprisindy high-affinity RNP
complex formations of EDC4(WD40)with the slower migrating @GUWBrepeat RNA species,
depicting an apparent dissociation constantof around 0.2uM in EMSA Figure 3.30A).
Furthermore, this interaction seemed to bespecific, since the replacement of the first uridine
with a cytidine in the repetitive core motif completely abolished RNP complex formationvith
EDC4(WD40) We had previously observed that DCP1laeemed to contribute to premiRNA
binding of the EDC4 WD40 domairin pulldown experiments (Figure 3.28B). To assess,
whether the protein interaction also had an impact orthe affinity of EDC4(WD40)o its GRE
RNAtarget, we repeated the EMSA withthe purified GSFDCP1la:EDC4(WD40) compleX{gure
3.30B). Strikingly, the interaction of EDC4(WD40with DCP1la seemed to not have any impact
on RNP complex formation, showing the samsignal shit bAOOAOT xEOE GEA O5' 55

EDC4(WD40) aloneAT A 11 ET OAOAAOGEI T xE®HA OEA O#' 558 OAPA
A ____— B ____—
0 015 03 06 12 [uM] 0 015 03 06 12 [uM]
o = w |EDC4WD40) GST-DCP1a:EDC4(WD40)
RNP complex o = RNP complex
- fi . - fi
GGGIUGUU], 4 9 B9 A & i&,, RNA
free free
GGGICGUU], | RNA B o

Figure 3.30: EDC4(WDA40) specifically interacts with a GUrich RNA construct in EMSA. Increasing amounts of
purified (A) EDC4(WD40)domain, or (B) GSTDCP1a:EDC4(WD40) complex were incubated with the indicated-6
radiolabelled RNA constructdn binding reactions.RNP complex formation wasnalyzedby native PAGE

Surprised by this finding, wereexamined the impact of DCP1a on EDC4(WD40) RNP complex
formation in EMSAby another approach.As before, weincubated increasing amounts of
purified EDC4(WD40) with its @J-rich target RNA, resulting inclearly shifted RNP complexes
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of the EDC4WD40 domain (Figure 3.31A, lane 16). Subsequently, we supplementedRNA
binding reactions, that contained constant high levels of EDC4(WD40) with increasing
amounts of isolated GSFDCP1a, to analyze whether EDC4(WD4®NP complex formation
would get enhanced or abolishedy the addition (Figure 3.31A, lane #11). However, again
DCPla did not haveany impact on the RNP complexformation of EDC4(WD40) We next
wanted to confirm the presence of GSTDCP1la inshifted RNP complexegqFigure 3.31B).
Therefore, we performed EMSA with the Gttich target RNA and GSDCPla:EDC4(WD40),
and addedspecific antibodies against EDCdnd DCP1a in RNA binding reactiongxpectingto
detect supershifted signals of antibodybound RNP complexeg¢Figure 3.31B, lane 56). As a
control, we incubated the labeled RNAvith antibodies alone, to confirm the accuracy of super
shifting signals (Figure 3.31B, lane 78). Strikingly, only incubation with EDC4 specific
antibodies, but notwith anti-DCPlaantibodies induced a syer-shift, indicating that actually
no DCP1a was present in the detected RNP compkegnals. Of note, our anEDC4 antibody
alone did also induce a shift of the RNA, which however slightly differad its pattern from
EDC4(WD40) containingsamples, confirming the presence of EDC4(WD40) RNP complexes in
our binding reactions. Altogether, even though we could not assess the impact of the protein
interaction between DCPla and ED@WD40) on RNA binding, our data confirmedthe

canonical GUrich element sequence as specific targetRNAmotif of the EDC4 WD40 domain
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- o || RPcomie || ———
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EDC4(WDA40) GST-DCP1a:EDC4(WD40)

Figure 3.31: GSFDCP1la:EDC4(WD40) complexes might be disassembled in EMSA.(A) Increasing amounts of
purified EDC4(WD40) were incubated with v -adiolabelled GGG(UGUW)RNA (lane 1-6), and subsequently
supplemented with increasing amounts of GSDCPla (lane 711). (B) Increasing amounts of GST
DCP1la:EDC4(WD49 were incubated withadiolabelled GGG(UGUW)RNA (lane 14), and supplemented with our
anti-EDC4 (lane 5) orcommercial anti-DCP1la (lane 6) specific antibads. In addition, protein-free RNA was
incubated with the antibodies(lane 7-8).

Like GREs, ARE motifs consist of uridearich sequences, that contain selfepeating or
I OAOI ADPRE CAIDO AanbtheparemBHMAT I 1 TT 1T U &£ OT A ET- OEA
living mRNA transcripts (Barreau et al, 2005; Zhaoet al, 2014). Interestingly, EDC4 was
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frequently associated with the regulation ohort-living mRNAs like chemokines, cytokinesor
rotaviral RNAs in literature, however without an implication of directly contacting the
transcripts (Dhillon and Rao, 2018; Erickson et al., 2015; Mikuda et al., 2018jo assess,
whether also acanonical AREsequencecould interact with the EDC4WD40 domain like the
canonicalGRE motif(Figure 3.30A), weagainperformed EMSAwith the purified EDC4(WD40)

protein (Figure 3.32). We in vitro transcribed a putative ARE targetcontaining £ 00 0! 5556

repeatsand applied it after radiolabeling in RNA binding reactions with increasing amounts of
the WD40 domain(Figure 3.32A). Strikingly, as for the GRE target, we couldetectshifted RNP
complexes in EMSA, confirming the direct interaction of EDC4(WD40) with the canonical ARE
sequence. Twvalidate the specificnature of the interaction,we included an RNAcontaining four

& ' ' ##8 OADAAOO Akich, howkvArQid 60k ik with IEDGH@DRO)in
EMSA(Figure 3.32B). Even though the overall affinity of theWD40 domain appeared to be
lower for the ARE sequence compared to the GRE sequence, we conclyted both regulatory

MRNA element motifspresent specific targetRNAsequences of the EDC4 WD40 domain
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EDC4(WD40)
— b - RNP complex

LLLTINCTTT [ 1]
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GGGU[AUUU],AU [GGGGCC],

Figure 3.32: EDC4(WD40) specifically interacts with an AU-rich RNA construct in EMSA. Increasing amounts
of purified EDC4(WD40) domain were incubated with the indicated) -Badiolabelled RNA constructsin binding
reactions. RNP complex formation wasnalyzed by native PAGEGGGU(AUUURAU was used as canonicalARE
target in two RNA binding reactionreplicates (A, B), and (GGGGG@} a negative contro(B).

It must be mentioned that the reproducibility of increasingly shifting RNAprotein complexes
of EDC4(WD40) in EMSA was sometimes difficult, suggesting that the EDC4(WD40) domain

might present a more complex RBD. Nevertheless) sum we could observe RNP complex

0'5'58 AT A GEe'ASSAFEROEXEEINAE A AUOI OET A ET  OEA
O' 555 #"' 8 h consistehtly #dli€hed the interaction with EDC4(WD40)(data not
shown). Hence our data suggested that EDC4 might be involved in the regulatiohARE and
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GREcontaining mRNAsthrough direct interactions with the regulatory RNAelementsin their
o OTR.

3.2.6 Enhanced RNA binding of a phospho-mimetic EDC4(WD40) mutant

A recent study showed, that EDC4 together with the inhibitor of NKB (IkB) kinase (IKK),
regulates the stability of a large number of immune response genes like cytokines and
chemokines(Mikuda et al.,2018). In this study, EDC4 was found to be phosphorylated by IKK
upon activation of the NFkB signaling pathwayasanimmune response Strikingly, two of the
phosphorylation sites were located within the EDC4 WD40 domain, at serine positiett07 and
405. Cytokines and chemokines are typical representatives of transcripts that contain
regulatory AU- and GJ-rich RNA elementsE T O BUKE(Khabard 2010; Palanisamy et al.,
2012; VlasovasSt. Louis and Bohjanen, 2011Hence, based on our previousbservation of the
EDC4WD40) RNAbinding preferenceto GRE andARE motifs, we were terpted to examine
the impact of the reported phosphorylation on RNP complex formationTherefore, we
expressed and purified recombinant EDC4(WD40) doublemutant domains (Figure 3.23C,
chapter 3.2.2.3) that were substituted at the reported phosphorylation sites (Serl® and
Ser4®) by alanine for phosphedeficient mutants (A-mutant), or by glutamate for phosphe
mimetic mutants (E-mutant). To assess RNP complex formation of th&D40 double-mutants,
we performed EMSA with the purified EDC4(WD40A T | AET Oh OOET ¢ A- OAAEIT |
repeat RNA asa target, and included thewild -type domain (WT) as control (Figure 3.33).
Similar to earlier experiments, the RNA substrate increasingly shifted in EMSA updahe
addition of EDC4(WD40) WT, confirming RNP complex formation of the WD40 domaifigure
3.33A). Interestingly, both double-mutant WD40 domains generated asimilar pattern of
shifted RNP complexsignals, like the WT. However, analysis of bound RNAafctions by the
quantification of signals from unbound RNA portions revealed a markedly higher binding
affinity of the E-mutant compared to the Amutant or the wild-type domain, which in contrast
showed rather similar binding to the RNAsubstrate (Figure 3.33B). Therefore, we concluded
that phosphorylation of the WD40 domain at Serl®and Ser4® might enhancethe binding of
EDC4to its target RNAs.
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Figure 3.33: Glutamate substitution s at S105/ S407 enhance RNA binding of EDC4WD40) in EMSA. (A)
increasing amouns of purified EDC4(WD40) aswild -type, Amutant (S107A, S4®A), or E-mutant (S107E, S4GE)
domain were incubated with v -Gadiolabelled GGG(AGUW)RNA RNP complex formation was analyzed by native
PAGE. (B) RNAinding curves quantified from free RNA portionsin EMSA Bound fractions were calculated and
plotted againstthe applied protein concentrations.

During earlier pre-miRNA pulldown experiments with purified EDC4(WD40), we coulanly
detect RNAhairpin inter actions for EDC4(WD40) in complex with DCP1a, boot for the wild-
type domain alone (Figure 3.28B). To examine, whether the improved RNA bindingffinity of
the phosphomimetic EDC4{WD40) E-mutant could overcome the hairpin interaction
deficiency of the wild-type domain, we next performed pre-miRNA pulldown experiments
(Figure 3.34). In addition to the Emutant, we assayedthe pulldown of phospho-deficient A-
mutant domains, for which we had observed a similar RNA binding behavias for the wild-
type in EMSAAs before, we used the known interactor miRL5b as a positive control, miR21
as a negative control, and mi¥-1 as well as miR93 as unknown target hairpins that had
shown interactions with FHEDC4 in ourexperiments (Figure 3.28A). This time, preclear
reactions did not result in a significant loss of the purified protein domainsKigure 3.34A).
Strikingly however, as for EDC4(WD40) WT before, no signal could be detected in any of the
samples for pulldown experimentswith the A-mutant domain. In contrast, even thoughthe
signals were a bit blurry, the Emutant domain clearly had bound to the hairpins of miR7-1,
miR-93,and miR-15b in pulldown assays. The interaction furthermore appeared to be specific,
since miR21 did not show any signals forthe EDC4(WD40) Emutant in the western blot.
Analysis of the beaedcoupled premiRNA hairpins by denaturing PAGE analysis confired
equal pulldown conditions, also in thennegative control (Figure 3.28B). Hence, altogether our
data suggested, that phosphorylation of the EDC4 WD40 domairight significantly enhance
the RNP complex formation ofEDC4and furthermore contribute to a specific target RNA

recognition.
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Figure 3.34: The EDC4(WD40) Emutant specifically interacts with pre -miRNA hairpins. (A) Pulldown assay
of recombinantly expressed and purified EDC4(WD40) domain mutants witthe indicated RNA hairpins. Eluates
and 20% of input samples were analyzed by western blot with commercial antEDC4 antibody. B) Denaturing
PAGE analysis of beadoupled RNA hairpins in the experiment, stained with Ethidium Bromide. Schematic hairpins
were color-coded according to their earlier observed interaction behavior (green: reported target; yellow: unknown
target; red: notarget).

3.2.7 Hypothesis on a possible RNAinteraction site in the EDC4 WD40 domain

With our data, wehad collected good evidence, that the EDC4 WD40 domairesented a so far
overlooked, new RNA binding domainTo analyzeand hypothesizeabout the RNA binding
mode from a more structural point of view, we took advantage of thestructure prediction tool
AlphaFold (Jumper et al., 2021)Figure 3.35). We examined the surface charge distribution on
the EDC4WD40 domain andanalyzed thelocalization of the two reported phosphorylation
sites Serl(@ and Ser4® (Mikuda et al., 2018) which we had foundo enhance RNA bindingn
a phosphemimetic mutant of EDC4(WD40) The rainbow ribbon diagram of the predicted
EDC4 WD40 domain presented a funnél E E-gropdller structure, as expected for WD40
domain folds (Stirnimann et al., 2010)(Figure 3.35A). WD40 domairs are typically built from
OAOAT Adddatd AeBallgdr -propeller blades, which could be also observedor the EDC4
WD40 domain, especially when zooming into the structure Kigure 3.35B). Intriguingly,
according to the structure prediction, the two reported phosphorylation sites were located
close to each other on the WD40 top surfaceespite their broad distance in the armo-acid
sequence(Figure 3.35A and B, green electron densitiesfurthermore, surface charge analysis
revealed their localization within a positively chargedsurfacepatch (Figure 3.35B and C, side
view). Hence phosphorylation of the two serine residues wouldinduce a noticeable changein
the EDC4 WD40 surface chargeince replacing the positive patch with negative charges.
However, in our experiments, the phosphomimetic WD40 mutant even enhancd RNA
binding, which would not be expected folintroduced negative chargesat an RNA binding site
due to repulsion effects with the RNA backboneTherefore, we assumed that the RNA
interaction would probably not occur within this area Instead, it appeared more likelythat

RNA binding takes placavithin a cave that was located on thebottom surface exactly opposite
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to the phosphorylation sitesin the WD40domain (Figure 3.35C and D) A zoomedin view of
the cave and the associated wireframe model highlighted several aromatic residyésat were
aligned adjacent to each othem the cave behind a negatively chargd peptide bulge (Figure
3.35D, orange wires).We assumedthat these residues (H185, F239, H356r F365) might
provide a suitable site for RNA base stacking interaons. In addition, we observe two
protruding loops behind the aromatic cave, harboring several positively charged residues that
possibly could fold onto the RNA backbone upon bindingto further support the interaction
(Figure 3.35D, blue wires).To investigate thishypothesis, we tried to express angurify RNA:
binding deficient EDC4(WD40) mutans, in which we substituted the aromatic residues with
alanine. However, our purification attemptsso far were not successful, probably due to severe
rearrangements within the highly structured domain area (data not shown). Nevertheless,
analysis of the pralicted EDC4WD40 domain structure emphasized a potential RNA binding
site, that might be worth investigating in more detail. Furthermore, considering thdocalization

of the reported phosphorylation sites on the EDC4 WDA40 top surface, and the potential RNA
binding site on the bottom surface, our data suggested that waight haveobserved improved
RNP complex formation for the phosphanimetic EDC4(WD40) mutantdue to conformational
changeswithin the domain, potentially resulting in animproved accessibility of theputative
RNA binding site.

bottom view

side view

[sereos] — i
pIg .
—

Figure 3.35: Alpha fold predictions reveal a potential RNA interaction site on the WD40  domain. Bottom view
and side view of the EDC4 WD40 domain (aa 424), based on structure predictions from Alpha fold 2 (project
Q6P2E9). Reported phosphorylation sites SerIDand 405 are highlighted in green spheres. (A) Rainbowibbon
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diagram of the EDC4 WD40 domain(B) Zoomed in viewwith black ribbonsand predictedsurface charges. (CYiew

of the complete, predictedsurface charge distribution of the WD40 domain. (DXoomedfocuson a potential RNA
binding site on the WDA40 bottom surface. TOP: Surface charge distribution. BOTTOM: Wireframe model with
potential aromatic basestacking interaction amino acidresidues in orange (dark: F239, F365; light: H186, H356),
and proximal protruding positively charged lysine and arginine residues in light blue
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4 Discussion

