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Abstract

Long noncoding RNAs (IncRNAS) are key players in vital cellular processes, including chromatin
remodelling, DNA repair and translation. However, the size and complexity of AscRisent
unprecedented challenges for mechanistic molecular studies, so that connecting structural

information with biological function for IncRNAs has proven difficult so far.

Human maternally expressed gene 3 (MEG3) is an abundant, imprinted, akempapliced
IncRNA. During embryogenesis MEG3 contrdtelycomb proteins, regulating cell
differentiation, and in adult cells MEG3 controls p53, regulating the cellular response to
environmental stresses. In cancerous cells, MEGS3 is downregulated, bpicoverexpression

of MEG3 reduces uncontrolled proliferation, proving that MEG3 acts as a tumour suppressor.
Evidence suggests that MEGS3 functions may be regulated by the MEG3 structure. For instance,
MEG3 is thought to bind p53 arRblycomiproteins diectly. Moreover, different MEG3 splice
variants, which comprise different exons and thus possess potentially different structures,
display different functions. Finally, deletion mutagenesis based on a MEG3 structure predicted
in silicoidentified a putatiely-structured MEG3 motif involved in p53 activation. However, at

the beginning of my work, the experimental structure of MEG3 was unknown.

To understand the MEG3 structure and function, | used chemical prabwitro andin vivoto
determine the secondy structure maps of two human MEG3 variants that differ in their p53
activation levels. Using functional assays in cells and mutagenesis, | systematically scanned the
MEGS3 structure and identified the p&Rtivating core in two domains (D2 and D3) thag ar
structurally conserved across human variants and evolutionarily conserved across mammals. In
D2-D3, the most important structural regions are helices H11 and H27, because in these regions
| could tune p53 activation even by point mutations, a degreeretigion never achieved for

vC }8Z & ov ZE 8} 8§ X/ *pE% E]*]vPoC J* }A E §Z § ,ii v
0}}%e U v [ }v(]EuU §Z (pv S]}v o ]ubanpé tertiary $tfuckure « o}V P
interactions by compensatory mutagenesis.if@pobeyond stateof-the-art, | thus attempted to
visualize the 3D structure of a 158bicleotide long MEG3 isoform by small angleax
scattering (SAXS), electron microscopy (EM), and atomic force microscopy (AFM). While SAXS

and EM are limited by currelytinsurmountable technical challenges, single particle imaging by

13



AFM allowed me to obtain the first low resolution 3D structure of MEG3 and reveal its compact,
globular tertiary scaffold. Most remarkably, functionadlisrupting mutations that break the
H11-,76 ~l]ee]vP 0}}% s J*EU%S s Z D 'i » ((}o U %E}A] JvP §Z

between 3D structure and biological function for an IncRNA.

Based on my discoveries, | can therefore propose a strudiased mechanism for p53
activation by human MG3, with important implications in understanding carcinogenesis. More
broadly, my work serves as preof-concept that INCRNA structusinction relationships can

be dissected with high precision and opens the field to analogous studies aimed to gain

mechanistic insights into many other medicatiglevant IncRNAs.
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Résumé en Francais

Les ARNSs long non codants (ARNInc) jouent un réle clé dans les processus cellulaires vitaux,
notamment le remodelage de la chromatine, la réparation de I'ADN et la traduction
Cependant]a taille et la complexité des ARNInc présentent des défis sans précédent pour les
études moléculaires mécanistiques, de sorte qu'il s'est avéré difficile jusqu'a présent de relier

I'information structurelle a la fonction biologique pour leRMINnc.

Le gene 3 humain exprimé maternellement o[ v Pmatdmally expressed gerg', MEG3),

est un ARNInc abondant, soumis a empreinte parentale et épissé alternativement. Pendant
I'embryogenéese, MEG3 contrdle les protéiadycombrégulant la diférenciation cellulaire, et

dans les cellules adultes, MEG3 contréle p53, régulant la réponse cellulaire aux stress
environnementaux. Dans les cellules cancéreuses, MEG3 est régulé négativement, mais la
surexpression ectopique de MEG3 réduit la prolifénatincontrélée, ce qui prouve que MEG3

agit comme un suppresseur de tumeur. Les données suggérent que les fonctions de MEG3
pourraient étre régulées par la structure de MEG3. Par exemple, on pense que MEG3 se lie
directement aux protéines p53 ePolycomb De plus, les différents variants d'épissage de
MEG3, qui comprennent différents exons et possedent ainsi des structures potentiellement
différentes, présentent des fonctions différentes. Enfin, la mutagenése par délétion, basée sur
une structure de MEGS3 @dit in silico, % Eu]e [] VvS8](] & puv u}S]( D "7 e %o %o}e
impliqué dans l'activation de p53. Cependant, au début de mes travaux, la structure

expérimentale de MEG3 était inconnue.

Pour comprendre la structure et la fonction de MEG3, j'ai gtiies sondes chimiqueés vitro

et in vivo pour déterminer la structure secondaire de deux variants humains de MEG3 qui
différent par leurs niveaux d'activation de p53. A l'aide d'essais fonctionnels dans les cellules et

de mutagenese, j'ai systématiquenteanalysé la structure de MEG3 et identifié le noyau

activant p53 dans deux domaines (D2 et D3) qui sont conservés structuralement dans les

A E] v8e Zpu Jve & }ve EA o ve o[ Alopd]ins DZD3B, leserégionsi]( E X
structurdes les plus ik }ES vS » ¢}vs o0 ¢« Z 0] =+ ,ii § ,10U E Ve o
supprimer l'activation de p53 grace a des mutations ponctuelles, un degré de précision jamais

85 JVS %o }UE o0 USE ¢ ZEov ipecu[] IX =] JUA ES 7 u v] E
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*}vS E 0] * % & e }Ju o+ }vv S~e¢ @uvPo Jo[ #3]E<€tviBI 0}} %o —
confirmé l'importance fonctionnelle de ces interactions de structure tertiaire a longue distance

par mutagenese compensatoire. Allant-auo o[ § §,jaidpncEeSsayé de visualiser la

*SEMN SPE T [pv ]} (}CEuU D 'i o}vPup iAidA vp o }S] U % &
petit angle (SAXS), microscopie électronique (EM) et microscopie a force atomique (AFM). Alors

<p o NynN § o[ D <}pa¥ degugdisetechniques actuellement umsiontables,

o[Ju P%E]JE &D u[ % Eul]e [} SV]E 0 %E& u] E *SEY SPE i

et de révéler son échafaudage tertiaire compact et glabval Plus remarquable encoressl
mémesmutations qui perturbent la connexion entre legboucles» H1H27 et qui inhibent la

fonction de MEGS, perturbent aussi la structure 3D de cet ARMinmissant ainsi le premier

lien direct entre la structure 3D et la fonction biologique pour un ARNInc.