4.1 Endo-bind -n-seq

4.1.1 An optimized method for native RBP target motif identification

RBPs play a central role in postranscriptional generegulation by directly affecting RNA half
lives and translation, recruiting other proteins to their target RNAs. Correct RNP complex
formation is essential for cell type and tissuespecific expression patterns and a false regulation
can cause severe disa& (Gebauer et al., 2021; Lukong et al., 2008)0 better understand the
function of individual RBPs, a broad spectrum of methods has been developed to identify their
specific target RNA binding motifs, including RNA Bind-Seq. Since its development, RNA BNS
has become a frequently applied approach fdan vitro RNAbinding studies (Dominguez et al.,
2018; Jouravleva et al., 2022; Lambert et al., 2014; McGeary et al., 2019; Taliaferro et al., 2016;
Van Nostrand et al, 2020). Strikingly, RNA BNS experiments so far were exclusively conducted
with recombinantly expressed and purified RBPs. The purification of correctly folded,
recombinant protein often can be challengingdepending on the protein candidateTherefore,
experiments with purified proteins often are conductedonly with the isolated RNA binding
domains. Thereby, RNA binding affinities can be divergent because of the missing context of
protein complexes or posttranslational modifications of the studied RBPConsequently, target
RNA selection might lead to physiologically falspositive or false-negative RNA binding results
when exclusively working with purified proteins. To overcome these limitations, we have
OOAAARAOOAOI T U AAOGAIT T bA Andomidn-CA N6 8binetah-g6l Arakled A OE O A
the robust identification of RNA binding motifs of endogenous RBPthat were enriched from
their physiological environments to perform onbeads selection of their specific target RNAs.
However, a benefit of workingwith purified RBPs is the knowledge about the exact amount of
protein that is used in RNA binding reactionsOptimal RBP concentrationamust beapplied for
efficient RNAprotein interactions since too high amounts of RBP could result in unspecific
RNA birding reactions, and too low amountsof protein would lead to a loss of target motif
enrichment. Therefore, we further established a quantification strategy that allowed us to
calculate the final concentrations of an endogenous protein candidate after
immunoprecipitation in endo-bind-n-seq experiments. In fact, we were able to define an
optimal concentration rangefor immunoprecipitated RBPs inbinding reactions. Significance
scores of selected target RNA motifs gradually increas&dth increasing amounts of protein in
the reactions until concentrations of around 60nM and started to decrease again when

applying markedly higher amounts of RBP Figure 3.7). Accordingly, backgroundbinding
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events assumingly had covered the saturation of RNP complexes with their specific target
RNAsin higher concentrations, due to the high abunance of different RNA motifs inthe
binding reactions. An effect that habeensimilarly observed in RNA BNS with purified proteins
(Jouravleva et al., 2022; Lambert et al., 2014Dur optimized approach allows for precise
estimations of RBP concentrations inendo-bind-n-seq after immunoprecipitation. This
knowledgehas been an advantage of experiments with purified proteins beforevhich allowed
for RNA binding affinity measurements of an RBP to its target RNA motif3ouravieva et al.,
2022; Lambert et al., 2014; McGeary et al., 2019ince having introduced a quantification
system forimmuno-precipitated RBP amounts, our enddind-n-seq approach might even get
further developed towards a quantitative method like it has been done withpurified proteins.
Different however from earlier approaches, the bioinformaticaladaptationin endo-bind-n-seq
would further allow the distinction of RNA binding affinities of an RBP candidatdan a cellular
context. By enhancing the informational output, ourimproved method could offer new insights
into the stimulus-dependent function of an RBPor the impact of dynamicpost-translational

modification eventsrelated to different developmental stagesf an organism

4.1.2 Each RBP requires an individual protocol validation

4.1.2.1 Unspecific interactors deviate the t arget RNA motif outcome

When working with in vivo derived materials, thae is a high probability of sample
contamination with co-purified molecules no matter whether those might be of desired or
undesired origin. Aiming for the investigation of RBPs implies the direct interaction with
cellular RNAs, which might be still bound to the proteins after immunoprecipitation.
Depending onits RNAbinding affinities, a studied RBD might be blocked and not available for
efficient target motif selection in endebind-n-seq.Furthermore, other proteins might get co
purified during immunoprecipitation reactions, either through direct interactions with the
RBP candidateby binding to co-purified cellular RNAS or by unspecific interactions with the
bead matrix. Importantly, protein contaminants couldalter target RNA motif results in RNA
binding reactions, especially when containing RBDs themselvdadeed, we observed a bias in
the enrichment of nonspecific RNAs from our randomized input pools, when using negative
controls containing theoretically empty beads(Figure 3.9). Theseresults not only deviated
from the intuitive expectationof a random and unbiased nucleotide distributionin a control
but also closely mirrored the motif selectedby hnRNPAZ, diminishing its visual significance
We hypothesizedthat this bias mightarise from co-immunoprecipitat ed protein contaminants
or unspecific interactions of certain RNA motifs with the applied bead matrix Toaddressthis

issue, we systematically optimized our protocol, focusing onbuffer and slt conditions. By
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applying salt concentrations around 500mM in washing steps after immunoprecipitation, ve
were able to put the examined RBP candidates in perfect shafoe RNA interaction, resulting
in a peakof significance scoredor the selected target motifs (Figure 3.8). Additionally , we were
able to eliminatenon-specific background bindingof RNA motifsbhy employing 300 mM of salt
concentrationsin binding reactions (Figure 3.10). However, here an optimal condition would
strongly depend onthe examined RBP and itspecific RNAbinding affinities. Hence,binding
buffer conditions mustbe individually tested for eachprotein candidatein endo-bind-n-seq In
addition, further components like protein complex dissolving detergents or other salt agents

might be of interest, depending on theinvestigated RBPcandidate.

4.1.2.2 RBPcomplexity challenges specific target RNAmotif selection

To evaluate the effectiveness obur endo-bind-n-seq approach which underwent several

optimization steps, we investigated the selection oftarget RNAmotifs for two specific RBP
candidates. The first, hnRNPALlis a wellcharacterized RBP that containghree RBDs (two

RRMs and one RGGlomain) and has been implicatedin various steps of the mRNA life cycle,

including alternative splicing, mMRNA exportand translation (Bonnal et al., 2005; Izaurralde et

al., 1997; Tavanez et al., 2012) Already in 1994, a study on hnRNPA1 hadevealed an

O5!1GAr58 OANOAT AA AO bgdSELERApaABuUrdandDreyfussOIPDIE)

More recently, however, hnRNPAlwas found to also interactwith non-coding RNAs like the

7SK snRNAand the pri-miRNA hairpin structure pri-miR-30c. Along with this, 0j/®! * 6 EAO
beenidentified as its minimal sequencespecific target RNAmotif, with a slight preference for

O 5 1, andfurther increasedbindingby Ox 1 O! ' & A la@ét Dotif(Iaid & &l.] 201X;

Jones et al., 2022;uo et al., 2021)Interestingly, we were able to recapitulate these findingi

our endo-bind-n-seq experiments.On the one hand, weenriched for @AG ' ' 8 AT 1T OAET ET (
motifs, matching the early SELEX resultgFigure 3.4A, Figure 3.10, Figure 3.16), and on the

I OEAO EAT AUAQUE (WIS OTAA 1 O A E(Figute G 4BIC|FiQuteB@, Figure 3.9),

indicating a morecomplexand contextdependentbinding function of hnRNPA1Nevertheless,

independent of its sourcehnRNPAlconsistentyAT OEAEAA /&l O sdduéntedithAl T OAET E
high significancescoresin endo-bind-n-seq Thus,our results further confirmed hnRNPA1 as a

high-affinity RNA interactor, andthe minimal motif asits specificrecognition element

The second RBP we used faptimizing target RNA motif selection in endebind-n-seq was the

(RoXaN). ZC3H7B contains a cluster of four CC8ide and one CCHHype zinc-finger motifs,
which are broadlyspread in the Gterminus asconsecutiveRBDs and was reported to associate

with mRNAs as well as premiRNA hairpin structures (Baltz et al., 2012; Castello et al., 2012;
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Treiber et al., 2017) ZC3H7B has been iderfied as a specific interactor of the premiRNA
hairpins miR-7-1, miR-16-2, and miR-29a, by direcly contading the shared apical loop motif
O! 51 j bfthb Ighdipins (Treiber et al., 2017) However, ZC3H7B haslso been reported to
directly interact with the rotaviral non -structural protein NSP3 and the eukaryotic translation
initiation factor 4G (elF4G) to regulate rotavirus mRNA translationand todirectly contact AU-
rich RNA elementsof cellular mMRNAs(Leppek and Stoecklin, 2014; Vitour et al., 2004Y hese
highly divergent functions alreadyhint towards a more complex RNA binding mode of ZC3H7B
In endo-bind-n-seq, we observedtwo individually enriched target RNA motifs that were either
enriched by the purified zinc finger domain of ZC3H7Bnatching the miRNA hairpin loop
OANOAT AA | 6rlid the cobtéx bf the fultlength protein j O! ' 55 Gfter § q
immunoprecipitation ( Figure 3.11). The two motifs did not sharedistinct sequence elements
but both showed specific interactiors with full-length and truncated ZC3H7Bin binding
validation experiments. However, with higher binding affinities £/ O O! &hapter 3.156)
It is acommon feature of zinc finger proteins to harbor a cluster of zinc finger domainsthat
cooperatively recognize their RNA and DNA substrates(Corley et al., 2020; Malgieri et al.,
2015). It has been shown beforethat with high amounts of consecutive binding domains,
target recognition modesof a single zinc finger proteincan bedynamic and vary within a
domain cluster. For example, EA  ET OO0 A1l OEOEOAT AZ£AAOI O OUEIT A =&
contains four N-terminal CCCHtype zinc finger motifs, of which motif 2 was found to
specifically recognize C@&ich target RNAs Thereby,motif 2 can either be supported by zinc
finger motif 1 or motif 3 (Meagher et al.2019; Pal et al., 2023)The transcription factor IlIA
(TFINIA) contains nine CCHHype zinc fingers in tandem, which accordingly exert a1 even
more complex substrateinteraction mode. Individual zinc finger groups of TFIIIA recognize
either the 5SrRNA or the 5SrRNA encoding geneéby contacting a DNA stretch that contains
three different target recognition elements (reviewed by Hall, 2005). The presence of five
tandem zinc fingermotifs in ZC3H7B in combination with the short RNAsubstrates we had
usedin endo-bind-n-seq, might accordingly explain the selection of two differenttarget RNA
motifs. Thus, the two motifs might have beenindividually recognized bythe cooperative
binding of individual zinc finger groups of ZC3H7BIn addition, interacting protein partners
might have astomized the target recognition mode of ZC3H7B in immunoprecipitated
samples.To further define the interaction of ZC3H7Bwith its RNA targets it could be useful to
re-perform endo-bind-n-seq with the isolated zinc finger domain after immunoprecipitation
from cell lysates to examine the potential influence of interacting protein partners.
Furthermore, studying different truncations of the zinc finger domain could unravel specific

binding preferences of individual zinc finger moifs or motif groups. In this casethe use of our
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14-mer library could support the identification of a more complex targetRNA sequence of
ZC3H7B.

4.1.3 RBP function depends on the physiological environment

Weintroduced endo-bind-n-seqgasa new approach that alloved usto reflect in vivotarget RNA
motif interactions of RBRs in their native state and physiological environment By examining
the RNAmotif selectionofimmunoprecipitated CSTF1, we were able to demonstrate that endo
bind-n-seq also allows for indirect target RNA enrichment through co-isolated protein
complexes (Figure 34E). CSTF1 is prt of the Cleavage Stimulation Factor (CstF) complex,
which recognizes GUand Urich RNA elements through the RRM containingomplex factor
CSTF2to select for poly(A) sites during mRNA processing(Grozdanov et al., 2020, 2018;
Takagaki and Manley, 1997; Yang et al., 2018Yhile purified CSTF1 did noenrich for specific
sequencss in endo-bind-n-seq(data not shown), the immunoprecipitated proteinselectedthe
known GU/ U-rich target motifs with good enrichment scores(Figure 3.4D). Thus, we could
validate the indirect binding function of CSTF1 in itiative environment with endo-bind-n-seq
and further emphasize that CSTF1 itself did notirectly interact with the mRNAIn asequence
specific manner.These results further highlight the potential impact of protein interaction
partners in a physiologicalcontext. Therefore, it is recommendable to crossheckthe RNA

binding behavior of an investigated RBPcandidate as wehave donefor CSTF1.

Endo-bind-n-seq allowed us to select target RNAnotifs even with proteins extracted from
complex tissue samples (chapter 3.1.7). These experiments strongly emphasized the
importance ofthe physiological environmentof an RBP candidateF-or hnRNPAZ1 the selection
of target RNA motifs remained consistent, independent of whether we isolated the protein
from mouse brain or liver tissue. However, we could observe two different isoforms of
hnRNPAlthat were differentially expressedin the brain and liver. The tissue-dependent
expression ofprotein isoforms could havea more significantimpact on other RBP candidats,
underscoring once again the advantagesof endo-bind-n-seq experiments. Moreover, the
binding affinities of the RBP candidates GRSF1 and CELt&heir specific target RNAmotifs
seemedto be higher in mouse brainsamplesthan in liver samplesin our experiments (Figure
3.17). Both proteins are well-characterized RBPsthat have been identifiedin direct contact
with their specific target RNAs through various methods, including UV crosslinkingbased
studies, pre-miRNA pulldown assaysand RNA BNSexperiments in case ofpurified CELF1
(Katsantoni et al., 2023; Lambert et al., 2014; Le Tonqueze et al., 2016; Masuda et al., 2012;
Treiber et al., 2017; Van Nostrand et al., 2020During our initial experiments with purified,

overexpressed and endogenousproteins, we also successfully enricted specific target RNA
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motifs for both, GRSF1 and CELFXFigure 3.4). Thus, we speculate that the
immunoprecipitated RBPsfrom mouse liver samplesmay have exhibited lower RNAbinding
affinities, possiblydue to tissue-specific post-translational modifications or interactions with
specific protein partners. These findingssuggest a contextdependent andadapted protein
function. Consequently, the observedlow-affinity binding sites may haveinfluenced the target
motif selection under our chosenendo-bind-n-seq conditions, indicatingpotential limitations
of our approach.

Nonetheless, endebind-n-seqadds several features that were not covered by other methods

so far.Moreover, it presents aflexible approach thatcan befurther adaptedtowards a specific

RBPof interest. For example, by employing different RNA pools for RNP complex formatioyor

by incorporating structural features, such as RNA hairpinsnto the pool. The use ofRBPs from

diverse tissue origins has underscored the influence of A D OT OAET phyddodidalAAOAS O
environment. This expandedcontext, however,canbe alsoapproached fromanother angle.By

minimizing the native environment of an RBR achieved through subcellular fractionation

before immunoprecipitation . This approach wouldfurther allow us to discern the function of

aprotein acrossdifferent compartments, providing deeperinsightsinto the subcellular context

of specificRNP complexesin conclusion, wepropose endo-bind-n-seqasa valuable extension

of the existing RNA Binen-Seq approach.