Sur la basale mes découvertes, je peux don%. E} % }* E pVv u adtiyation de 53

base sur la structure de MEGavec des implications importantes pour la compréhension de la
cancérogenese. Plus généralement, mes travaux prouvent que les relations strioriatien

des ARNINnc peuvent étre disséquées avec une grande précision et ouvrent la voie a des études
analogues visant a obtenir des informations mécanistes pour de nombreux autrescARNIn

[Ju %o} E S édicalel
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Résumé en Francais

LesARN longs non codants (ARNInc) sont des ARN de plus de 200 nucléotides de long et qui ne

codent par pour des protéinegCao, 201}1 Les ARNInc remplissent des fonctions biologiques

importantes, telles que la régulation de I'expression des genes et la prolifération cellulaire. Bien
gue nous connagons l'importance biologique des ARNInc, leurs mécanismes d'action sont trés
mal connus. Si nous avions plus d'informations structurales, il serait possible de comprendre
leur mécanisme plus en détail. Cependant, la structure secondaire n'a été cartaggage
%o }UE <nu O<cp o ZEoOv S ]o v][tuEe] tettiaifée BARNINEE E gene (MEG3),
A% E]Ju u S Ev o0 u vSU 5 o[puv * ZEov ]JvS E ¢+ vS+U % }uE
(}v 8]}v V[ % * S S 0] Vv & ]Je}v [puleihe(ffiSsantes]}v «SEPN SPUE

Le MEG3 humain est un ARNInc soumis a emprinte parentale, polyadénylé, alternativement

épissé, et codé sur le chromosome 14dBRyoshi et al.,200Q|Zhang et al., 2010aMEG3 se

décline en au moins 27 variants. Le variant d'épissage 1 est le plus abondant et compte 1595 nt

(537 kDa)zhang et al., 201Qall est composé de 7 exons. Parmi ces exons, les 3 premiers

Elve o[ téEE[S w] « 7 Ev] E« A}ve o— A£SE& u]S Ti[ *}vS }luuyp

autres variants connus de MEG2 platformeRfam(Nawrocki et al., 201)Févele un niveau de

conservation dans l'exon 3, commun ché&xs mammiféres, qui dépasse le niveau de

conservation typique des ARMN (Diederichs, 201¢ Apres épissage, MEG3 se localise dans le

noyau(Cabili et al., 2015 Outre sa localisation cellulaire, son expression dans les tissus et les

organes est également strictement régulée, MEG3 étant fortement exprimé damesveau, le

systéme endocrinien et le pIacerTﬂhang et al., 2003

MEGS3 joue un r6le fonctionnel a la fois dans les stades précoces de développement et dans les
cellules adultes. En ce qui concerne la fonction de MEG3 dans le développement embryonnaire,

MEGS3 joue un rble dans la régulation de I'expression génique, de la différenciation cellulaire et

du développement, en particulier le neudéveloppementhordon et al., ZOJHKaneko et al/,

2014. De plus, dans les cellules adultes, MEG3 agit comme suppresseur de [[lIBHBEtatOS

et al., 201). L'allele maternel MEG3 est hgiméthylé et I'expression de MEG3 est perdue dans

de nombreuses lignées cellulaires cancéreuses et dans les tumeurs prinﬁh@s et al.

2012. Il est important de noter que les cellules humaines non fonctionnelles d'adénomes
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hypophysaires transfectées avec MEG3 réduisent riassarce tumorale chez les souris

Chunharojrith et al., 20]f5et qgue la surexpression ectopique de MEG3 dans les cellules

cancéreuses réduit leur pradifation (Zhu et al., 201p Ces résultats suggerent que MEGS3 agit

directement comme suppresseur de tumeur. En effet, MEG3 est impliqué dans la régulation de

nombreuses voies de signalisation qui déterminent le développement et la progression des

tumeurs (Benetatos et al., 201[Zhou et al., 201 La principale voie régulée par MEEs la

réponseau stressa meédiation du facteur de transcription p5S31EG3 active p53 et les genes
cibles activés par p53, induisant ainsi une inhibition de la prolifération et un arrét du cycle

cellulaire(Zhou et al., 2007 Cependant, MEG8[ 3]A «u ES Jve Pv e ] oO°- %0 1

indique sa spécificiteZhu et al., 201p

Bien que la pertinence physiologique et médicale de MEG3 soit connue, son mécanisme
moléculaire reste encore largement inexpligué, en partie parce que ses propriétés
biochimiques et sticturales sont méconnues. Bien que la structure secondaire expérimentale

de MEG3 soit encore inconnue, les prédictiomsilicobasées sur la séquence suggeérent que

MEGS3 est hautement structur?hang et al., 201QaEn outre, la perturbation de ces éléments

structuraux prédits entraine une diminution de la capacité d'activer p53 indépendamment de la

séquence, ce qui impligue que la structude MEGS3est peut-étre plus importante que &

séquence(Zhang et al., 201QaPour mieux comprendre le mécanisme moléculaire de MEG3

o[} 1 S]( SE A ]Jo 3 S EWH% EEDu vS@®U SPUE'T S [ S 0]

relations structurefonction pour cet ARNInc important.
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1.1. Norrcoding RNAs

RNA molecules are divided in protanding messenger RNA®IRNAshENd noncoding RNAs
(ncRNAs) Although most of the human genome isatiscribed only a small part of it is
translated. Among all the ncRNAs oaljiandfulhave assigned function and theresisll debde

in the field whether all thesetranscripts have a functional role owhether some are

transcriptional Z i pPplazzo and Lee, 2Q15The ron-coding portion of the genome has

become more prominent throughut evolution indicating its importance in more complex

organisms such as humans [Ensembl releasqdYafies et al., 2016 figure 1. In humans,

transcribed regions which produce noncodiR§lAs (ncCRNAs) are more abund#ran protein

coding regionsNon-coding RNAsuffill various biological functions, such as maintenance of

basic cellular processes and regulation of gene expregBialazzo and Lee, 2Q1Moncoding

RNAs include housekeeping RNAdsag ribosomal, transfer, small nuclear and small nucleolar
RNAs; short regulatory RNAs such as mic/AsRRISmall interfering RNAs andvpassociated
RNAs; andong non coding RNAs (IncRNAGHO, 201}1 Small norcoding RNAs are highly

conserved and their role in gene silencing is well sthBnbsnan and Voinnet, 20Q9Unlike

small noncoding RNAs, IncRNAs are poorly conserved and thelecoar mechanisms still

remainlargely unexplained.

Figurel: Noncoding genome through evolutio.

In blue coding genes, in red na@oding genes and in green pseudogenes in differeganisms
from evolutionarysimple on the left to more complex on the righBaccharomyces cerevisie
Danio rerio, Mus musculus, Homo sapisspectively). Ensembl lease 8£{Yates et al., 20]}6
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1.1.1. Long norcoding RNAs
LncRNAs are more than 2@0cleotides long, no#protein-coding transcripts{Cao, 201}1

Among the more than 32,000 humadncRNAgVolders et al., 20]+3a subgroup emerged as

particularly suited for mechanistic studies based on their evolutionary exeasion (Necsuleg

et al., 2014, specific cellular dtribution {Cabili et al., 2015 specific tissue laization (Kaushik

et al., 2013, andassociation to pathological phenotypgSauvageau et al., 20{1®/apinski and

Chang, 201j1 From the subset of IncRNAs that have been characterized we know that they

perform important biological functions, such as genome structuredutation, epigenetic

chromatin remodding, DNA repair and translatioFMercer et al., ZOOP Some of the best

studied INcRNAs arginactive specific transcript (XistHOX transcript antisense RNA (HOTAIR),
steroid receptor RNA activator (SRA), and metastasis associated lung adenocarcinoma
transcript 1 (MALAT1).ncRNAgulfill many biological functionsbut there is very little known
abouttheir mechanisms of action. If we had more structural information it would be possible to

understand their mechanism in greater details.

1.1.1.1. &uctural studieson IncRNAs

Since IncRNAs are very lomy silicomethods for predicting thei structure are still rather
unreliable. Moreover, phylogenetianalyses are not verinformative since IncRNAs are not
generallywell conserved acrosdistant species at least according to our current level of

understanding Instead for the study of IncRNAeconday structure arange of enzymatic and

chemical probing techniqueare used(Blythe et al., 201sZampetakiet al., 201?. Enzymatic

probing has been done usimiifferent enzymesi(e. nuclease, RNase) that cut RNA molecules at
specific sites (ddnle stranded or single stranded regiona)d subsequerly analyzing the
created fragments. Some of theommonly used enzymatic probing techniques are PARS
(parallel analysis of RNA structure) and Fsag (fragmentation sequencinghemical probing
technigues rely on small molecules that are able to react with flexible RNA nucleotides (e.g.
single stranded regiong)nd form a covalent bond that can be subsequently detectoine of

the used chemical probing techniques are dimethyl sulfate (DMS) probing, targeted Structure
Seq, « 0 §]Ahydipxyl acylation by primer extension (SHAPE), SHAPE and mutational
profiling (SHAP#aP), incell SHAREeq orin vivoclick SHAPE sequencing (icSH#&dfx For
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determining the solvent accessible regianfsRNA hydroxyl radical footprintindHRF) is used.
The 3D structure of RNA moleculéss so far been studied b¢ray crystallogaphy, SAXS, NMR
and electron microscopyput mostly small fragments or motifsave been characterized by
those methods However, secondary structure has been mapped only for very few IncRNAS,
namely SRANovikova et al., 20]*2roX1 and roX{llik et al., 2018 HOTAIRSomarowthu ef

al., 201%, COOLAIfHawkes et al., 2036 Braveheart(Xue et al., 2016 Xist(Smola et al.

2019, part of lindRNA p21(Chillon and Py, 201§, RepA(Liu et al.,, 201} SPRIGHTLY

Bongyong Leeteal., 201§ and NEATILin et al., 201B In addition, there is no tertiary

structure ofa full length IncRNA, only of small fragments. For instance, a fragment of ~70 nt
from a ~8 kb INRBNA MALAT FBrown et al., 201f1and a fragment of ~20 nt from a ~4 kb

IncRNA GasEFHudson et al., 20]?4have been crystallized. In addition, the structure of a

fragment of 2 nt from a ~0.5 kb IncRNA h{lReeper and Varani, 20pand a fragment of 14 nt
from a ~ 17 kb I'RNA Xis{Duszczyk et al., 20l have been solved by NMR. These 3D

structures are clearly insufficient to provide a comprehensive description of the molecular

architecture of IncRNAs.

1.2. LncRNA MEG3
One of theinteresting INcCRNAs for whichnsufficient structure information is available is

maternally expressed gene3 (MEG3). Human MEG3 is an imprinted, alternatively spliced,

polyadenylated IncRNA encoded on chmsuome 14q32(Miyoshi et al., 200QZhang et al.

20109. See table 1 for MEG3 nomenclature.

1.2.1. MEGS evolutionary conservation

LncRNA MEG3 is conserved in at leasts&ies of mammals, indicating a higher level of
evolutionary conservation comparei other IncRNAs. In 6f these speciesncluding humans,
orangutan, mouse, rat, cow and pidpe full MEG3 transcript sequence is annotated in public

databasesHowever in other mammals the presence of MEG3 can only be deduced based on

genomic alignments. Rfam reveals clear patterns of conservation in eXbiav@rocki et al.

2019. This level of conservation suggests that, unlike other IncRNBiederihs, 2014,

portions of the MEG3 sequence and possibly of its structure are functionally important.
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1.2.2. Genomic organization of the human MEG3 locus

Human MEG3 is expressed from the BMEG3 impmted locus on chromosome 14q3&hich
also encodessix other ncRNAs (Anfegll, Meg8, Irm/Rian, AK050713, AK053394, and
Meg9/Mirg) and miRNAs, one of which (MIR770) overlaps with &3/iGtron{Miyoshi et al.

2000. Imprinting of the DIKIMEG3 locus is regulated by acetylation of histoaed by two
differentially methylated regions (DMR)téngenic (IG) DMR and MEGBAR(Carr et al., 200/

IGDMR, which is considered to be the primary imprintauptrol region, is situated upstream

of the MEG3 gene. Instead, MEGBIR partially overlaps the MEG3 promotégure 2)

Figure2: Schematic representation of the DLKMIEG3 locu®n human chromosome 14q32
Maternal chromosome isepresented in pink, paternal in blue. Differentially methylated regi
are shown as brown ellipses (fillednethylated; unfilled tunmethylated). Green boxes indica
expressed genes; purple lines indicateternally expressed small RNA clusters. Gragows
indicate the direction of transcription.