4.2 The new RNA binder EDC4

4.2.1 Identification of the EDC4 WD40 domain asanew RBD

EDCldis alarge scaffold protein in metazoars, that has been reported to interact withseveral
different sets ofprotein factors. Accordingly, EDC4 has been implicated in various regulatory
functions, including mMRNA stabilizationand destabilization in the cytosol (Brandmann et al.,
2018; Brothers et al., 2022; William R. Brothers et al., 2023; Chang et al., 2Qd evenin the
DNAdamage responsef the nucleus (Hernandez et al., 2018; Wu et al., 2020EDC4has also
beenidentified asa potential RBPduring high-throughput interactome studies of mMRNAs and
pre-miRNA hairpins (Beckmann et al., 2015; Mullari et aJ 2017b; Treiber et al., 2017)
However, this function has never beenfurther investigated in detail. ! O OEA OAI A OEI
propeller domains like the NHL and WD40 domais have beenreported to presentlong-time
ignored RNA binding domains(Baltz et al., 2012; Beckmann et al., 2015; Castello et al., 2012)
Based on that, several studiehave A @ A | E tpddgeller RNP complex structuresin detail,

with proteins from human, Drosophila and C. elegangJin et al., 2016; Kumari et al., 2018;
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Loedige et al., 2015; Salern&ochan et al., 2022; Xu et al., 2016With our work, we
contributed to establishingr -propeller domainsascommon andabundantRBDsWe were able
to collect both, in vivoandin vitro evidence showing that the EDC4 WD40 domaircandirectly
contact specific RNAtargets. We identified target RNA motifs of overexpressed EDCA4
constructsby endo-bind-n-seq which led us to investigate the interaction of EDQAVD40) with
RNA substratescorresponding to the cisregulatory motifs GRE and ARRypically found in
2.1 08 5420 jsShkiEngy Od\WDIo Gmanusaesificallyinteracted with GU
and AUrich RNAs in vitro, while the addition of a cytosine moietyin the sequencecompletely
disrupted the RNP complex formationof the domain (Figure 3.30, Figure 3.32). Interestingly,
when EDC4 wasdescribed for the first time as a central componentof P-bodies and the
decapping machineryin human, the factor hasalready been associatedvith the regulation of
AREmediated mRNA decay(Fenger-Grgn et al., 2005) Since thenseveral studies reported
some impact of EDC4 on the stability of AREontaining transcripts and their sequestration
within P-bodies. However, always with an indirect role of EDC4in contacting the transcripts
for their regulation (Erickson et al., 2015; Mikuda et al., 2018; Seto et al., 2018} the same
time, P-bodieswere found to be significantly enriched forAU-rich mRNAs regarding boththeir
AT AET ¢ OANOAIT Wille GGrich tramsEripts de@m to beexcluded from Rbodies
(Courel et al., 2019) P-bodies form through a large network of RNAs and proteins that
synergistically interact through RNP complex formation and intrinsically disordered protein
regions for phase separatior{Lin et al, 2015; Luoet al, 2018). Thus, auir findings indicate, that
the essential Pbody factor EDC4 not only contributes tahe RNPgranule formation through
protein-protein interactions, but also through directly bindingto the AU-rich RNAcomponents
We further could validate direct RNA interactions of EDC4 by pulldown experimentswith
different pre-miRNA hairpin structures (chapter 3.2.4). Again, RNP complex formation
appeared to be specificespeciallyin the context of overexpressedfull -length protein since the
hairpin of miR-21 did not pulldown EDC4 Figure 3.28A). Of note ,however, the overexpressed
EDC4 WD40 domain had loghis specificity and was pulled downby all tested hairpins. While
purified EDC4AWDA40) in complex with DCP1a agairdid not interact with miR-21 (Figure
3.28B). Therefore we speculatethat complex formation with DCP1a contribugesto the binding
specificity of EDC4(WD4(Q. Overexpression of EDC4(WD40) might likely have saturated
endogenous levels of DCPlaesulting in complexfree EDC4(WDA40) fractions with less
specific binding behavios (Figure 3.28A). All tested miRNA hairpins contain elements that
resemble AU- and GUrich sequence motifs, supporting our in vitro binding results of
EDC4(WD40)in EMSA(Figure 4.1). Strikingly, also miR21 contains two short, adjacent GU
rich motifs. Those however, are directly separated by a centric cytosine moietyfurther

supporting the RNAbinding preferenceswe had observed in EMSA Hence we propose that
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typical ARE and GRE motifs of a certain minimum lengtiepresent specific RNA targets of the
EDC4 WD40 domainin summary,we have identified another layer of scaffolding functionfor

EDC4which directly involvesits WD40 domain incontacting specific RNAtargets.

hsa-miR-15b 5- UUGAGGCCUUAAAGUACUGUAGCAGCACAUCAUGGUUUACAUGCUACAGUCAAGAU

gf.gggg&oss GCGAAUCQAUUAUUUGCUGCUCUAGAA AGGAAAUUCAU - 3/

hsa-miR-7-1 5'- UUGGAUGUUGGCCUAGUUICUGUGUGGRAGACUAGUGAUUUUGUUGUUUUUAGAU
MI0000263 AACUAAAUCGACAACAAAUCACAGUCUGCCAUAUGGCACAGGCCAUGCCUCUACAG - 3¢
hsa-miR-93 5'- CUGGGGGCUCCAAAGUGJUGUUCGUGCAGGUAGUGUGAU UACCCAACCUACUGCUG
MI0000095 AGCUAGCACUUCCCGAGCCCCCGG - 3

hsa-miR-138 5'- CGUUGCUGCAGOUGGUGUUGUGAAUCAGGCCGACGAGCAGCGCAUCCUCUUACCCG
MI0000455 GAUAUUUICACGACACCAGGGUUGCAUCA - 3

hsa-miR-21 5‘- UGUCGGGUAGCUUAUCAGACUGAUGUUGACUGUUGAALUCUCAUGGCAACACCAGUC
1000007 1 GAUGGGCUGUCUGACA - 3

I

Figure 4.1: Pre-miRNA hairpins tested for interaction with EDC4 in pulldown assays. Tested hairpins are
color-coded according to their observed interaction behaviors with EDC4 (green: reported and validated
interaction; yellow: unknown interactor; red: no interaction/negative control). Hairpin loop sequences are
highlighted in blue. Putative EDC4 binding sites aremphasized by dark green boxes.MiR-base IDcodes are
indicated for each hairpin.

4.2.2 Post-translational modifications enhance RNA binding of EDC4WD40

It is noteworthy that, despite the apparent specificity of RNA binding by the EDC4 WD40
domain, the binding affinities of EDC4 toits RNA substrates appearedrelatively low in our
experiments with wild -type protein constructs. Giventhe cooperative binding mode of the
many factors involved in RNPcomplexesfor P-body formation, one might simply consider the
EDC4 WD40 domain as an additiondbw-affinity RBD contributing to the overall stability of
the P-body interaction network. Strikingly however, the Scheidereit lalrecently showed, that
upon phosphorylation of EDC4 through the inhibitor of N " ) { " Q E&lardeOA
number of ARE and GREontaining transcripts, encoding for cytokines, chemokinesand pro-
inflammatory signaling molecules were dysregulated in human cell§Mikuda et al., 2018)
When testing for RNP comple formation of a corresponding phosphemimetic EDC4 WD40
domain mutant, we were impressedo find markedly enhanced bindingof the WD40 domain
to its earlier identified RNA substrates in both, EMSA and pmaiRNA pulldown assays (chapter
3.2.6).Hence we decided tofurther analyze thetwo reported phosphorylation sites from a
more structural point of view and thereby identified a potential RNA binding siteof the EDC4
WD40 domain on its bottom surface (Figure 3.35), by using the AlphaFold prediction tool

(Jumper et al., 2021)While structure predictions must be generally approachedvith caution,
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WD40 domains are among the most abundant protein folds in eukaryotes and are
evolutionarily conservedalsoin prokaryotes and plants(Hu et al., 218, 2017; Q. Li et al., 2014;
Stirnimann et al., 2010) AlphaFold is an artificial intelligence program based o machine
learning, and the available datasebn WD40 domain structuresis extensive. Thuswe assumed
it would be acceptable to attempinitial speculations throughstructure prediction of the EDC4
WD40 domain. Strikingly, our hypothesized putative RNA binding siteis located on the
opposite domain surface of theexamined phospho-sites. Suggesting that phosphorylation of
EDC4 might induce a conformational change in the WD40 domaivhich might result in an
improved accessibility ofthe RNAbinding site. We observedfour aromatic residues at the
putative binding site, that might contribute to specific basestacking interactions. In addition,
a flexible loop in direct proximity containedlysine and arginine residuesthat might contribute
to interactions with the RNA backbongFigure 3.35D). These features would suggest similar
RNAbinding mode to the onereported for the BRAT NHLdomain in Drosophila(Loedige et al.,
2015). Interestingly, also in predictions of theDrosophilaNHL-domain protein Mei-P26 RNP
complex, positively charged arginine and lysine residuesvere identified in flexible loop
regions, having a significant impact on RNA substrate recognition (Salerno-Kochan et al.,
2022). These findingslend support to our hypothesis, regarding the potential RNA binding site

on the EDC4 WD40 domairand its further examination for validation could be of interest

4.2.3 Hypothesis about the post-transcriptional regulation of  short -living

transcripts by EDC4RNP complex formation

MRNA decappingis a fundamental step inthe post-transcriptional gene regulation of
eukaryotes and accordingly presents a heavily regulated eventhe basic mechanismof
decappingand associated factorsvas mainly established in yeast(Fromm et al., 2012; Sh et
al., 2008, 2006; Steiger et al., 2003; van Dijk et al., 2008pwever, thedecappingscaffoldEDC4
is missing in yeast Only in plants, a homolog known as VARICOSE (VCS) enhanties
mechanism similarly to metazoans (Sorenson et al., 2018; Xu et al., 2006This already
indicates the existence ofadditional and more complexlayers ofregulation, that have further
evolved in the multicellular organisms. We have observedhe binding of the human EDC4
WDA40 domainto typical cis-regulatory mRNA elementsthat arecommonly &1 0T A E1

of short-living transcripts, such ascytokines and inflammatory genes.We could further

improve this binding by mimicking a phosphorylation eventin the WD40 domainthat has been

reported in the context of the NF{ " D A (Mik«da et al., 2018)Inthe NF{ * BDAOE x AUh

is getting activated in response to stimuli likeDNA damage, cytokinesignaling, and oxidative
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stress. IKK releases, as a resulf N[ " AU DET Ob Ehe Dlubitoh OFENF[ " T ) [ " Q
(Hayden and Ghosh, 2008; Hinz and Scheidereit, 2014Jonsequently, NF{ "induces an
increased expression of cytokines and proinflammatory proteins like TNFy  iLQ, which
trigger a positive feedback loomf the pathwayand thereby initiate the immune responseof a
cell. However,over a longer period increased expression of immuneesponse genes couldisk
the occurrence ofinflammatory or autoimmune diseaseqChetaille Nézondet et al., 2020; Lai
and Dong, 2016) Hence, rapid decay dfhe increasingly expressedranscripts in a context
dependent manner would present a reasonable mechanism to maintain cell survival.
Intriguingly, such aconnection would match the RNAbinding behavior we had observed for
the EDC4 WD40 domainWith its reported stimulus-induced phosphorylation, the WD40
domain might increasingly sequester Aand GUrich element-containing transcripts andas a
result, trigger their rapid turnover to dow nregulate the cellular immune response.Based on
these thoughts, we have generated a model of how EDC4 might be directly involved in the post
transcriptional regulation of transcripts, that carry ARE and GREis-regulatory motifs in their

o BTR (Figure 4.2). Strikingly, not only EDC4 but also DCP1l1a was found to get specifically
phosphorylated by JNK kinaseupon the stimulus of translational stress or IL-1 signaling in
human (Rzeczkowski et al., 2011; Tenekeci et al., 2016)his phosphorylation was found to
disintegrate DCP1a from Pbodies together with a cytosolic redistribution of EDC4 and XRN1
This contextdependent redistribution of decay factors agairlends support to our model of
enhanced targeting opro-inflammatory transcripts for decayby RNA complex formationwith
EDC4. Furthermore, phosphorylation of DCPAsas reported tosuppressthe expression ofNF~
{" OA O h®ugrlcEdrBadocalization in the nucleugRzeczkowski et al., 2011) This
might allow EDC4containing decay complexes to gradufly turn over the remaining
inflammatory transcripts in the cytoplasm We must emphasize that our idea of post
transcriptional regulation of ARE and GRE containing mRNAsy EDC4is highly speculative
and still requires in-depth studies to confirmthe precise mode of functionNonetheless such

a mechanism could account for the challenges wehad encountered when attempting CLIP
experiments followed by sequencingin a HEK293Fbased cell systemin which genes like
cytokines are generally low expressedchapter 3.2.3) Therefore, it might be interesting to re-
perform CLIPassaysin specificimmune cell lines, to examine EDC4 RNP complex formation

with our hypothesized target RNA group.

Of note, also the EDC4 plant homolog VCS was reported to be rapidly phosphorylated in
response to osmotic orsalt-induced stress stimuli. However without further evidence
regarding the molecularand physiologicalconsequencs (E. Steckeret al, 2014; Kawaet al,
2020). In addition, the reported phosphorylation sites in VCS were mainly located within the

serine-rich linker domain of the protein, indicating a possile derivative function compared to
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human EDC4. Neverthelessstressiinduced regulation of the decapping scaffoldthrough
phosphorylation eventsseems to present a conserved functiohetween plants and metazoan

presenting a flexible andrabidly tunable mechanismto preservethe fithess ofan organism.

mRNA half-life —

I physiological MRNA abundance

/\& ! threshold
AAA,

decay machinery EDC4

high GRE / ARE 3° UTR content
JUSJUOD H 1N ,€ JUV / IHD MOJ

Stimulus dependent

leaky expression‘ mRNA 1 immune response activation

decay ! - transcriptome modulation -
L]

e —
————
EDC4 RNP complex formation

Figure 4.2: Model about the r egulation of ARE and GRE containing transcripts by EDCA4. In unstimulated cells,
EDC4 directly interacts with the GWand AUOE AE 2. ! Al AUTR bf@ahschpts eitbef fAr RS complex
formation in P-bodies or enhanced decay of shotliving transcripts that are expressed on a basal level (red). Upon
stimuli that induce an immune responsein the cell, cytokines and inflammatory transcripts can escape the basal
turnover mechanism and enhancéhe cell survival mechanismdue to their increased abundancégreen). Upon loss
of the stimulus,the immune response isgetting downregulated again andthe EDC4enhancel decay of shortliving
transcripts recapitulates the originaltranscriptome levels of the cell
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5 Materials and Methods

5.1 Materials

5.1.1 ConsumablesChemicals and Enzymes

All consumables, including chemicals and enzymeswvere purchased from companies

accordingly described in the Methods section unless stated differently. Products were mainly

ordered from Carl Roth (Karlsruhe, Germany), Thermo Fisher Scientific (Waltham, USA),
Merck (Darmstadt, Germany) Sigmaldrich (St. Louis, USA), AppliChem (Darmstadt,

Germany), GE Healthcare (now Cytiva, Freiburg Breisgau, Germany), Sarstedt (NUmbrecht,

Germany), Eppendorf (Hamburg, Germany). Oligonucleotides were synthesized with Metabion

GmbH (Planegg/Steinkirchen, Germany). Radiochecals were purchased from Hartmann

Analytic GmbH (Braunschweig, Germany).

Tablel.1 List of consumables

Name

Company

Amersham Hybond ECL Membrane
Amersham HybondN Membrane
Plastic pipettes, Pipet tips

Reaction tubes (1.5 ml and 2 ml)
Reaction tubes (15 ml and 50 ml)
Tissue culture dishes

Syringes Inject® and Omnifix®

Syringe needles 10(Bterican

GE Halthcare

GE Healthcare

Sarstedt

Eppendorf

Sarstedt

Sarstedt

Braun (Germany, Melsungen)

Braun (Germany, Melsungen)

Syringe filters Rotilabo® Carl Roth
Table1.2 List ofnon-commercially acquired enzymes.
Name Source

T7 RNA polymerase
Truncated T4 RNAligase 2 (RNL2)

Selfpurified lab stock
Selfpurified lab stock
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Kits that were used in this thesis are listed immable 1.3. Commercially acquired ready to use
reagents are listed inTable 1.4.

Table1.3 List of ugd kts.

Name Company

FastDigesA buffers and enzymes Thermo Fisher Scientific
First Strand cDNA Synthesis Kit Thermo Fisher Scientific
lllustra’A MicroSpin G25 Columns GE Healthcare

MiSeq® Reagent Nano Kit v2 lllumina (San Diego, USA)
NucleoSpin® Gel and PCR Cleamp MachereyNagel
NucleoSpin® Plasmid MachereyNagel
NucleoBond® Xtra Midi MachereyNagel
NucleoSpin® RNA MachereyNagel
PhusionA High-Fidelity DNA Polymerase Thermo Fisher Scientific
T4 Polynucleotide Kinase Kit Thermo Fisher Scientific

Table14 List of commercial reagents and readyade materials.

Name Company
ANTI-FLAG® M2 Affinity Agarose Gel SigmaAlrdich
Dynabead$\ MyOneA Streptavidin C1 Invitrogen
Glutathione Sepharosié 4 Fast Flow GE Healthcare
LipofectaminA2000 Invitrogen
NuPAGR 4-12% Bis-Tris gel Invitrogen
Protein G Sepharosa 4 Fast Flow GE Healthcare
Roti®-Phenol/Chloroform/Isoamyl alcohol (25:24:1),

pH 4.55 Carl Roth
Roti®-Quant (5x) Carl Roth
SequaGel® UreaG#l System National Diagnostics
TakyonA No ROX SYBR® 2x MasterMix Eurogentec

5.1.2 Laboratory Equipment
All instruments used in this thesis were part of the laboratory equipment if not explicitly stated

differently. Instruments and reusable equipment are listed infable 1.5 List of instruments and

reusable equipmentTable1.5. Used chromatography columns are listed iable 1.7.
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Table15 List of instruments and reusable equipment.

Name Company

Agilent 2100 Bioanalyzer Agilent Technologies (Santa Clara, USA)

AKTApurifier A system GEHealthcare

CAWO XRay Cassette CAWOSolutions (Schrobenhausen, Germany)

Centrifuge 5417 R Eppendorf

Centrifuge Avanti 320 XP Beckman Coulter (Krefeld, Germany)

Centrifuge Heraeu# BiofugeA fresco Thermo Fisher Scientific

Confocal Microscopd.eica TCS SP8 Leica (Wetzlar, Germany)

Geiger Counter Model LB123 EG&G Berthold (Bad Wildbad, Germany)

Gel Doc imaging system Quantum ST4 Vilber Lourmat (Cellégien, France)

HeraCell 240i CO2 Incubator Thermo Fisher Scientific

HeraSafe KS Thermo Fisher Scientific

Heraeus Incubator Model B6200 Thermo Fisher Scientific

Innova®44 Incubator Shaker Series New Brunswick Scientific (Edison, USA)

Milli-Q PLUS Millipore (Billerica, USA)

MiSeq lllumina (San Diego, USA)

Molecular Imager FXmaging ScreenK Bio-Rad

NanoDrop® ND-1000 Thermo Fisher Scientific

Odyssey Infrared Imaging System LI-COR Biosciences (Lincoln, USA)

Personal Molecular ImageA FX Bio-Rad

PowerPAC 200 and 300, power supply Bio-Rad

Power supply EV233 Consort(Turnhout, Belgium)

ThermocyclerpeqSTAR 2X and 96X Avantor (Pennsylvania, USA)

ThermoMixer C Eppendorf

Trans-Blot® and Trans-Blot® Mini cell Bio-Rad

Trans-Blot® SD Semidry transfer cell Bio-Rad

Ultracentrifuge OptimaA LE-80K Beckman Coulter(Krefeld, Germany)

UltrasonicsA Analog Sonifier 450 BRANSON Ultrasonics Corportation (Danbury,
USA)

Ultraspec 3300 pro Amersham Biosciences (Little Chalfont, UK)

Table1.6 List of software and algorithms.

Name Source

Quantity One 1D analysis Software Bio-Rad

Odyssey System 9120 Software LI-COR Biosciences (Lincoln, USA
Weeder2 Software (modified version) (Zambelli et al., 2014)
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WebLogo3 creator (online)

(Crooks et al., 2004)

Table1.7 List of chromatography columns.

Name Specification Company
GSTrapM High Performance (5mL) Affinity chromatography Cytiva
HisTrap HP (5mL) Affinity chromatography Cytiva
Superdex 200 Increase 10/300 GL Sizeexclusion chromatography Cytiva
Superose 6 Increase 10/300 GL Size exclusion chromatography Cytiva

5.1.3 Plasmids

An overview of empty and modified vectors used in this work are listed in tabl€able 1.8. Most

of the used plasmids were cloned by Dr. Nora Treiber and are part ofdtAG Meister plasmid

collection.

Table1.8 List of plasmids used in this work.

Name Source and Comments
AG Meister/TAKARA Bio; recombinant protein
pColdl expression and purification with N-terminal poly-

pColdl/ Hiss-EDC4(WD40)

pET32a

pET32a/EDC4(WD40}A mutant
pET32a/EDC4(WD40}E mutant

PGEXA4T-1

PGEXAT-1/CELF1 (2-486)
pGEX4T-1/DCP1a
PGEX4T-1/DCPla/no TEV
PGEXAT-1/ EDC4(WD40)A mutant
PGEX4T-1/ EDC4(WD40)E mutant
PGEXAT-1/GRSF1 (134480)
PGEXAT-1/HA-hnRNPAL1 (2187)
PGEXAT-1/hnRNPAL1 (2-320)

80

histidine tag
AG Meister

AG Meister/Novagen; recombinant protein expression
and purification with thioredoxin- and hexahistidine-
tag

This work
This work

GE Healthcare; recombinant protein expression and
purification with GST-tag

AG Meister
This work
This work
This work
This work
AG Meister
AG Meister
AG Meister
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pGEXA4T-1/ZC3H7B (415-956) AG Meister

pSpCas9(BBRA-GFP plasmid; Cloning backbone for
sgRNA, gpressing Cas9 from S. pyogenes with 28GFP

EDC4 guide RNA cloning in PX458, according to Zhang
lab

AG Meister; original pIRESneo, modifiedcaording to

PX458

PX458EDC4 KO guidel

VP5FlagHA Meister et al.(2004)
VP5Flag/HA-CELF1(2486) AG Meister
VP5Flag/HA-GRSF1(119480) AG Meister
VP5Flag/HA-hnRNPA1(1320) AG Meister
VP5-Flag/HA-ZC3H7B(2977) AG Meister
VP5-Flag/HA-DCP1la This work
VP5-Flag/HA-EDC4(deWWD40) This work

VP5-Flag/HA-EDC4(WD40}A mutant This work
VP5Flag/HA-EDC4(WD40}E mutant This work

PGEMT _hsamiR-15b AG Meister
PGEMT_hsamiR-93 AG Meister
PpGEMT_ hsamiR-21 AG Meister
PGEMT_ hsamiR-7-1 AG Meister
PpGEMT hsamiR-138-1 AG Meister

5.1.4 Oligonucleotides

The following RNA and DNA oligonucleotides were chemically synthesized and purchased for

the indicated use of respectively following tables.

RNA oligonucleotides

Table1.9 List of used RNA oligonucleotides.

Name 3ANOGAT A/ B6jQu d

Randomized 8mer RNA poos NNNNNNNNGUUU

Randomized14-mer RNA poos NNNNNNNNNNNNNNGUUU

v -®RNA adapter (endebind-n-seq) GUUCAGUAAUACGACUCACUAUAGGG

RNA-Hook oligo (pre-miRNA (2-OMerA)(2-OMerG)(2-OMerG)(2-OMerC)(2-OMe
pulldown) rU)(2-OMerA)(2-OMerG)(2-OMerG)(2-OMerU)(2-OMe

rC)(2-OMerU)(2-OMerC)(2-OMerC)(2-OMerC)-Biotin
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DNA oligonucleotides

Table1.10 List of DNA oligonucleotides for next generation sequencing library clonRgndom nucleotide positions
for barcode sequences are indicated by a haab.

Name

3ANOGAT AAGjqu b

AAAT Ul -AdapgkeA 0 6
RT-primer (RTP)
5' barcode primer

3' barcode primer

Scaleup PCR fw

rApp-AAACTGGAATTCTCGGGTGCCAARS
GCCTTGGCACCCGAGAATTCCAGTTT

AATGATACGGCGACCACCGAGATCTACACH###H#HGTTCAGTA
CGACTCACTATAGGG

CAAGCAGAAGACGGCATACGAGATH#H#####GTGACTGGAGTT(
GGCACCCGAGAATTCCA

AATGATACGGCGACCACCGAGATCTACACGTTCAGTAATACG
CTATAGG

Scaleup PCR rev (equals RTP) GCCTTGGCACCCGAGAATTCCAGTTT

Table1.11 List of DNA oligonucleotides for molecular cloning.

Name

3ANOGAT AAGjqu b

EDC4KO guidel fw
EDC4 KO guidel rev
EDC4 KO guidel ctrl fw
EDC4 KO guidel ctrl rev
EDC4 KO guide 2 fw
EDC4 KO guide 2 rev
EDC4 KO guide?2 ctrl fw
EDC4 KO guide2 ctrl rev
DCPa(aa 1) Notl fw
DCHa(aa 1) EcoRlI fw
TEVADCHa(aa 1) EcoRlI fw
DCPa(aa 582) Notl rev
DCHa(aa 582) EcoRlI rev

TEV-EDC4_FL(aa 1EcoRl
fwv

TEV-EDC4_FL(aa 1) BamH]
fw

EDC4_F(aa1401) Sal rev

EDC4_deWD40(aa525)
Notl fw

TEV- EDC4_deWD40(aa
525) BamHI fw
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caccCGGAGAGCGAAGACTGCTGTG
aaacCACAGCAGTCTTCGCTCTCC
GTTCAGAGTTCTACAGTCCGACGATCCCCTTAACACCCTGCTCA(
CCTTGGCACCCGAGAATTCCATCATGCAGCAGGGCCAC
caccgTCAGCGTCAGCACTTCGGAG
aaacCTCCGAAGTGCTGACGCTGAC
GTTCAGAGTTCTACAGTCCGACGATCGATACGTATTCATGGTCC/
CCTTGGCACCCGAGAATTCCAGAGAGTTGAGGTGCGCGAAA
ataagaagcggccgcGAGGCGCTGAGTCGAGCT
ggaattdGAGGCGCTGAGTCGAGCT
ggaattdGAAAACCTGTATTTTCAGGEAGGCGCTGAGTCGAGCT
atagtttagcggccgcTCATAGGTTGTGGTTGTCTTTGTTC
ggaattcTCATAGGTTGTGGTTGTCTTTGTTC
ccgggaattGAAAACCTGTATTTTCAGCEZCTCCTGCGCGAGCATC

€cgcggatcGAAAACCTGTATTTTCAGCEZCTCCTGCGCGAGCATC

acgcgtcga€TAAGGGAGGCTGGGGGT
aaagcggccgcCCACAGCTGAACCCTGATGTGG

€gcgaattciGAAAACCTGTATTTTCAGEABCACAGCTGAACCCTGATGT
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EDC4_deWD40(aa 1401)
EcoRl rev

TEV-EDC4_WDA40(aa 45)
BamHI fw

EDC4_WDA40(aa 524%all
rev

T7-Hook fw
miR-15b rev
miR-93 rev
mirl5b_loop93 fw
mirl5b_loop93 rev
mir93_loopl5b_fw
mir93_loopl5b_rev
miR-21 rev
miR-7-1

ccggaattcCTAAGGGAGGCTGGGGGTCACG

cgcggatcGAAAACCTGTATTTTCAGERMT GGACTTCTGGTCCCAGA

gaattcTTACTGGAAGCGGATCTGCACATC

TAATACGACTCACTATAGGGAGACCTAGCC

ATGAATTTCCTTAAATTTCTAGAGC
CCGGGGGCTCGGGAAGTGC
ACCCAACCTGCGAATCATTATTTGC
AATCACACTGTAAACCATGATGTGC
GTCAAGATACTGCTGAGCTAGCAC
TGTAGCATACCTGCACGAACAGC
TGTCAGACAGCCCATCGACTGG
CTGTAGAGGCATGGCCTGTGC

Table1.12 List of DNA oligonucleotides for site directed mutagenesis PCR.

Name 3ANOAT Al 6jQu 6 Function
EDC4_S10A fw GCTAGCAGTGACTCTagcATTTCAAGCAAGC Phosphodead
EDC4_S10A rev GCCTTGCTTGAAATQctAGAGTCACTGCTAG Phosphodead
EDC4_S17E fw GCTAGCAGTGACTCTgagATTTCAAGCAAG( Phosphamimetic
EDC4_S10E rev GCCTTGCTTGAAATCctcAGAGTCACTGCTAG Phosphamimetic
EDC4_S4BA fw CTTCAGCTCAGTGgcaGTGCCCCCTAGCC Phosphodead
EDC4_ S4BA rev GGCTAGGGGGCACtgcCACTGAGCTGAAG Phosphodead
EDC4 S4(bE fw CTTCAGCTCAGTGgagGTGCCCCCTAGCC Phosphamimetic

EDC4 SAGBE rev
EDC4_H186A fw
EDC4_ H186A rev
EDC4_F240A fw
EDC4_ F240A rev
EDC4 H357A fw
EDC4 H357A rev
EDC4 F366A fw
EDC4 F366A rev

GGCTAGGGGGCACCtcCACTGAGCTGAAG
GATCTGGCTTTCGCGgccCTCAACTCTCCA
TGGAGAGTTGAGggcCGCGAAAGCCAGATC
GATCATCTGGTGCCCCgccATCCCTGAGGA
TCCTCAGGGATQggcGGGGCACCAGATGATC
GCCTCCTGTTCTGTGACAACQCcAAGAAACH
TGTTTCTTggcGTTGTCACAGAACAGGAGG(
GATGTCCCTgccTGGAGGTTCCTTATTACTG
CAGTAATAAGGAACCTCCAggcAGGGACAT(

Phosphamimetic

RNA binding deficient
RNA binding deficient
RNA binding deficient
RNA binding deficient
RNA binding deficient
RNA binding deficient
RNA binding deficient
RNA binding deficient
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Table1.13 List of gPCR primers.

Name 3ANOAT A 8jQu b Target
gP_EDC4 _fw GATTCTCAGCGATGTGCAACGG EDC4
gP_EDC4 rev AGCGACTCACAACCTGGATACC

gP_GAPDH_fw TGGTATCGTGGAAGGACTCATGAC GAPDH
gP_GAPDH_rev ATGCCAGTGAGCTTCCCGTTCAGC

qP_IFNg_fw GAGTGTGGAGACCATCAAGGAAG IFN-g
gP_IFNg_rev TGCTTTGCGTTGGACATTCAAGTC

gP_IL6 fw AGACAGCCACTCACCTCTTCAG IL-6
gP_IL6_rev TTCTGCCAGTGCCTCTTTGCTG

gP_TNFa_fw CTCTTCTGCCTGCTGCACTTTG TNFa
gP_TNFa_rev ATGGGCTACAGGCTTGTCACTC

Table 1.14 List of DNA oligonucleotides used as IVT templa{@g. RNA polymerase promoter sequence was used as
universal forward primer site. Reverse T7 promoter sites are indicated by small letters. In case of flanking random
linkers, target motifs are emphasizealy bold letters.)