Following transcriptiorfrom the DIKEIMEG3 locus, MEG3 is splicdidjure 3) The number of
MEG3 splicing variants has not been precisely determined yet. 16 variants are annotated in
NCBI Gene database, Whi27 variants are annotated iBnsembl. MEG3 splicing variants are
expressed at different level. Splicing varianfMEG3v1, also described as ME@G3jhe most

abundant, making 4@6 % of total MEG3 expressed in different humarsuiss and cell types

Zhang et al., 201QaSplicing variant 1 is 1595 nucleotides long and is composed of 7 exons. Of
§Z « /AE}veU S$Z (]E-S I(E¥EIVand Bstij exons aBZ 1[ (E1011-12)are
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common to at least 15 otheknown MEG3 variantsvhereas central E5 is a variable exon

Splicing variant 9 (MEG3v® the second most abundant variant and corresponds to the

shortest MEG3 isoform because it lacks varying ex®pkcing variant 3 (MEG3v3) star®4-nt

downstream of MEG3v1 and contains varying exon E6 along widh E3, and E102. A similar

pattern of exonorganization and alternative splicing may &ksoconserved across mammals.

For instance, Gtl2, the moashomologue of human MEGS3, is also alternativa@bliced. As for

human MEG3GtI2 splicing variantalso %o }ee ¢ }uu}lv A}ve 8§ SZ |JE& A vV
varying middle exons.
Tablel: MEG3 nomenclature.
MEG3v1 MEG3v9 MEG3v3
Ensenbl MEG3209 ||IMEG3217 | IMEG3224 |
ENST00000451743.6 ENST00000521404.5 ENST00000554639.5
ncbi Trarscript variant 1 Transcript variant 9 Transcript variant 3
[NR 002766 [NR 046466 L [NR 0035313
Miyoshi: AB032607, _
501032 ABO32607L G0Q183497.0 AY31497b
In this work | MEG3v1 MEG3v9 MEG3v3
Ensemble variant has 18 | Ensemble variant has 1 24 nucleotides less in exon
nucleotides less in exon 1 | nucleotides less in exon | (AGCCCCTAGCGCAGAC(
(AGCCCCTACTBSACGG)| (AGCCCCTAGCGCAGAC( GGAGA) in all sources
and 5 more in the last exon| and 37 less in the last exon
(CTGAT)
Comments | ohi- same as our construc{ nchi fonger polyA in the nchi and Klibanski inpu
end longer poly A

Miyoshi input has 11
nucleotides less in exon 1
(AGCCCCTAGCG) and lon

poly A

Klibanski input: g
nucleotides less in exon
(AGCCCCTA), longer poly

Position 908 (exon 3): wit
and without T
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Figure3: Human MEG3 gene and splicing variants.
Each exon is represented as@oredbox. The size of mature variant 1 is indicated in kDa
number ofnt on the right.
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1.2.3. MEG3 expression in physiological arathmological conditions

Expression of MEG3 from the DIMEGS3 locus is stimulated byAdMP through a -AMP

responsive element located in a region proximal to the MEG3 prom@&eme micreRNAs
(miRNA29a, miRNA148a) also regulate MEG3 expression by iniglddNMT (DNA Methyl

transferase) 1 and 3b and consequently reducing methylation leveledEG3 promoter and

DMR (Braconi et al., 2041Yan et al., 2014Zhao et al., 2006 As a consequence of those

regulatory networks, MEG3 expression varies in different tissues, at different developmental

stages, and ise\eral pathological condibns. For instance, in adults under norrpalysiological

conditions MEG3 is highly expressed in brain, pituitary gland, adrenal ghainplacentaZhang

et al., 2003. MEGS3 is also highly expressed during GABA neurorogenesigMercer et al.,

2008. Instead, in pathological conditions MEG3 exssienchanges(Benetatos et al., 2011

Zhou et al., 201R For instance, MEG3 expression is deegulated inthe brain of patients

affected by Huntington's disease andtive human islets from typ@ diabetes donorgJohnson

2012(Kameswaran and Kaestner, 2Q01Moreover, MEG3 expression is severely disregulated in

various cancers. MEG3 expression is upregulated in adenomyoepitheliomatus lesions and

salivarytumors (Benetatos et al., 20)1and down-regulated in tumor cell lines, such as H4

human brain neuroglioma andggG2 human liver hepatocellular carcinoma, and in primary

tumors, such as piitary tumors (Zhou et al., 2012 Cancers with downregulated levels of

MEG3 are very invasive. For instance, brain, breast and lung cancers have incidence rates of

157.6 (per 100,000) and mortality raté 63.8 (per 100,000h EuropelFerlay et al., 20JT3

1.2.4. MEGS cellular localization
Mature spliced MEG3ranscripts are primarily locaéd in the nucleus fothe cell (more than

90 %), although some (less than ¥8) MEG3 transcripts are exported to the cytoplasm, as
determined by qRTPCR{Mondal et al., 201pand sngle cell RNA FIE*IGabiIi et al., 2016

Additional evidencethat supports MEG3 dual localison both in the nucleus and in the
cytoplasm is that MEG3 inter@mcwith both nuclear and cytoplasmic proteins, as discovdrgd

MS2tagged RNA affinity purification and a®s spectrometry (Liu et al.,, 201p Proteins

identified by thistechnique play a role in different biological processas|uding intracellulr

transport and translation buit is not known if their binding to MEG3 affects their function.
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1.2.5. MEGS3 functions
The precise cellular functions of MEG3 are not yet fully understdd8G3 is functionally
important at two stages of devetment (figure 4) In embryos, MEG3 plays a role the

regulation of gene expression, cell differentiation and development, particularly

neurodevelopmen{Gordon ¢ al., ZOltﬂKaneko et al., 2034 Instead in adult cells, MEG3 acts

as a tumor suppressd@Benetatos et al., 2031

Figure4: MEG3 functional pathways.

(A) Schematic representation of MEG3 as a tumor suppressor in the p53 patMiEy3
activates p53 directly or indirectly by suppressing MDM2 leading to activation of
downstream targets and subsequent proliferation inhibition and tumor suppression.
Schematic representation of MEG3 interactions with PRC2/JARID2 which leadsetbyttation
of lysine 27 on histone 3 and subsequent gene silencing.

1.2.5.1. Development vi&olycombgene silencing
At the molecular level, MEG3 exerts its functions by interacting with specific proteins. Recent

MS studies revealed that MEG3 interaatish at least 31 proteins (see paragraph 1.2.4 above).

Among these interactions, the best characterized ones are those between MEG3Brdmb

group proteins, via which hutmaMEG3 promotes gene silenciffganeko et al., 2034 Among

Polycombgroup proteins, MEG3 specifically interacts wRlolycombrepressive complex
(PRC2) and JARIDZRC2 is a complex composed of 4 subunits: Suzl12, either RbAp46 or RbAp48
(RbAo46/48), different isoforms of EED and either Ezh1 or Ezh2 (Ezh1/2). Ezh1 and Ezh2 are the
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enzymatic subunits. They are methyltranferases thatadd trimethylate lysine 27 ohistone

H3 (H3K27}hus leadingo gene silencing. PRC2 hrasentlybeen stucturally characterizetyy

electron microscopy coupled to chemical criis&ing and mass sp&ometry (Ciferri et al.