Name 3ANOAT A d8jQu 6

Universal T7 fw TAATACGACTCACTATAGGG

EDC4 6xAGUU rev AACTAACTAACTAACTAACTAACTccctatagtgagtcgtatta
EDC4 U(4xAUUU)AU rev ATAAATAAATAAATAAATAccctatagtgagtcgtatta

EDC4 6xGUGU rev ACACACACACACACACACACACACccctatagtgagtcgtatta
EDC4 6xUGUU rev AACAAACAAACAAACAAACAAACAccctatagtgagtcgtatta
EDC4 6xXxAGCC rev GGCTGGCTGGCTGGCTGGCTGGCCTcecctatagtgagtcgtatta
EDC4 6xCGUU rev AACGAACGAACGAACGAACGAACGccctatagtgagtcgtatta
EDC4 4xGUUUCG rev CGAAACCGAAACCGAAACCGAAAccctatagtgagtcgtatta
EDC4 4xGGGGCC rev GGCCCCGGLCLCLCCGGLCLCCCGGLCecctatagtgagtcgtatta
ZC3H7B Motifl rev GTGTGTGTAIGAAACTTGTGTGTGTccctatagtgagtcgtatta
ZC3H7B Motif2 rev GTGTGTGTATCTATGTGTGTGTGTccctatagtgagtcgtatta
ZC3H7B ctrl rev GGCTGGCTGGCTGGCTGGCTGGCTccctatagtgagtcgtatta

5.1.5 Antibodies and Antisera

Specific antibodies, that were used in this thesis, are listen ihable 1.15. The respective

application is indicated.
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Table 1.15 Used antibodies and their application(mAb = monoclonal antibody, pAb = polyclonal antibody, IF =
immunofluorescence, IP = immunoprecipitation, WB = western blot)

Antibody Origin Property Application Source
HA.11 (16B12) Mouse mAb WB (1:1000), IP Covance Inc.
[ -Actin (AC15) Mouse mAb WB (1:10000) Abcam
hnRNPA1 (se32301) Mouse mAb WB (1:1000), IP Santa Cruz
CELF1 (130021-AP) Rabbit pAb IP Proteintech
CELF1 (3B1) Mouse mAb WB (1:1000) Abcam
GRSF1 (ab205531) Rabbit mAb WB (1:1000), IP Abcam
DCP1la (ab47811) Rabbit pAb WB (1:1000), IF (1:800) Abcam
EDC4 (177371-AP) Rabbit pAb WB (1:3000) Proteintech
EDC4 Rabbit pAb IF (serum 1:400), IP This work
(purified)

Western blot signals were detectedd AAT OAET ¢ O1T OEA | AT OEZAAOOOAOG

origin specific, secondary antibodies IRDye 680RD and IRDye 800+COR Bioscience).

5.1.6 Biological material

The following biological materials were generated or used for experiments in this work.

Table1.16 Tissue sample origin.

Organism Strain From

Mouse (male) C57BL/6 Laboratory of Prof. E. Tamm and Prof. I.
Neumann (University of Regensburg)

Table1.17 Cell lines.

Name Origin/Description
HEK293T Human embryonic kidney
Flp-InA T-REXA-293 HEK293T derivative, containingp & 2 4 j I AA: Al

pcDNAA@ j 4(Based on FREXA system)
Flp-InA T-REXA-293 EDC4/ - clone C1 CRISPR/Cas9 knockout of EDC4, generated in this wo
Flp-InA T-REXA-293 EDC4/ - clone C3 CRISPR/Cas9 knockout of EDC4, generated in this wo
Flp-InA T-REXA-293 EDC4/ + clone C5 CRISPR/Cas9 knockout of EDC4, generated in this wo

Flp-InA T-REXA-293 FHEDC4 Stable, inducible cell line, generated by Dr. Thomas
Treiber and Dr. Nora Treiber
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Flp-InA T-REXA-293 FH-EDC4(WD40)

Stable, inducible cell line, generated by Dr. Thomas
Treiber and Dr. Nora Treiber

Table1.18 Bacterial Escherichia coli strains.

Name Application

RosettdA (DE3) Protein expression

BL21 (DE3) Protein expression

XL1-Blue Molecular cloning; Plasmid amplification

5.1.7 Buffers and solutions

Buffers prepared in this work are listed inTable 1.19 and sorted regarding their use in the

indicated methods.

Table1.19 List and buffers used in this work.

Method

Buffer and solution

Components

SDS PAGE

Western blot

Coomassie staining

Urea PAGE

EMSA

Immunoprecipitation

86

SDS running buffer (10x)
SDS Loading buffer (5x)

Standard Towbin blotting
buffer

EDC4 Wetblotting buffer

TBST buffer

Blocking solution

Staining solution

Destaining solution

TBE buffer (10x)

RNA Loading buffer (2x)
UV shadowing dye (2x)
TB buffer (10x)

EMSA buffer

NP40 lysis buffer

EDCA4 TritonPBS buffer

250 mM Tris, 1.92M Glycine, 1% SB

50% Glycerin, 10% SDS, 250 mM DTT, 250 mi
Tris HCLpH 6.8, 0.1% Bronophenol blue

25 mM Tris, 192mM Glycine, 20% methanol
(pH 8.6)

25 mM Tris, 1.92 M Glycine, 10% methan (pH
8.6)

10 mM Tris, 150 mM NacCl, 0.1%ween-20 (pH
8)

TBST buffer, 5% milk powder

30% Ethanol, 10% Acetic acid, 0.2%
Commassie Brilliant Blue R250

30% Ethanol, 10% Acetic acid

890 mM Tris, 890 mM boric acid, 20 mM EDTA
Formamide, Bromophenol blue, Xylene cyanol
Formamide, Bromophenol blue

450 mM Tris, 450 mM boric acid

25 mM Tris HCI pH 7.5, 75 tl KCI, 3 mM
MgCk, 0.01% NP40, 10% Glycerol

150 mM NacCl, 50 mM Tris HCI pH 7.5, 0.5%
NP40, ImM DTT,1 mMAEBSF

PBS, 0.5% Triton XLOO, 1 mM DTT, 1 mM
AEBSF
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Immunofluorescence

Pre-miRNA pulldown

Bacteria culture

Protein purification

CLIP

Endo-bind-n-seq

General buffers

IP washing buffer

Blocking solution
IF buffer
Pulldown buffer
LB Medium

M-supplement (50x)

5052-supplement (50x)

HS GS3A buffer
GSTB buffer
HS HisA buffer

His-B buffer

GEFI/SEC buffer
NP40 lysis buffer

IP wash buffer

HS wash buffer

Dephosphorylation buffer

Phosphatase wash buffer

PNK buffer

Proteinase K buffer

Binding buffer

LS / HS binding buffers

Elution buffer

IP wash buffer 4

RIP buffer

Phosphate buffer saline
(PBS)

150 mM NacCl, 5anM Tris HG pH 7.5, 0.05%
NP40, ImM DTT

PBS, 6% BSA, 0.3% Triton-X00
PBS, 3% BSA, 0.1% Twee&D
50 mM Tris pH 8, 150 mM NacCl, 5%lgerol

109/l NaCl, 5¢ yeast extract, 10g/l bacto
trypton

1.25 M NaHPQ, 1.25 M KHPQ, 2.5 M NHCI,
0.25 M NaSQ

cub "1 UAAOITIT A
monohydrate

PBS, 1 M NaCl, 2 mMTD
PBS, 50 mM Tris HGiH 8, 10 mM Glutathione

50 mM NakPQ pH 8, 1 M NaCl, 10 mM
Imidazol

50 mM NahPQO pH 8, 300 mM NacCl, 500 mM
Imidazol

50 mM HEPES pH.5, 200 mM NacCl

50 mM HEPES KOH pH 7.5, 120 mM KCI, 2 m
EDTANaCH pH 8, 1 mM NaF, 0.5% NP40

50 mM HEPES KOH pH 7.5, 300urKCl, 0.05%
NP40

50 mM HEPES KOH pH 7.500 mM KCI, 0.05%
NP40

50 mM Tris HCI pH 7.9, 100 mM NaCl, 10 mM
MgCk

50 mM Tris HCI pH 7.520 mM EGTA NaOH pH
7.5, 0.5% NP40

50 mM Tris HCL pH 7.5, 50 mM NacCl, 10 mM
MgCk

50 mM Tris HCIpH 7.5, 6.25 mM EDTA NaOH
pH 8, 75 mM NaCl, 1% SB

150 mM KClI, 25 mM Tris pH 7.5, 3 mM MgCl
0.01% NP40, 1 mgnL BSA5% glycerol, 1 mM
DTT (optional 15 pg/mL heparin)

75 mM/300 mM/ 500 mM/ 1 M KCI, and
residual Binding buffer mixture

10 mM Tris HCI pH 7, 400 mM NacCl, 1 mM
EDTA, 1% SDS

150 mM/ 300 mM/ 500 mM/ 1 M NaCl, 50 mM
Tris HCI pH 7.5, 0.05% NP40, 1 mM DTT

150 mM NacCl, 50 mM Tris pH.5, 1% sodium
deoxycholate, 0.1% SDS, 1% NP40, 1 mM DT~

135 mM NaCl, 1.3 mM KCl, 3.2 mM MPO,
0.5 MM NaHPQ:, pH 7.4

¢ 8actbse ' |
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HEPES (2x) 274 mM NacCl, 54.6 mM HEPES, 1.5 mM
NaHPO

IVT buffer 30 mM Tris pH 8, ImM DTT, 0.01% Triton X
100, 2 mM spermidine

RNL2 buffer 50 mM Tris HG pH 7.5, 10 nM MgCI2, 1 mM
DTT

5.2 Molecular biological methods

Molecular biological methods were basically performed according to Sambroait al. (1989)

ATA El11TxETC | AT OEAAOOOAOOS ET OOOOAOETI T O AT A PO
spectrophotometrically determined with the NanoDrop™ system (Thermo Fisher Scientific).

Polymerase Chain Reaction (PCR)

For amplification of desired DNA fragmerg, PCR was performed on either template vectors
harboring the targeted CDS or on cDNA derived from various cell lines. Reactions were carried
out using the PhusioiM High-Fidelity DNA Polymerase (Thermo Fisher Scientific). Annealing
temperatures were adaped to applied primers (listed in 4.1.4) according to their specific

melting temperatures (defined with the Tr, calculator online tool of Thermo Fisher Scientific).
AgaroseCel Hectrophoresis

PCR reactions and DNA digestion products were analyzed hgarose gel electrophoresis,
applying appropriate DNA ladders (Thermo Fisher Scientific) as size standard. DNA samples
were resolved on agarose gels of-2% (w/v), supplemented with Ethidium Bromide for
visualization under UV light. Gels were run in 1x TBBuffer with a current of 120V for 30-

45 min and desired products were excised and purified from the gel using the NucleoSpin®
Gel and PCRIleanup kit (MacheryNagel).

Restriction digestion and Ligatifom Molecular Cloning

For both, testdigestion as wel as molecular cloning attempts, DNA was digested forA hours

at 37 °C, using appropriate molecular scissors of the FastDig&4trestriction enzyme system

(Thermo Fisher Scientific) in reactions with a total volume of 6@rL. For cloning attempts, re

igaDET T 1T &£ 1 ET AAOEUAAR Ai pOU OAAOI OO xAO EI PAAAA
ends applying FastAP (Thermo Fisher Scientific) in the digestion mix.
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Digestion products for molecular cloning were purified (initial agarose gel electrophoresis for
digested vectors, followed by NucleoSpin® Gel and P&@Reanup kit (MacheryNagel)
purification for both, vectors and PCR insert products) prior to ligation attempts. Ligation was
carried out using T4 DNA Ligase (Thermo Fisher Scientific), mixing 5@ of linearized vector
with a 2-8 fold molar excess of insert DNA for reaction at either room temperature for 2 hours
or at 18 °Cover night. Ligation products were transformed into calcium competent XL-blue
bacteria cells and positive clones were selected by grdiwv on LB-agar plates supplemented
with appropriate antibiotics. Plasmids of positive clones were extracted and analyzed by
Sanger sequencing performed by either Macrogen (Amsterdam, Netherlands) or Eurofins

(Munich, Germany).
Plasmid DNaxtraction from E.coli

For amplification of a specific plasmid, a single bacteria colony was picked from an-BBar

plate to inoculate an LBsuspension culture for growth over night, shaking at 37C. For small
scale plasmid isolation attempts, a culture ¥h a total volume of 4mL was prepared and
processed with the NucleoSpin® Plasmid kit (MacherefNagel). To perform big scale plasmid
isolations, suitable for cell transfection attempts, a culture of 25éhL was prepared and

processed using the NucleoBond®&traMidi kit (Macherey-Nagel).
Genomic DNA extraction

For analysis of generated CRISPR/Cas9 knockout cell lines by next generation sequencing
(NGS), genomic DNA (gDNA) of knockout clones was extracted. Cell pellets fromedl dishes
(centrifugation at 500 g, 3min, 4°C) were resuspended in 500 ProteinaseK buffer and
incubated with 0.2mg/mL ProteinaseK (AppliChem) at 50°C over night. DNA precipitation
was induced with 400 isopropanol at-20 °C for 1h, followed by centrifugation at20000 g,
4 °C for 30min. After washing the pellet with 70% EtOH (v/v) and drying at 50°C for 10

minutes, gDNA was dissolved in 5200 ni water.
SitedirectedMutagenesis (Quiekhange)

Mutations exchanging either a single amino acid (point mutation) oskipping a short amino

acid sequence from the original CDS (deletion) were introduced into plasmids using primers

with long homology regions (upto 20 O AO o6 AT A uvd AT AOQh A& AT E
position. Using these, plasmids were amplified by PCRurified, and subsequently digested

with Dpnl (Thermo Fisher Scientific) for removal of methylated template plasmids derived

from bacterial amplification. Remaining mutant plasmids were transformed into competent

XL1-blue cells and plated for selection bpositive clones.
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Mutagenesis PCR mix Cycling Conditions

50 ng Template DNA Initial denaturation 98°C 30s
10nL 5x HF buffer 18 cycles

1nL forward primer (10 niM) Denaturation 98°C 10s
1nl reverse primer (10 niV) Annealing 55°C 30s
1.5n DMSO Elongation 72 °C 1 min/kb
1 dNTPs (10 mM) Terminal elongation 72°C 10 min
1nm Phusion (2 U/ nL) Storage 4°C

Ad 50 ddH20

5.3Cell culture

Human cell lines were cultivated under standard conditions in &Aumidified chamber at 37°C
in a 5% CQ containing atmosphere, using appropriate growth medium generally
supplemented with 10% FBS (SigmaAldrich) and 1% Penicillin/Streptomycin as basic
antibiotics (SigmaAldrich).

(@]}

HEK293T adherentcels were AAAT OAET Cl1 U | AET OAET AA ET $
(DMEM, SigmaAldrich).

Flp-In™ T-REXM-293 adherent cell lines, including knockout strains, were cultivated in DMEM

further supplemented with 100 ng/mL Zeocin (Invitrogen) and 15ng/mL Blasticidin (Gibco).

Stable expression cell lines, based on the FIp™ T-REXM-293 system, were cultivated in
DMEM supplemented with 150mg/mL Hygromycin B (Invitrogen) and 15ng/mL Blasticidin
(Gibco).

Cell transfection with Calcium phosphate

Transfection of HEK293T cells was performed, exploiting the precipitation of calcium in
reaction with phosphate. For one 1&m diameter culturing dish, 10ng of DNA were mixed with
123 L CaGl (2 M) and filled up to a total volume of ImL with sterile water. Precipitation was
induced by dropwise addition of ImL of 2x HEPES while vortexing. Upon crystallization of
calcium phosphate after 10min of incubation at RT, crystal bound plasmid DNA was
transfected by dropwise addition of the suspension solutiond the cells, allowing DNA uptake
through endocytosis. Cells were further cultivated and harvested after 48ours of incubation
with transfected DNA.

Cell transfection with Lipofectamine 2000 Reagent

For generation of CRISPR/Cas9 knockout cell lines and feell lines not originating from HEK

293T strains, plasmid transfection was performed with Lipofectamin& 2000 (Invitrogen)
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without antibiotics, aiming for 70-90 % confluency during transfection. 16h posttransfection,
the medium was replaced with fresh medium including appropriate antibiotics and cells were

harvested after further incubation for 16-24 h.
Generation of CRISPR/Cas9 knockout Cell lines

Knockout drains were generated along the CRISPR genome engineering toolbox published by
the Zhang lab(Ran et al., 2013) Forgeneration of CRISPR/Cas9 derived knockout cell lines in
a HEK293T based cell system, by of plasmid PX458 cloned for expression of EDC4
complement guide RNAs were transfected into F{n™ T-REXM-293 cells in a 12well format,
co-expressing GFP as a perter. Cells were cultured for 24h without antibiotics and
subsequently analyzed by flow cytometry, using the BD FACSAria llu system (Biosciences).
Cells of appropriate transparency, size and positive for GFP expression were individually
sorted into a 96-well format for growth of single-cell derived knockout cell lines. Clonal
colonies were analyzed by NGS according to the lllumina TrueSeq technology using a MiSeq
System. For this, 5(g of gDNA from potential knockout clones (isolation described in chagt
4.2) were amplified in a 50nL Phusion PCR, comprising a sequence range ofl50 bp,
harboring the sgRNA target position. Amplicons were analyzed on a% (w/v) agarose gel,
purified, and faced to a second PCR, attaching primers with specific barcoddghe Illlumina
system to the genome derived amplification products for sequencing analysis. Positive clones

were further validated by western blot and immunofluorescence experiments.
Immunofluorescence

A 24-well format cell culture dish was prepared with ©verslips. Each coverslipvell was
washed once with 70% EtOH and once with 1PBS before incubation with 200 Gelatin 2b
solution (1:10 in 1x PBS) at 37°C. After 2h, residual Gelatin 2b solution was removed and Fp
InN™ T-REXM-293 cells stably expresing different FH_EDC4 constructs or FH_ZNF106
constructs were added for growth over night at 37C in medium supplemented with Ing/mL

tetracycline for protein overexpression.

Next day, cells were fixed with ice cold acetone on ice for 7 minutes as tested by Alshammari
et al.(2016) and subsequently processed at RT, washing 4 times with 1x PBS prior incubation
in 200 L IF blocking solution for 1h. The solution was removed, and primary antibody was
added in IFbuffer for incubation over night at 4°C, stored in a humid chamber. The slides were
washed 4 times with 1xPBS and further incubated with secondary antibody (Alexa Fluér
system) in IF buffer for 1h at room temperature. Finally, cells were rinsed with InL water,
mounted on a microscopy slide applying &L ProLondA Gold with DAPI (Life Technologies)
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and dried for at least 10h in the dark. Confocal images were detected and analyzed on a TCS
SP8 microscopy system (Leica), measuring DAPI with an individudlo5 nm laser, Alexa
Fluor® 488 using an Argon laser (488 1m) and Alexa Fluo® 555 with a DPSS laser (56hm).

5.4RNA based methods

RNA quality and concentrations were spectrophotometrically determined with the

NanoDrop™ system (Thermo Fisher Scientific) ad further confirmed by PAGE analysis.

2AACAT 00 xAOA CATAOCAIT U APPI EAA AAAT OAET ¢ O 1A
differently.

Denaturing Polyacrylamide Gel Electrophoresis (Urea PAGE)

Size and quality of RNA samples were analyzed amea containing polyacrylamide gels,
DPOAPAOAA xEOE OEA 21 OEPET OAOGA" OANOGAT AET ¢ CcAl O
instructions. Electrophoresis of smallest RNA fragments around 1t was performed on 18%

urea PAGEs, while PAGE percentage waslueed with increasing length of RNAs, using %

urea PAGEs for sequences around 150. Gels were preheated empty, running with constant

voltage in 1x TBE buffer for 20min (300 V for small, 450V for big gels). RNA samples were
supplemented with RNA loadihg buffer (1:1) and heatdenatured at 95°C for 3060 seconds

prior loading. Wells were rinsed before loading samples to remove accumulated urea in

solution. Post electrophoresis, gels were either stained with ethidium bromide (L in 200 mL

1x TBE) forRNA detection, or U¥shadowing was performed in case of IVT experiments.
In vitro transcription (IVT)

RNA was synthesized from template DNA harboring a T7 promoter site upstream to the

desired transcript sequence, using either synthetic oligonucleotides #t were slowly annealed

by stepwise cooling after heat denaturation, or using amplified DNA templates prepared by

PCR. Ruyroff transcription was performed with homemade T7 RNA polymerase (frg/niL), in

I OAAO O1 TI1TEO A OAOI ET AOEdesired REL seduencekQitroOEA 08
transcription reactions of 500 L were prepared with 2ng of template DNA, combined with

homemade 1x IVT buffer, 5nM NTPs each, 1enM MgC}, 1nL Ribolock (Thermo Fisher

Scientific), 1nlL TIPP (NEB), % (v/iv) DMSO and 251 T7 polymerase. Reactions were

incubated overnight at 37°C and supplemented with RNA loading buffer (1:1) exclusively

containing bromphenol blue as a dye for RNA product detection by UV shadowing after urea

PAGE. The gel was placed with a foil under Ught on top of a fluorescent silica gel matrix of a
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TLC plate (MachereyNagel) and dark areas were excised, harboring UV light absorbing
products. RNA was eluted from crushed gel pieces overnight at@ under rotation in water.
Extracted RNA was transfered without gel pieces in aliquots of 6501 to fresh reaction tubes
and mixed with 1nl Glycogen (Thermo Fisher Scientific), 561 of 5M NaCl and 600rL
isopropanol (at least 0.8 volumes of RNA solution) for precipitation at20 °C for at least 1n.
RNA was pelleted by centrifugation for 30 minutes (2000&g, 4°C), well dried for 5minutes

at 60 °C, redissolved in water and stored at80 °C till further use.

32P labeling of Nucleic Acids

2.1 0 xAOA OAAET AA Ol hoplyingdeR-ATPAHartniain AGaltE)EROr v 6
efficient labeling, 30pmol of IVT product were first dephosphorylated in a total volume of

10 nL with 1 nL FastAP in 1x PNK buffer A (Thermo Fisher Scientific), supplemented with
0.5nL RiboLock (Thermo Fisher Scientific)After incubation for 30 minutes at 37°C, reaction

was stopped at 75°C for 20minutes. For radioactive labeling, the reaction was upscaled to

20 L, adding further PNK buffer A, . T4 PNK (Thermo Fisher Scientific) and 26Ci ofg-32P-

ATP, incubating at37 °C for 3660 minutes. Reaction was stopped at 7%C for 10minutes and
further 10 ni of water were added for subsequent purification on an lllustra MicroSpin -@5

column (GE Healthcare).

In silico RNA structure prediction

Prior application of radioactively labeled RNAs in EMSA experiments, possible secondary
structures of designed target constructs were predicted with the RNAfold web server based on
the ViennaRNA package (version 2.4.18) to avoid structure biases in RNA binding activity of

investigated proteins.
RNA isolation for cDNA synthesis

For gPCR attempts, total RNA was isolated from half of a confluently grown @@ cell culture
dish of FIpIn™ T-REX™-293 wild-type and EDC4 knockout cells. RNA was extracted with the
NucleoSpin RNA Kit (MachereyNagel), including digestion of endogenous DNA. For cDNA
synthesis with the First Strand cDNA Synthesis Kit (Thermo Fisher Scientific),nf of the
isolated total RNA was used. For reliable comparison of later gPCR results, cBN#ere
synthesized in parallel and total RNAs were diluted to around 200g/mnL before pipetting,

ensuring application of equal RNA template concentrations in the reactions.
Quantitative reatime PCR (qPCR)

For quantification of gene expression levels inifferent cell lines, g°PCR was performed in

reactions with a total volume of 20ni, applying 2L of prediluted cDNA synthesis product
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(1:10), corresponding to 10ng of initial total RNA as template. TakyagA No ROX SYBR® 2x
MasterMix (Eurogentec) was used vth 0.5 nM of specific forward and reverse primer each and
measurements were run on a CFX96 cycler system (Bivad). Relative RNA expression was
analyzed with the DDCt method, using the housekeeping gene GAPDH as reference for

normalization of expression levels in different samples.

5.5Recombinant p rotein purification

Screening experiments for optimized expression and solubility conditions of a protein

In order to define suitable conditions for efficient expression and purification of a recombinan
protein, small scale experiments were performed, testing differenE.coliexpression strains
(BL21(DE3) andRosetta), different growth temperatures (18°C, 25°C, 37°C), growth times (2
Z 16 hours) and diverse vectorsencoding variant fusion tags (pGEXT-1, pET32a, pColdl).
Furthermore, in case of inefficientprotein expression bycanonicalinduction methods using
IPTG, auteinduction for protein expression on basal levels usinga-Lactose was assayed
(Studier, 2005).

Overnight cultures were inoculated after transformation of respective expression vectors and
cultivated at 37 °C with antibiotics according toapplied vectord O O A ONegt @ay,1a Aadyer
volume of medium was inoculated wih the pre-culture (1:100), grown to an ORy of 0.6 and
induced for protein expression by adding InM IPTG. The induced culture was splitted in small
flasks of 20mL and placed shaking at different temperatures for growth. Samples of L were
taken from each condition at defined timepoints and stored as pellets after centrifugation
(5 min, 6000xg, 4°C) atz 20°C until use. Depending oexpressedfusion-constructs, bacteria
pellets were resuspended in either 500 HSGSTA or His-A buffer, and lysed bysonication
(2x 20 Pulses, duty cycle 506, output control 2.5). Samples were taken from the total input
after lysis (input), and after centrifugation (200009, 4°C, 20min) from the soluble fraction
(supernatant). All fractions, including the insoluble déris (pellet) were supplemented with
loading buffer (1x Laemmlior 1x Urea, AAT i 1 E Zdn®andyRell forthk éxpressed POI
by SDSPAGE.

Growth ofEDCANVD40 domain expressing Bacteria Cultures by-idtection(Al)

The EDC4_WD40 domain anochutant variants were expressed as GSilision proteins from
PGEXA4T-1 vector in E.coliBL21(DE3) cells. Protein expression was performed according to

Studier (2005), exploiting autcinduction in high-density shaking cultures, applying a

94



Materials and Methods

combination of M-supplement and 5052supplement. Furthermore, high rates of aeration were
crucial for cultures growth to efficiently express the EDC4WD40 domain constructs.
Therefore, exclusively 2. baffled Erlenmeyer flasks, fikd with a total of 1L LB-medium plus
supplements and preculture (1:100 regarding growth medium) were used. Cultures were
grown at 37 °C for 2 hours and subsequently directly transferred to 20C, shaking at 160pm.
Bacteria were harvested after 57 h hours of further growth, having autoinduced the
expression of GSFWD40fusion protein, and were directly lysed in highsalt (HS}GSTA buffer

for subsequent large scale affinity purification attempts.
Large scale purification of ED@#D40 domain constructeom BL21(DES3) cells

BL21(DE3) pellets having expressed the GST_EDC4_WD40 fusion constructs were
resuspended in HSGSTA buffer supplemented with 1nlL Benzonase per liter of bacteria
culture, 1mM AEBSF/1ImM DTT, and asmall spatula tip of lysozymepowder. Lysis of a pellet
from 4 L of culture was finalized by sonication for 3 x Bnin (duty cycle 50%, output control

6.5) with a consecutive break on ice for 3 minutes respectively. Lysates were cleared by
centrifugation (48 000 xg, 4°C,30 min) and prior to loading, supernatants were filtered

applying a syringe filter with a diameter of 45mM (Roth).

Cleared lysates were loaded on amL GSTrap column that was previously equilibrated with
HS GSTA buffer. Unbound protein was emoved by washing with 4CV of HSGSTA for specific
pulldown of GSFfusion proteins. Protein bound to the column matrix was eluted with V of
100 % GSTB buffer. Eluates were incubated ovenight with GST tagged TE\brotease (4°C
under rotation), cleaving of the GSTtag of the WD40 domains. Buffers were exchanged back to
HSGSTA buffer using a Vivaspin®20 concentrator (MWCO 30.000, Sartorius) and finally
reduced to a total volume of ImL. Samples were reloaded on afL GSTrap column andag-
free protein of interest was collected from flowthrough fractions. Respective fractions were
concentrated to a maximum volume of 50@rL and run with SEGbuffer on an equilibrated
Superose® 6 Increase 10/300 GL column. Pure POI fractions were combinedrrowed and
concentrations were spectrophotometrically determined at 280hm. Samples were
supplemented to a final concentration of 406 glycerol, flashfrozen in liquid nitrogen and
stored at-80 °C.

Growth of Bacteria Cultures for classtzalonicaProtein Expressi and PurificatiodPTG)

Diverse other protein constructs were expressed as GSiuision proteins from pGEX4T-1
vector, as Hig-Thioredoxin fusion constructs from pEF32a or simply His-tagged proteins
from pColdl vectors, either usingE.coliBL21(DE3)RIL or Rosetta strains. Inoculated cultures

were grown to an ORy of 0.6 and subsequently induced for protein expression by addition of

95



Materials and Methods

100 nM IPTG. Generally, cultures were incubated between 4 and igshaking at 25°C or 37°C
and 150rpm. Upon harvesting, bacteria pellets were either directly lysed in respective -A
buffers for direct, subsequent purification attempts or flashfrozen in liquid nitrogen for

storage atz 80 °C until use.

Pellets were lysed by sonification in respective lysis btdrs. GSTtagged proteins were purified
on 5mL GSTrap columns analogously to the EDC4_WD40 constructs, however without cleaving
of the tagand subsequent SEC on Superdex®200 10/300 GL column His-tagged proteins
were lysed in HisAbuffer, supplementedwith 1L Benzonase and inM AEBSF/1ImM DTT, by
sonication (3x 3min, duty cycle 50%, output control 5). After clearance by centrifugation and
filtration, supernatants were loaded on an equilibrated 5mL HisTrap column and protein of
interest was eluted bystepwise increasing concentrations of buffer HisB. Elution fractions
harboring the respective protein of interest were concentrated with appropriate Vivaspin®20
concentrators according to theconstruct size, to a maximum volume of 5001L. Samples were
run with SECbuffer on an equilibrated Superdex®200 10/300 GL column. Pure POI fractions
were combined, and concentrations were spectrophotometrically determined at 286m.
Samples were supplemented to a final concentration of 4 glycerol, flashfrozen in liquid

nitrogen and stored at-80 °C.

Fusion protein/complex Growth time Temperature [°C]
GSTHA-hnRNPA1(2187) over night (IPTG) 25°C
GSTZC3H7B(415956) over night (Al) 25°C
Hiss-EDC4(WDA40) over night (IPTG) 15°C
GSTEDC4(WD40) WT/Amut./E-mut. 5-7 hours (Al) 20 °C
GSTDCP1a:EDC4(WD40) 5-7 hours (Al) 20 °C

Polyclonal antibody generation and purification

Polyclonal antibodies against EDC4(4524) were generated with Eurogentec (Belgium)
according to the Spedy 28-Day program, providing His-tagged antigens in 2M Urea

containing His-B buffer to the company for immunization of rabbits.

Therefore, denaturing protein purification was performed by overexpression from pColdl
vectors in BL21(DE3) cells overnight atl5°C upon induction with IPTG. Cultures were
centrifuged, lysed in HisAbuffer and the supernatant was collected. The pellet was
resuspended and vortexed in 10nL buffer supplemented with 4M urea, centrifuged and

supernatant was again separately colleed. The procedure was repeated wit buffer containing
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6 M and 8M urea, and finally all supernatant fractions were analyzed by SEFSAGE, testing for
highest amounts of antigen. Respective fractions were manually purified with a syringe on a
1 mL HisTrap coumn (GE Healthcare), and eluates were dialyzed to a final concentration of

2 M Urea for use as antigen.

Received rabbit sera were initially tested by doblot and IF experiments. For IP reactions,
polyclonal antibodies were purified in batches of SnL from the serum, applying ImL Protein
G Sepharose® beads (GE Healthcanegr batch. All steps were performed at 8C. Beads were
washed with 10mL of PBS prior loading of the serum by gravity flow. Flowthrough of the
serum was loaded a second time and the matrwas subsequently washed with 15nL of PBS.
For elution of bound antibodies, the beads were incubated with &1L of 100mM Glycine (pH
2.5) for 5min and the eluate was collected in a reaction tube prepared with 128L Tris (pH
8.8), aiming for direct neutralization. Concentration of the antibody solution was
spectrophotometrically determined at 280nm, samples were supplemented with 40%

Glycerol and stored in aliquots at20 °C for later use.