2012, by xray crysallography(Jiao and Liu, 20}%nd by cryeEM (Poepsel et al., 2038

Despite providinginsights into the molecular organization of PRC2, such structures do not
clarifythe key functional properties of theomplex. For instance, how does human PRC2 target
specific sites of chromatin, considering that it does not possess any DNA bindingn@omai
Additionally, how does PRC2 bind IncRNAs like MEG3, considering that it does not possess any

canonical RNA binding motif?

Biochemical and cellasedstudies prowde only partial answers to thosgpuestions. Concerning

DNA binding, it is known thathromatin targetingby PRC2 employaccessory proteins. For
instance, JARID2, which is a Jumonji family protein and possesses DNA recognition domains, is
important for recruitment of PRC2 to specific genes. However, JARID2 does not bind DNA
specifically enougho fully explain PRC2 targetinghus, e¢her factors must be involved and
IncRNAs that directlyibd PRC2 and JARIBE likely to play important roles. For instance,
MEG3 may also recognize DNA specifically formingRNA triplex via a GAch region loated

in exon 1{Mondal et al., 201p However, how MEG3 interacts with JARID2 and PRC2 is much

less clear, because neither PRC2 nor JARID2 possess canonichin@®Ng\ motifs. As a

consequence, PRC2 interactions with IncRNAs are highlgteld (Davidovich et al., 203&nd

the nucleotides and amino acids directly involved in the interacti@ret known. Instead, for

JARIDZsite of RNA interaction has been mapped more precisely on the protein and correspond

to an internal 30 aminacid region{Kaneko € al., 2014. TheRNA binding region (RBBY

JARIDZ2s not structurally characterized and does not have any sequence homology with other

known RNA binding proteins.

1.2.5.2. Tumor suppression

For a molecule to be classified as a tumor suppressor it miproven that is1ot functionally
active or it is not expressed any more in tumors, that biotlvitro andin vivore-expression in
tumors leads to reduced proliferation and that knockout models in animals leatlrmor

development or defect§Hakem and Mak, ZO(PllNeinberg, 199F|Zhou et al., 201R In many
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cancer cell lines and in primary tumors, such as-fumttioning pituitary adenomas (NFA),

MEG3 maternal allele is hypermethylated and MEG3 esoasis lost(Zhou et al., 201

Transfecting human NFA cells with MEG3 reduces tumor growth in nudg@riaeharojrith ef

al., 2019 and ectopic MEG3 overexpression in cancer cells reducespgtaiferation (Zhu et

al., 201%. Two MEG3 knockut mousemodels have been createdhe frst model hada 10kb

deletion including MEGBMR andhe first 5 exons of gtlZTakahashi et al., 20?191he second

model hada 5kb deletion spanning part afie MEG3romoter andthe first 5 exongGordon et

al., 2010|Zhou et al., 2010 The two modes exhibit different phenotypes but both show

developmental deficiency amor perinatal death.In conclusion, MEG3 acts as a tumor
suppressor because iulfils the requiremens to be classified as such afgl involved n
regulation of many signaling pathways that determine tumor development and progression
Benetatos et al., 203%Zhou et al., 201

The primary pathway regulated by MEG3 is the p5Bresponse to streséee next paragraph
1.2.5.2.1.) but italso functions in p5&hdependent mannergfigure 5) One putative signaling
pathway by which MEG3 inhibits proliferati in the absence of p53 igtinoblastoma Rb
signaling, because in human pituitary tumors frequent loss of positive regulator of Rb, the

pleNK4ais observed coupled to loss of MEG3 expression andVfff@nd MEG3 expression

levels can beorrelated (Zhang et al., 201Qb Another proposed mechanism by which MEG3

inhibits cell migration and invasion is by targetihg Racl gene. Racl gene expression levels
deaease when MEG3 is downregulated in papillary thyroid carcinoma (PTC) and

downregulated MEG3 in PTC is associated with lyngate metastasis, while ovexpressed

MEG3 lowers cell migration and invasiorihigroid cancefWang et al., @15).

Besides regulatg cell proliferation, MEG3 also regulates how tunsefls respond to drugs.
Kv % $ZA C C AZ] Z D'i uC & Ppo 8 (EuRat€Bin %ghaling | 5Z
% $ZA CX E P poatehi}ang gutvivin (a target gene of thé d | tcatenin pathway)

by lower level of MEG3 in NSCLC (sorall cell lung cancer) is associated with higher cisplat

resistance(Xia et al., 2016 MEG3 is also associated with inhibition of angiogenesis in some
tumors and in osteoarthritigGordon et al., ZO]ﬂfEu et al., 201p
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Figure5: MEG3 tumor suppression.

Chart summarizing the role of MEG3 as a tumor suppressor and different pathiatyare

affected

1.2.5.2.1. Tumor suppressioria p53 pathway

A rumber of IncRN/A are involved inthe p53 pathway, either byegulatingp53 or by being

regulated by p53Chaudhary and Lal, 20F16:or example some of the p53 regulated INncRNAs

are lincRNAp21, PANDA, PINT, TUG1 and NORAD etc., and some of the IncRNAs that regulate
p53 are MALAT1, H19, lincRRAOR and MT1JP e@.those IncCRNAs,me of the besstudiedis

MEG3.MEG3 activates p53 and p53 target genes thereby inducing inhibition of proliferation

cell cycle arresand activation of apoptosi

7 hou et al., 200

)/ Thisaction of MEG3leads to

selective activation of specific p53 target genebut the determinants of the observed

selectivity areas yetunknown (Zhou et al., 2001Zhu et al., 201 MEG3dependent p53
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activation can be tested by a luciferase asgélyang et al., 201QaUsing such assay, it was

established that the different MEG3 splisgriants have different abilitieso activate p53

Zhang et al., 2010aMoreover, it was shown that in cancéne splicing patternof MEG3

changes, leading to changes in the p53 stress resp{fisang et al., 2010aThe27 known

splice variants of MEZall possess the same stability and Hd# in the cell. Yet, they are

expressed at different levels and displayfoundly different p53 activation abilitie§Zhang ef
al., 2010? For instance, MEG3vftossesses intermediate p53 activation abjlityiIEG3v9

activates p53 more strongly than MEG3vl and MEG3v3 acts as the weakeattpator

Zhang et al., 201QaThese observations led to the hypothesis that structural changes in the

MEGS3 splice variants induced by the varying middle exons dffecfine tuning of the p53

response by inducing different levels of expression of selected p53 target ¢énasg et al.)

20109. The precise molecular mechanism twhich MEG3 activates p53 is unknown. MEG3

may destabilize p58biquitin ligase MDM2 anth vitro and in vivo studies suggest that MEG3
stabilizes p53 proteirPZhouet al., 200T|Zhu et al., 201p Possibly, MEG3 binds p53 directly at

its DNA binding domaifZhu et al., 2016 Moreover, biochemical studies also revealed that

disruption ofin-silicopredicted structural motifs of MEG3 abolishes p53 activafi@imou et al.

2007). Therebre, it is possible that the structure of MEG3 is important for its function.

However, to date here is no systematic study connectititgg experimental structure of MEG3

to its functional effects on p53.

1.3. Scientific aims
Sequence analysis and cell lbigy studies suggest that huan MEG3 is highly structured thus
raising numerous intriguing questions about hothe MEGS3 structuremay regulateMEG3

functions.

First, MEG3 is one of the IncRNAs with the higl@S content (57 %Joes thisnucleotide

compasition suggest a tendency to forfulded, thermodynamically stable baggaired helices?

Second, MEG3 is highly conserved in at least 30 mammals, suggestitiietNEG3 sequence

is important fa function. Isthe MEG3 structure also conserved?
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Third, secodary structure predictions of MEG3 performed withe software mfold solely

based on its sequence indicate that MEG3 possesses a very intricate molecular architecture,

divided into three putative motifs (MM3) (Zhou et al., 200/ M1 would include the end of

exon 1 and the beginning of exon 2, M2 would encompass part of exon 3, and M3 would
V }u% ¢ SZ o0 8 SZE Elve §SZ T[] v X /IvEVEu%dveP osZU AJv
S CEGu]v o 1 A}ve-tevmimal3 eXons, the putative motifs M1, M2 and M3 would be

present in at least 15 human MEG3 splice variants. Are these putativ®3/tnotifs really

formed by MEG# vitroandin vivad?

Fourth, disruption ofputative structural elements of M2 almost completely abolishes the

effects of MEG3 on the p53 cell response in a sequence indigmermanner(Zhang et al.|

20109. Does the MEG3 structure regulate MEG3 function as a tumor suppressor?

Fifth, MEG3 possessesarny splicing variantsaf least 27 anotated in Ensemb!Yates et al.

2014)] with different expression leveldAll variants have the sanstability in transfected cells,

suggesting that their different expression levels may be due to diffesphiting efficiency.
Possibly, structures formed cotranscriptionally may affeplicing efficiency and thus favor
certain splicing variants. Considering that MEG3 splicing variants exhibit different levels of p53
transactivation, is it possible that there is a correlation betweson compositionformation

of structured motifs, ad MEG3 cellular functions?

To answer all thesquestions, the aim of mwork isto characterize the secondary and tertiary
structural architecture ofMEG3and its splice variantsn vitro and in vivo and to establish

structure-function relationships for tts important INncRNA.
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2. Materials and Methods
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Résumé en Francais

Ce chapitre décrit le matériel et les méthodes utilisés pour obtenir les résultats de mon travail

de thése. En résumé, les ARNNt été exprimés et purifies dans des conditions non

dénaturantes, comme décrit précédemmelf\thillon et al., 20lbavec des modifications

mineures. Pour vérifier l'intégrité et I'nomogénéité de ma préparationRINA j'ai utilisé
plusieurs méthodes biochimiques. Une électrophorése sur gel natif a été réalisée pour vérifier

l'intégrité de I'ARN pendant la production et la purification. La diffusion dynamique de la

lumiere (DLSPPateI et al., 201J6a été réalisée pour évaluer la polydispersité des préparations

de MEG3Une chromatographie par exclusion de taille couplée a la diffusion de lumiére laser a

angles multiples (SH@ALLS)(Patel et al., 2016 a été réalisée pour déterminer la

polydispersité de MEG3 et I'état oligomere

Pour caractériser MEG3 structuralement, j'ai utilisé fechniques suivantes. L'acylation

sélective en 2hydroxyle analysée par extension d'amorce (SHAREinson et al., 20(?63 été

réalisée pour détermineles structures secondaires expérimentales. Une sonde chimigue
vivo a été realisée pour évaluer l'influence de I'environnement cellulaire sur la strudde®.
alignements de séquencet structuraux ont été réalisés pour évaluer le potentiel de

consenation évolutive de la structure secondaire obtenue. Des expériences de vitesse de

sédimentation par ultracentrifugation analytique (AL{Chillon et al., 201fpont été réalisees

pour surveiller le repliement de MEG3a chromatographie par exclusion de taille couplée a la

diffusion de rayons X aux petits angles (-SIA(XSFChen and Pollack, 20?16 été utilisée pour

obtenir des informations initiales a faible résolution sur la stroett8D de MEG3La
microscopie a force atomique (AFM) et la microscopie électronique ont été utilisées pour

visualiser MEG3 au niveau de molécule unique.

Pour évaluer les corrélations entre les domaines structuraux et le réle fonctionnel de MEG3 en
tant que suppresseur de tumeur, deux types d'analyses fonctionnelles ont été effectuées dans
des lignées cellulaires humaines: des analyses du cycle cellulaire utilisant la cytométrie en flux

Luetal, 201 8§ [uv S&E ve 3]A §]}v —pv P {Zhang et alg 20]10ahee

PCR quantitative en temps réel (RTR) a étééalisée comme expérience de contrble pour
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evaluer l'efficacité de la transfection et pour tester le niveau endogene d'expression de MEG3

dans différentes lignées cellulaires de mammiféres.

Toutes les méthodes mentionnées sont expliquées en détail damsfgte suivant.
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2.1. Cloning and mutagenesis
A plasmid containing the sequence of human MEG3 transcript variant 1 was obtained by gene

synthesis [GeneArt (Life Technologies)]. From this synthetic vector, the sequence of MEG3 was

amplified by PCR and mrsed by sequenceand ligatiorindependent cloning (SLIQ)i and

Elledge, 201pinto the scaffold of a modified pBluescript vector immediately downstream of a

T7 promoter sequence and immediately upstream of an Xbal restriction site. The resulting
vector was named pTUL. All pBluescript based vectors were fmseih vitro transcription.
Plasmid pTU2 containg a MEG3 variant 9 without varying exons was created to test influence
of varying exons on MEG3 structure. Plasmid pTU2 was created by deleting varying exon 5 from
D'I 8 ve E]%S A ELP4®F ini plaghdid dTUL with quick change mutagenesis.
Plagnids pTU3TU7 contain 5 different domains of MEG3, which were determined from
secondary structure map, respectively domain11@5), domain 2 (23@10), domain 3 (471
902), domain 4 (951113) and domain5 (1116486). All domains were amplified by PCRfro
pTUL and inserted by SLIC into the scaffold of pTU1 (between T7 promoter sequerXiedand
restriction site). Plasmid pTU123 was created by mutatiregloop on top of the helix 11 to

poly A (3658xA374) in MEG3 transcript variant 1 in plasmid pTU1l wgthick change

mutagenesis.