5.6 Biochemical methods

5.6.1 Praein detection

Lysis and quantification of mammalian cell and tissue samples

Lysis of cultured cells and mouse tissues was generally achieved by homogenous resuspension

in NP40 lysis buffer (supplemented with InM AEBSF and inM DTT), followed by incubatio

for 20 minutes on ice. Additionally, tissues were broken up by mechanical disruption with

mortar and pestle after contiguous influx of liquid nitrogen for 23 times. Lysates were

centrifuged for 30 minutes (20000 g, 4°C) and concentrations of total progin in remaining

cleared supernatants were quantified as described by Bradford976), applying ROTI®Quant

(Carl Roth) accordingtomd T OEAAOOOAOS6 O ET OOOOAOQEITT O $AEET AA
supplemented with Laemmli buffer for analysis by SDEAGE or directly used in subsequent

experiments.
Immunoprecipitation from whole cell extracts (IP)

FLAG/HAtagged proteins from inducedstable cell lines of the FIgn™ T-REXM-293 system or
from transfected HEK293T cells were immunoprecipitated from cleared overexpression
lysates using ANTIFLAG®M2 Affinity Gel beads (Sigma Aldrich). FLAB reactions were
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incubated for 2-3 h. Endogenougroteins were precipitated with specific antibodies, that were
coupled to Protein G Sepharose® beads (GE Healthcare) in tandem to incubation of the IP

reaction overnight.

In general, 20mL beads were prewashed 2 times with InL NP4Glysis buffer (10009, 4 °C,

1 min) before addition of defined amounts of cell extract. Sample tubes were filled up to a total
volume of 1mL with NP40-lysis buffer (supplemented with 1mM AEBSF/ImM DTT), 2ng of
specific antibody was added in case of endogenous IPs and reantiavere incubated at 4°C
under rotation. Beads were subsequently 3 times washed with Hrash buffer, supernatant
was guantitatively removed after the last washing step and beads were resuspended in 3D
1x Laemmli buffer for analysis bySDSPAGE.

For IP of EDCA4 using selhade anttEDC4 antibody serum (with Eurogentec), reactions were
filled up with Triton -PBS buffer (supplemented with InM AEBSF/1ImM DTT) to a total
volume of 1mL for incubation overnight. Furthermore, 20ng of purified serum was added for

coupling and finally IPs were washed using again Trita#BS buffer.
SDS&PAGE and Western blot (WB)

In general, proteins were separated on 106 polyacrylamide gels containing SDS, running at
190V in SDS running buffer. Prior loading, $aples supplemented with Laemmli buffer were
heated for 3minutes at 95°C, completing denaturation of all proteins. Total cell extracts were
loaded with 50-200 ng for analysis or as 510 % input samples in context of IP or pulldown
experiments. For detectbn by western blot, proteins were transferred on an Amershaif
Protran Nitrocellulose membrane (GE Healthcare) by sendry -electro-blotting in
1x Towbin/20 % MeOH buffer at constant current of 2ZnA/cm?2 for 1 min per kDa of the
respective protein. Post bloting, membranes were blocked in 836 milk/TBS-T buffer for
20 minutes, followed by incubation with primary antibody at 4°C overnight. Membranes were
washed 3 times with TBST buffer for 5minutes each and subsequently incubated with
secondary antibody for 1hour at room temperature. After 3 more washing steps, membranes
were scanned on an Odyssey Infrared Imaging System {COR Biosciencesfor detection of
full-length EDC4 protein, samples were resolved on an% SDSPAGE and subsequently
transferred by wet-blot in 1x Towbin/10 % MeOH buffer. Blotting was performed at 8C with

pre-cooled buffer for 2hours at constant 85V.
Coomassie staining

Due to presence of high protein amounts, quality of recombinantly purified proteins and total

lysates was analyzedby SDSPAGE and subsequent Coomassie staining. S§28 were run and
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directly after incubated in Coomassie staining solution, shaking for-2 hours. The solution was
removed, the gel was once rinsed with water and further incubated in Coomassie destaining

solution overnight for visualization of abundant proteins.

5.6.2 Electromobility shift assdi£EMSA)

For EMSAs, titrated amounts of recombinantly purified proteins were incubated with constant
1 nM ofin vitro transcribed and 32P-labeled RNAs (0.02mol RNA per 20ni reaction and on
average 0.05 Bq after labelling) in EMSA buffer at RT for 3@inutes under rotation.
Electrophoresis of samples was directly after performed without loading buffer on a preun
6 % native polyacrylamide gel at 8C and 230V for 75minutes in 1x TB buffer. Gels were
transferred on Whatman filter paper, vacuum driedfor 2 h at 80°C and exposedo a storage
phosphor screen overnight till detection of radioactive signals and final analysis with the

Personal Molecular ImageA System (BicRad).

5.6.3 pre-miRNA pulldowof RBPs

Pulldown of RNA binding proteins with RNA hairpinglerived from pre-miRNA sequences was
performed as established by Treiber et al(2018, 2017). Briefly, 40nL Dynabead® M-270
Streptavidin (Invitrogen) were coupled with 2 my RNAHook oligo (260-methylated RNA
adapter) in 250 nL. Pulldown buffer for at least 1h at 4°C under rotation. Beads were washed
3 times with Pulldown buffer and half was removed and stored for later preclear reaction.
Remaining beads were mixed with 10rg hairpin RNA (puified from IVT) and incubated over
night rotating at 4 °C. Total cell extracts were prepared from two confluent 16m diameter
dishes of HEK293T cells transfected for overexpression of different EDC4 constructs by
sonication (2x 20 pulses, output 3) in Plidown buffer (supplemented with 1 mM AEBSF and
1 mM DTT). First Input sample was taken and cleared lysates were combined with the adapter
coupled beads for preclear reaction rotating at 4C for at least 4. Beads were afterwards
removed by centrifugation and second Input sample was taken as control. Adapteoupled
beads hybridized to the baitRNA were washed twice with Pulldown buffer and added to the
precleared lysates for incubation overnight rotating at £C. Next day, beads were washed first
with supplemented Pulldown buffer including additional 150mM NacCl, followed by washing
with supplemented Pulldown buffer including 0.1% Triton-X100 and a final washing step with
simply supplemented Pulldown buffer. Elution of bound RBPs from the beads was petiged
at 95°C for 5 minutes in Laemmli buffer and pulldowns were analyzed by SEFRAGE and

western blot.
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5.6.4 CrosslinkingP(CLIP)

Basic steps of iCLIP were performed as described by Huppertz et@014). Autoradiograms
were detected from experiments with stable cell lines of thé=Ip-In™ T-REXM-293 system
modified for induced expression of FLAG/HAagged fulklength proteins or restricted
constructs focusing on their WD40 domains, using three confluent 1&n diameter dishes per
experiment. Furthermore, iCLIP was performed with endogenous EDC4 after adDC4 IP

from six confluent 15cm diameter dishes of wildtype Flp-In™ T-RExXM-293 cells.

UV crosslinking was generally performed at 254M and 150mJoules/cn? on a Stratalinker
(Stratagene). Cells were collected, lysed in CLNP40 lysis buffer and RNask (Ambion)
treated with 200 Units of enzyme at 22C for 10 minutes. Partial fragmentation of RNAs was
stopped by addition of 2nL. SUPERas&nA RNase Inhibitor (Ambion) and covalently attached
RNPs were purified by IP. After 3 washing steps with CLIP wash buffer, RNasd treatment
was repeated, followed by direct washing for 3 times with CLHPligh-salt wash buffer and 2
times with Dephosphorylation buffer (all buffers freshly supplemented with ImM DTT). Beads
were resuspended in 100rL Dephosphorylation buffer, supplemented with 0.5U/niL CIP
(NEB) and incubated for 45min at 37 °C (800 rpm shaking). Beads were washed once with
1 mL Phosphatase wash buffer, 2 times with PNK buffer and resuspended in 200 PNK buffer
£l O OAAET AAOCEOA 1 vitA AnLEPNIG(TherAto Fisher Sciertiific)fandADg
32P-ATP at 37°C for 45min (800 rpm shaking). Beads were washed 4 times with PNK buffer,
resuspended in 40mL 2x NUPAGE LD®AGE buffer and heaeluted at 70°C for 10 minutes.
Samples were run on &NUPAGE Novex-42 % Bis-Tris Midi gel (Invitrogen) and blotted on a
nitrocellulose membrane. Membrane was wrapped in foil, exposed to a storage phosphor
screen for 2h or overnight and radioactive signals were detected with the Personal Molecular
ImagerA System (Bio-Rad). RNP complex areas were cut from the membrane using the
detected autoradiograph as a mask. RNA was eluted by Proteinase K digestion (figZmL) in
500 L. CLIRProteinase K buffer at 55°C for 60min (at 600 rpm) and subsequently extracted
with 1 vol. ROTI® PCI mixture (Carl Roth). Aqueous phase was supplemented with 1/10 vol.
3 M NaCl and Il Glycogen and precipitated with at least 0.8ol. of isopropanol at- 20 °C
overnight. RNA was pelleted at 2000@, 4°C, 30min, dried and dissolved n 10 niL water for
Sminutes at 65J # 8 AR ADOA AOAA A A A ealepte) waslifated qugriight &it. !
4 °C with 2nlL homemade truncated RNA ligase?2 in a total volume of 20 with RNL2 buffer
and 3nL DMSO and analyzed on a P2 urea PAGE for radiactive signal. Additionally, a
radioactively labeled RNA of 2ht was col ECAOA A x E O-BEdapted andtrun)ad sizé . !

reference. Signals running higher than the marker were excised and eluted from the gel with
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0.3M NaCl solution at £C overnight uncer rotation. The RNA was precipitated with Il
Glycogen and at least Yol. isopropanol, pelleted and redissolvedin1dy x AOAO8 v 8
adapter was ligated with 2nmL. T4 RNA Ligase 1 (NEB) in a total reaction of 2., followed by
phenol-chloroform extraction and cDNA synthesis for library preparation using the
SuperScriptlllA First Strand Synthesis Super Mix (Thermo Fisher Scientific). Barcodes were
assembled by PCR amplification applying index primers corresponding to the TruSeq® RNA

library protocol (lllumina) and library preparation was accordingly processed and finalized.

5.6.5 Endebind-n-seq

Target RNA selection with recombinant protein
Binding Reaction with G8IKion Proteins

20 mi of glutathione Sepharos€GE healthcare) were washed twice with binding buffer (25 mM
Tris-HCI pH 7.5, 150 mM KCI, 3 mM MgCD.01% (v/v) NP-40, 1 mg/ml BSA, 1 mM DTT,
15 pg/ml heparin, 5% (v/v) glycerol) and resuspended in 400m of the binding buffer,
containing 40 URiboLock(Thermo Fisher Scientific) and 10ng of the phosphorylated8-mer
RNAor 15 ng of thel4-mer RNA. GST fusion protein was added to a final concentration of 100
nM, and the binding reaction was performed for 30 minutes at room temperature with
agitation. Bead were then collected by a centrifugation step (1000 g, 2 min, 4°C) and washed
three times with ice-cold binding buffer. After the last washing step, all residual washing buffer
was carefully removed before adding 20Qul elution buffer (10 mM Tris-Cl pH 70, 400mM
NaCl, ImM EDTA, 1% (w/v) SDS). The elution was done at 55°C under shaking (700 rpm) for

5 minutes for subsequent RNA extraction.

Binding reaction with Hisgged recombinant proteins

Selection reactions with Hig-tagged proteins were carried outas described for GSTagged
variants, with the exception that IMAGSepharose beads (GE healthcare) charged with Nickel

chloride were used and the DTT in the binding buffer was omitted.
Binding reaction with Epitogiagged recombinant proteins

For immobilization of recombinant HAtagged protein, 2ug monoclonal anttHA antibody
(Covance) were incubated with 2Qul Protein G Sepharose Beads (GE Healthcare) in 30dP
wash buffer (60 mM Tris HCI pH 7.5, 16M NacCl, 0.05% (v/v) NP 40, 1 mM PfBF 1 h at 4°C.
The beads were washed two times with binding buffer and then used in a binding reaction as

described above, with the immobilized Epitopetagged protein.

Binding reaction with untagged, recombinant protejRdter binding reaction
101



Materials and Methods

For untagged recombinant proteins, a filter binding assay was used to identify bound RNA. For
this, 100nM recombinant protein in 400 L filter binding buffer (25 mM Tris-HCI pH 8.0, 50
mM KCI, 2 mM MgGJ 0.01% NP40, 1 mM DTT, 10% (v/v) glycerol) containingd0 U RiboLock
(Thermo Fisher Scientific) was mixed with 1Qug, or 15ug phosphorylated 8mer or 14-mer
RNA pool and incubated for 30 minutes at room temperature while rotating. Nitrocellulose
membrane (GE Healthcare) was equilibrated with filter binding btfer containing 15 ng/mi
heparin and fitted to a glass drip directly before spotting the binding reaction to the membrane
while applying vacuum. The membrane was washed with 2@L ice-cold filter binding buffer.
The spot harboring the binding reaction wasut out and transferred to a 1.5 mL reaction tube.
The RNA was eluted from the membrane by adding 258 NA-45 buffer (50% formamide, 1.8
M sodium acetate, 2 mM EDTA, 0.2% (w/v) SDS) and shaking at°TOfor 30 min. The buffer

was then transferred to a newfor subsequent RNA extraction.

Target RNA selection with protein immunoprecipitated from cell lysates

Binding reaction with immunoprecipitated Fldgtagged proteins

HEK293T cells were transfected by the calciurphosphate method with a plasmid containing
the coding sequence for a candidate protein with an{rminal Flag-HA-tag under control of a
CMV promotor for high expression. Cells were grown for 1.8 days after tansfection and
collected by scraping the cells after washing twice with PBS. For each protein, defined lysate
amounts or, without previous quantification, two 15 cm plates were used per selection
reaction. The cells were collected by centrifugation (5 min500 g, 4°C) and resuspended in 1
mL IP lysis buffer (50 mM TrisHCI, pH 7.5, 300 mM NaCl, 1 mM AEBF& M DTT, 0.5% (v/v)
NP-40). The cells were lysed by incubation on ice for 15 minutes. Insoluble material was
pelleted by centrifugation (20000 g, 4°C 15min) and the supernatant transferred to a fresh
reaction tube. 20 ul FLAGJ2 Agarose Beads (Sigma) were washed twice with IP wash buffer
(50 mM Tris-HCI, pH 7.5, 300 mM NacCl, 0.05 % (v/v) NP40), resuspended in 100IP lysis
buffer and added to the ysate. The binding reaction was incubated at 4C for 23 hours while
agitating. The beads were subsequently washed three times withmiL IP wash buffer. During
the third wash, the beads were transferred to a fresh tube and% of the beads were taken for
western blot analysis of the immunoprecipitation. The immunoprecipitated proteins were
used directly in an RNAbinding reaction by resuspending the beads in 40&1 binding buffer
and adding randomized RNApool. The binding reaction was further conducted aslescribed
for the recombinant proteins. In case of stringency titration experiments, all steps were

performed as described before. Only individual buffers were varied according to the list below.
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Binding reaction with endogenous proteins from cell lysates

HEK293T cells were grown to 10®6 confluency and harvested by scraping the cells after
washing twice with PBS. For each protein, defined lysate amounts or, without previous
guantification, four 15 cm plates were used per binding reaction. The cells wereltected by
centrifugation (5 min, 500 g, 4°C) and resuspended in 2 mL IP lysis buffer (50 mM FHECI, pH
7.5, 300 mM KCI, 1 mM AEBFSM DTT, 0.5% (v/v) NR40). The cells were lysed for 15
minutes on ice. Insoluble material was pelleted by a centrifug@an step (20000 g, 4°C, 15min)
and the supernatant transferred to a fresh reaction tube. To couple specific antibodies to beads,
20 plprotein-G SepharosgsE Healthcare) were washed twice with IP wash buffer (50 mM Trs
HCI, pH 7.5, 300 mM KCI, 0.05 #/v) NP40) and resuspended in 300mL IP lysis buffer. 2 ug
of the specific antibody were added to the beads and coupled for 1 hour at 4°C while rotating.
Beads were washed twice with 1 mL IP wash buffer, resuspended in 160 IP lysis buffer and
added tothe cell lysate. The immunoprecipitation and RNA binding reaction was performed

analogous to the FlagHA-tagged proteins.
Binding reaction with endogenous proteins from mural tissue

Brain and liver tissue samples were mechanically homogenized inmiL IPlysis buffer (50 mM
Tris-HCI, pH 7.5, 300 mM KCI, 1 mM AEBFSn DTT, 0.5% (v/v) NR40) by mortar and
pestle, with 2-3 shock freezing steps with liquid nitrogen added during grinding. The lysed
tissue was transferred into reaction tubes and insoluble matial was pelleted by
centrifugation (20000g, 4°C, 30min). Immunoprecipitation was performed from
supernatants with specific antibodies coupled to proteinG Sepharose as above described for

endogenous proteins from cell lysates.