pCMSd2-MEG3was a kind gift of Yunli Zhou (Massachusetts General Hospital, Boston , USA)
Zhou et al., 2007 All pCM8I2-MEG3 based véars were used forin vivo assays by flow

cytometry. Plasmid pTU8 was created by amplifying MEG3 and a8dmigE *S&] S]}v ]85 §
andNot/ (E *SE] S]}v ]S v i[] C W Z (E}u % ddFMEG3]with GaigSkvP ]S ]v
ligation betweenSad¢ andNotl. Two complementary oligonucleotides SNf and SNr containing a

Sacd/ E *SE] S]}v ]S U ii -@&TTCACTAAAGER [ Wotl restriction site were

1E & (Elu pEEHNVITAGTGAACAGO- BGCCGCGGTTCACTAAACGEAGRT

Plasmid pTU9 wageated by annealing SNf and SNr by incubating 2 min at 95 °C and letting it

cool down to RT gently and inserting it in pG¥BSME with quick ligation betwee®ad and

Notl. MEG3 variants 1 and 9 were cloned in pcDNA3 vector betW@enandNotl restriction

sites. Different structural mutants were cloned in pGNMEMEG3 (for flow cytometry assay)

and pcDNA3 (for luciferase assay). The presence of the target gene in all plasmids was
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confirmed by enzyme digestion or colony PCR agarose gel electrophoresiBhe £quence of

all constructswas validated by DNA sequencing (Eurofins). Machl competent cells (derivatives

of E. colj were transformed with plasmids. Plasmids were extracted with mini and maxi preps

(Qiagen) from a single colorfyor a list of all cleed vectors see appendix table 5

2.2. RNA production and purification

MEG3 was expressed and purified under {g@maturing conditions as previoustiescribed

Chillon et al., 201

b with minor modifications(figure 6) Briefly, plasmids pTUiTU7 and

pTU123 were linearized overnight with restriction enzyme Xbal (NEB). The linearized vectors

were transcribedn vitrowith T7 polymerase in various buffefable 2. Highest transcription
yield was obtained in buffer 3 (168M MgC#, 400mM TrisHCI pH 8.0, 26M spermidine, 100
mM DTT) and 4 (8&hM MgCi, 400 mM TrisHCI pH 8.0, 5&M DTT, 1M KCI). Following

transcription, template DNA and proteins were removed witltbo DNase (Thermo Scientific)

and proteinase K (Promega) treatment, respectively. Divalent ions were chelated with EDTA in

the presence of physiological concentrations of monovalent ions. Such treatment may disrupt

the tertiary structure, but preservethe cotranscriptionally generated secondary structure of

MEG3 and allows for precise subsequent titration of magnesium concentrations in folding

experiments. Following EDTA treatment, samples were rebuffered with filtration buffer (KCI 0.1

M, KMOPS pH 6.8 mM, NaEDTA 0.1 mM) using Amicon Ui& centrifugal concentrators

(molecular weight cubff of 100 kDa) to wash out undesired components of previous reactions.

MEG3 samples purified in this way were finally subjected to a polishingexsthesion

chromatography (SEC) step using Tricorn columns (GE Healthcarpadedtl with Sephacryl

S500 resin and run in filtration buffer.

Table2: T7 transcription buffersComposition of 10x buffers tested for vitro transcription.

Camponent Buffer 1 | Buffer 2 | Buffer 3 | Buffer 4
MgCt1M 220 mM| 120 mM| 100 mM| 80 mM
TrisHCI pH 8.0 | 400 mM| 400 mM| 400 mM| 400 mM
spermidine 2 M 20 mM 20 mM 20 mM -
DTT1M 100 mM -| 100 mM| 50 mM
NaCl 5M -] 100 mM - -
KCl 4M - - - 1M
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Figure6: MEGS3 production and purification.

Schematic representation of MEG3 production and purificatiomnbyitro transcription from a
linearized vector in nowlenaturing conditions using centrifugal concentrators and SEC.

2.3. Native gel eletrophoresis

Native gel electrophoresis was performed to check the integrity of RNA during production and
purification. 1 % agarose gels were run in 1x -Be@ate (TB) buffer (89 mM Tris base, 89 mM
boric acid) supplemented with the indicated concentoats of M@*. Gels in TB with no Mg

and with 2 mM Mg* were run for 45 min at 110 V, and gels in TB with 5 and 10 mkt Weye

run for 120 min at 80 VSamples were mixed in a 5:1 ratio with 6x RNA native gel dye (0.5x TB
buffer, 40 % sucrose, 0.5 % wdvange G) before gel loading. Gels were stained with 1x SYBR
Safe (Invitrogen) gel stain in 1x TB buffer for 1 h at room temperature before exposure
(Invitrogen).1 % agarose gels were run in 1x TAE buffer for 30 min at 100 V. Quick load purple

2-log DNAddder (NEBWVasused as size reference markers.

2.4. Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) sedimentation velocity experiments were performed to

monitor ME@ folding (Chillon et al., 2016 AUC experiments were performed at the IBS

platform that is part of partnership for structural biologyurified MEG3 was supplemented
with varying concentrations of MgCtanging from 0.01 mM to @0 mM or with varying
concentrations of KCI ranging from 200 mM to 900 mM. Samples were analysed using Beckman

XLA/XL:I centrifuge with ANoO Ti rotor (Beckman Coulter). Alperiments were performed at
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20°C at 25,000 rpm overnight. Data were analyzeith Biedfit using continuous c(s)sttibution
model{Schuck, 2000

2.5. Dynamic light scattering
Dynamic light scattering (DLS) was performed to assess polydispersity of NMé&paBapons

Patel et al., 216). PurifiedMEG3 samples were analyzed over a concentration range from 0.5

..D 8} AXA ..DX " u%o0 « A E v oCl pe]vP ¢« & ¢]1 E E v} » ~D 0A

2.6. Sizeexclusion chromatography coupled to multingle laser light scattering

Sizeexclusion chromatagphy coupled to multangle laser light scattering (SEALLS) was

conducted to determine MEG3 polydispersity and aligwoic state(Patel et al., 2016 MEG3

was purified as describedparagraph 2.2.up to EDTA treatment and rebuffered in filtration
buffer. Different aliquots of pure MEG3 were diluted to concentrations of>61i ...D v
injected on SEMALLS either directly (no magnesium) or after supplementation with 5 and
17.5 mM MgGl The same seffacked columns as previously describguaragraph 2.2.jvere

used.