RNA extraction from tget RNA selection reactions

250 pL Roti Aqua PCI (for RNA extraction, Carl Roth) were added to the elution reaction and
mixed thoroughly by vortex. After centrifugation (17,000g, 10 min, 20°C) for phase separation,
the aqueous phase wagransferred into a new reaction tube. 2Qug Glycogen (RNA grade,
Thermo Fisher Scientific) and 0.8 mL ethanol were added, the reaction well mixed and kept at
-20°C for at least 1 hour. RNA was pelleted by centrifugation (Z®0 g, 30min, 4°C), the

supernatant was completely removed, and the pellet was dried for 5 minutes at 5€&.

Library cloning

First adaptor ligation

Extracted RNA pellet was resuspended in 12l RNase free water, shaking Binutes at 55°C,

and then placed on ice. AL 10x ligation buffer (500 mM Tris-HCI pH 7.5, 100mM MgC},
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10mM DTT), 3uL DMSO and iL pre-adenylated 3-AAADOAO x AOMppAAAAA j
AAACTGGAATTCTCGGGTGCCAABEo 6 h EAAOAA Al @ amdimmédlately 1 AO AO
placed on ice. The reaction was supplemented with 20 RiboLock(Thermo Fisher Scientific)

and 2n truncated RNA ligase 2 (RNL2 (aa-249) K227Q), mixed and incubated overnight at

U

4 °C. Ligation was completed by further incubation at 37C for one hour and subsequently

placed on ice.
Second adaptor ligation

2 uL 10x ligation buffer, 3 uL DMSO, 0.4 yL ATP (100 mM), 1 tRNA adapter oligo (10 uM;

L -BUUCAGUAAUACGACUCACUAUAGGG] AT A pp8e A, 2. AOA EOAA xAOD
first ligation reaction. The mix was heated to 95C for 30 seconds and directly piced on ice.

20 UT4 RNA ligase INEB) were added, mixed, and incubated at 3 for 1 hour.

cDNA synthesis

For cDNA synthesis, thé-irst Strand cDNA Synthesis Kithermo Fisher Scientific) was used.

1L RFTPOET AO | -GACTPGGOACGBGAGAATTCCAGST xA O | E@ldd xEOE »p
the second adaptor ligation reaction and annealed for 5 minutes at 6&. After cooling briefly

on ice, 4yl reaction buffer, 2uL dNTPs (10mM), 1 plRiboLockand 2 pL MuLVRT were added

and cDNAsynthesis performed for 1 hourat37J # h AAAT OAET ¢ O1 1 A1 OEZAAOOO

Barcoding PCR

The synthesized cDNA was used in a PCR to introduce barcoding primer foext Generation
Sequencingof RBP selected RNAs. For this,rB. of cDNA reaction were mixed with JuL 3

barcode primer (Trueseq System, 100vM), 1L 5 barcode primer (100mM), 1.25uL dNTPs

(10mM), 10 uL 5x HF buffer, 1U Phusion polymeraséThermo Fisher Scientific) and 31.25uL

water. The PCR program consisted of amBinutes denaturing step at 98°C, 30 amplification

cycles @enaturing: 98J # h  gmmedidgN60J # h aomgatdm) 72 #h pnédq AT A A
elongation step for 5 minutes at 72°C. Following primer sequences were used:

o6 AAOAT AA DPOEI AOqg
CAAGCAGAAGACGGCATACGABININNNGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA

v Barcode primer:
AATGATACGGCGACCACCGAGATCTMIENENNSTTCAGTAATACGACTCACTATAGGG

NOTE:3T I A wé AAOAT AA DPOEI AOO 1TAAAARAA O1 AA EOOOEAC
trinucleotide downstream to the barcode hexamer. With this, melting temperatures got optimized

towards sequencing primers, hence increasing final numbers of reads.
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Urea PAGEf barcoding PCR products

A 6% urea acrylamide gel (15x2Zm) was prerun in TBE-buffer at 250V without heating, to
avoid denaturation of DNA samples. PCR samples were supplemented with{ll26x TriTrack
DNA loading dygThermo Fisher Scientific) and asa reference, 2Qul Ultra Low Range DNA
Ladder(Thermo Fisher Scientific) was used. Prior loading, wells were flushed with TBtuffer.
Gels were run at 250 V until the bromophenol blue dye had reached the lower end of the gel
(4-6 h) and subsequently stainé with ethidium bromide. Under U\flight, a close doubleband
could be observed with adapter dimers that run around 14®p, while ligation products
containing the desired insert sequence appeared equal to the 1Bp ladder band. Insert
containing bands werecut out, crushed and eluted with 30arL of 400mM NacCl overnight at

4 °C with agitation. Gel pieces were pelleted by centrifugation (10 min,°€, 20000 g) and the
supernatant containing eluted DNA was transferred to a fresh tube. The DNA was precipitate
by adding 20ng glycogen (Thermo Fisher Scientific) and 0.8 mL ethanol, followed by one hour
incubation at -20 °C and pelleting by centrifugation (20,000 g, 30 min, 4°C). After removal of
the supernatant, the DNA was dried at 55C for 10minutes and resuspended in 30nL water.
Typical yields ranged 10- 40 ng/uL of DNA. Next to further processing for generation of a new
RNA pool, purified DNA products were applied in deep sequencing, reflecting outcome of the

first RNA selection round in endebind-n-seq.
Scaleup PCR

50 ng of the purified adapterinsert DNA product was used in a 10@i scaleup PCR containing

1x HF buffer, 0.4M dNTPs, 2J Phusion polymerase (Thermo Fisher Scientific), 1M forward

DOEI| A @AATGATACGGCGACCACCGAGATCTACACGTTCAGTAATACBATATAG® 6

and 1Im OAOAOOA -aOBEGABAACCLOABAATTCCAGTITR A 111 xETC O
cycling program of the barcoding reaction. The PCR product was purified with the
NucleoSpin®Gel and PCR Cleap Kit (Macherey and Nagel) and eluted with 3@L water.

Typical yields ranged between 100150 ng/nL DNA.

Enzymatic cleavage with Mssl

3.5l FastDigest10x buffer and 1.5uL MsslFastDigestenzyme (Thermo Fisher Scientific)
were added to the purified PCR product. The cleavage reaction was incubated at’&@for 1-2

hours.
In vitro transcription and gel purification of the RNA

The Mssl cleavage reaction was directly applied to an vitro transcription (IVT) reaction (total

of 500 ni.), containing 30mM Tris-HCI, pH 8.0, 25nM MgC}, 10 mM DTT, 0.2 mM spermidine,
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0.01% Triton X-100, 5mM ATP, 5mM CTP, 5 mM GTP, 5 mMTP, 4 U/mL thermostable
inorganic pyrophosphatase (NEB), 8W/mL RiboLock (Thermo Fisher Scientific) and 0.1

mg/mL T7 RNA polymerase. The reaction was incubated at 3T overnight.

The IVT reaction was purified on an 186 urea acrylamide gel (15x22Zm) after addition of
0.5mL RNA loading buffer (formamide with 0.005 % (w/v) bromophenol blue). The gel was
run for 6-7 hours at 400500 V, until the bromophenol blue band rached the lower edge of the
gel and analyzed by UV shadowing. The RNA resulting from ther&r input RNA consists of 15

T OAT AT OGEGANONNNNNBIGUUWSE @ AT A Oér abokedtheDde front. RNA
transcribed froma14i AO ET DOO EAA cGEGNNIONNNMNNONNANGY L 3udph
accordingly, and run about &cm above the gel front. The bands were excised and crushed. For
elution of the RNA, 1.8 mL RNaskee water were added to the gel pieces and rotated overnight
at 4°C. Gel pieces were pelleted by ceifuigation (3300 g, 10 min, 4°C), and supernatant was
divided in 2x 650 L into fresh reaction tubes. For precipitation of the RNA, 2g glycogen
(RNA grade, Thermo Fisher Scientific), 5aL of 5M NaCl and 600 uL zropanol were added

to each tube and, fier mixing thoroughly, the mix was as stored at20 °C for at least one hour
before pelleting of precipitated RNA by centrifugation (2000 g, 30 min, 4°C). RNA pellets
were washed once with ImL 80 % (v/v) ethanol. For complete removal of residual liqud, the
RNA pellet was dried at 55C for 5 minutes, dissolved in 50 RNasefree water and related
samples pooled. Typical concentrations of combined RNA solutions with 10 ranged
between 80-250 ng/pL.

Dephosphorylation

To remove the 5“triphosphate from the in vitro transcription reaction product, 11.5uL PNK
buffer A and 2U FastAP(alkaline phosphatase, Thermo Fisher Scientific) were added to the
RNA. The reaction was incubated for hour at 37 °C before inactivating the enzyme by heating

the reaction to 75°C for 10minutes.
Rephosphorylation

&1 O AAAEOQE]T IphospHate Aequidds iduging Aigatiordreactions, JuL ATP (100 mM)
and 2L recombinant PNK (Img/mL) were added to the heatinactivated dephosphorylation
reaction and incubated for 1 hat 37 °C. The RNA was precipitated by adding 100 pL of a/l
NaCl solution and 800 ul ethanol, thorough mixing of the sample and incubation for at least one
hour at -20 °C before centrifugation for 30 minutes at 2@00 g and 4°C. The pellet was dried
for a few minutes at 55°C and dissolved in 30rL RNase free water. Since ATP was

coprecipitated, a photometric concentration determination of the RNA was not possible at that
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point. Therefore, final concentrations were calculated back based on measuremenfsea the
gel purification of RNA and the newly generated pool was used for a second round of target

selection, applying it in another binding reaction.

Library Analysis

Deep Sequencing and Output Processing

Generated RBNS libraries were analyzed on andthina MiSegsequencing platform, aiming for
an average of 3MO0 reads per sample. For isolation of the pure insert sequence, the full Mssl
OAOOOEAOGEI T OEOA | ' 444 s -addpterGeq@hce ieteHrifn@edfrémO E
reads. In case of seconddsl AAOGET T OI O1 A OAI BoGAplet wasEndludedé 4
for trimming. Resulting sequences were filtered for length of the permutated RNA sequence
library applied in the first selection round (usually 8mer). Remaining sequences were
converted into fast format. Fasta files were analyzed with an altered version of the Weeder2
software (Zambelli et al., 2014) modified towardsidentification of recurrent motifs with 5-, 6-
and 7-ntin length. For Weeder2 analysis, input RNA pools were cloned and analyzed in parallel
with RBNS libraries and served as an unbiased reference for background subtraction during
motif enrichment calculations. Processing of sequencing output was performed with tools
running inside our local galaxy instancgThe Galaxy Community, 2022)Cutadapt (v1.6) was
used for adapter trimming and size filtering steps. The Weeder2 softwargas kindly gifted by

the manufacturer with adapted target size filters for our motifs.
Quantification and Statistical Analysis

Western blot signals were detected and quantified with associated Application Software
Version 3.0.30 of the Odyssey Infrared Imaging System 9120 {CIOR Biosiences). Phosphor
image signals were detected and quantified using the Quantity One analysis software Version
4.6.9 (BioRad laboratories) with local background correction. Signal intensity and
concentration calculations as well as standard deviations werealculated with Excel. Chi
square goodness of fit approximations forabsolute protein amount quantificatiorcurve
generation according to a one site dependent binding saturation, considering unspecific
background binding, was calculated with the Excel ass@ted Solver addin program, applying

the method specific formula.
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6 Appendix

6.1 Abbreviations

Units were abbreviated according to the International System of Units. Chemical namibgt
are not listed below were abbreviated according to IUPAQnternational Union of Pure and
applied Chemistry) recommendations.Protein names were abbreviated corresponding to the
UniProt Consortium databas€2023).

AEBSF 4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride
Amp ampicillin

APS ammonium persulphate

ARE AU-rich element

ATP adenosine triphosphate

BNS bind-n-seq

bp base pairs

Bq Becquerel

CDS coding sequence

cDNA copy DNA

CIP Calf Intestinal Alkaline Phosphatase
CVv Column Volume

3 (Delta) deletion

Da Dalton [g/mol]

DAPI 1 ceBigmidin-2-phenylindole
DNA deoxyribonucleic acid

dNTP deoxynucleoside triphosphate
D.mel. Drosophila melanogaster
DMSO Dimethyl sulfoxide

ds double-stranded

DTT Dithiothreitol

E.coli Escherichia coli

EDTA ethylenediaminetetraacetic acid
EGTA ethylene glycol-bis(f -aminoethyl ether)-. h . h -teaslaceta acid
EMSA electromobility shift assay

endo endogenous

EtBr ethidium bromide

EtOH Ethanol

FBS Fetal bovine serum

FH FLAGHA peptide

GRE GUrich element

GSH Glutathione

GST Glutathione Stransferase

GTP guanosine triphosphate

HA hemagglutinin
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HEPES

PAGE
PARCLIP
PCI

PCR

PNK

POI
pre-miRNA
pri-miRNA
PTM
gPCR
RNA
RNP
RRM
rRNA
SDS

Ser
SgRNA
Ss

TBS
TIPP
TLC

Tris

U

UTR

uv

Vol.

WT

ZF

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
high fidelity

Histidine

High salt

Immunofluorescence
Immunoprecipitation
Isopropyl-b-D-thiogalactopyranoside
kilobase

Methanol

micro RNA

messenger RNA

messenger ribonucleoprotein

next generation sequencing

nuclear localization sequence
nucleotide(s)

optical density

polyacrylamide gel electrophoresis

Photoactivatable-RibonucleosideEnhanced Crosslinking andP

Phenol/chloroform/isoamyl alcohol mixture (25:24:1)
Polymerase chain reaction
Polynucleotide kinase

Protein of interest

precursor miRNA

primary miRNA

post-translational modification
gquantitative PCR

ribonucleic acid

ribonucleoprotein

RNA recognition motif

ribosomal RNA

sodium dodecyl sulfate

serine

single guide RNA

single stranded

tris buffer saline

thermostable inorganic pyrophosphatase
thin-layer chromatography
Tris-(hydroxymethyl) -aminomethan
Units, Uridine

untranslated region

ultraviolet

volumes of respective reaction

wild type

zinc finger
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