2.7. Sizeexclusion chromatography coupled to small angleay scattering

Size exclusion chromatography coupled to small angi@y>6cattering (SEEAXS) was used to

derive initial lowresoluton information on the 3D structuref MEG3(Chen and Pollack, 20?16

MEG3 was purified as describguhragraph 2.2.) up t&DTA treatment, rebuffered in filtration

M(( E v (]Jos & He]vP VEE](HP o (]Jod &E pv]de A]3Z iXiT ..u
Different aliquots of pure MEG3 were diluted to concentrations -of%i1 ...D v ]Jvi § }v
SEESAXS directly in the absme of magnesium which corresponds to partidtiided MEG3
sample. The same sgibcked columns as previously describ@aragraph 2.2.vere used.
SAXS data were collected at the BioSAXS beamline BM29 at ESRF, Grenoble and analyzed in
ISpyB(Delageniere et al., 203 and using ATSAS modules PRIMUSE#RMMIF{Petoukhov et
al., 2012.

2.8. In vitro secondary structure probingir§ vitro SHAPE)
Secondary structure probing of MEG3 variant 3 was performed by Eleni Anastasakou

(predoctoral fellow irthe Marcia group).
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A o  §]AHydrpxyl acylation Analyzed by Primer Exten:{SHAPEP\NiIkinson et al., 2006

was performed to determine the experimental secondary struetof MEG3figure 7B) The
fraction of MEG3 with highest concentration that eluted from SEC after purification was used
for the anaysis. To be sure that all RNA wakled to its most compact form, the RNA was
supplemented with 17.5 mM MgL€IMEG3 suppleented with 17.5 mM MgGland native
without addition of cations was subjected to chemical modification usinmelhyh7-
nitroisatoic anhydride (1M7), Ihethylisatoic anhydride (NMIA), -hethyl6-nitroisatoic
anhydride (1M6) and dimethyl sulfate (DMS). 1MR)6 and NMIA react with the 2iydroxyl

group on the RNA nucleotid¢Bgure 7A) Reaction of 1M7 with RNA and formation of adducts

is favorable if nucleotides are unpaired and thus more flexible, whereas nucleotides
constrained by basparing form addud less favourably. Reaction of 1M6 with RNA is
favorable if nucleotides are stacking. Reaction of NMIA with RNA is favorable if nucleotides
experience slow dynamics. Compa&iriM6 and NMIA reactivity it is possible tetect
nucleotides that are involvedhinoncanonical and tertiary interactions in RNA. DMS methylate
N1 of adenine and N3 of @dine that are not base pairetlodifications were then mapped

onto the MEG3 sequence by reverse transcriptiand fragment analysis. Eigigrimers
positioned every @0 bp of MEG3, were designed and coupled with fluorescent dyesNs and
JOE(primer sequences in appendix tablg. 6The primer extension reaction was performed
using the Omniscript reverse transcriptase (Qiagen) on MEG3 samples treated with 1M7, 1M6,
NMIA DMS or DMSO and EtOH (remiduct forming control). Reverse transcription stops
whenever it encountersa nucleotide that is methylated or modified with 1M7, 1M6, NMIA.

Samples were then submitted for fragment length analysis with capillary electrophoresis

(Eurofins).QuShape(Karabiber et al., 20)3was used to determine the chemical probing

reactivity profiles. Formation of adducts was quantified by comparison between the-,1M7
1M6-, NMIA and the DMS@reated samples andhe rate of methylation was quantife by
comparison between the DMSnd EtOHreated samples. Each experiment was done in

triplicates. Average values of DMS reactivity values from 3 experiments weioselélized as

described(Chillon et al., 2016 Average values of 1M7 reactivity values from 3 experiments
A E Vv}Eu o]l A]3Z ~e]u%ethdn seEHRIGESK %o,@glzfﬁand average values

of 1M6 and NMIA reactivity values from 3 experiments were normalized with
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N Y/ %0 01} S 1] usghonXxsépf(Ricéetal., 2014? Normalized 1M6 reactivity values were
‘uw 3E 8§ (E}u 8Z ED/ E S]A]SC A op + A]3yahoh §rpt(Rice] Ct]v 1}
et al., 2014}1 Namalized 1M7 reactivity values were classified in 3 groups as foll@w @ot

reactive (most likely baspaired), 0.40.85 moderately reactive and >0.85 very reactive (most

likely single stranded). The software RNAStruct{ivathews, 2004|Reuter and Mathews,
2010 v SZ "u% E&}o Xcup]Siedgii€dSat al., 2034avere used to obtain the

secondary structure map of MEG3 based on the normalized 1M7 SHAPE reactivity values and

NMIA and 1M6 differential SHAPE reactivity values as constrains. gialed WARNA(Darty et

al., 2009 was used to visualize secondary structure using coordinates obtained with
ZE "SENU SUE <} (A E Vv "u% EBVD reqas&ingy vatided H2levusedmag %o S X

control to validate the secondary structure map obtained with differential SHAPE with 3

reagents.

Figure7: Secondary structure probing by SHAPE.

(A) Structure and reaction mechanism of reag&M7. (B) SHAPE pipeline. MEG3 shortly re
with 1M7 to form adducts and with DMSO as control (no adduct formation), after the ac
forming reaction both MEG3 samples are reverse transcribed with labeled primers and

samples are send togetheritw sequencing ladders to fragment length analysis (FLA)

capillary electrophoresis.
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2.9. Atomic force microscopy
Atomic force microscopy (AFM) experiments were performed in collaboration witH_Jean
Pellequer and Jeawlarie Teulon (IBSPower speiral density analysis was performed by Paolo

Annibale (MDC, Berlin).

AFM experiments were performed to visualize MEG3 on a single molecule Nd&€I3 and

group I intron (Marcia and Pyle, 20} 2vere purified as desdred and the fraction of MEG3 and

group Il intron with highest concentration that eluted from SEC after purification were diluted
1:100 times in filtration buffer (KCI 0.1 MsMOPS pH 6.5 8 mM, NeEDTA 0.1 mM), filtration
buffer with magnesium (KCI 0.1 M;MOPS pH 6.5 8 mM, NeDTA 0.1 mM, 10mM Mg{Cbr
A"D]olo] A § EX W}oC ~ +« ZE ~' , 08Z € « u- e« v P3SIA IvVEE)
H(( €+ v -¥D]Ao§ E 3 }v. vSE S]}v }( iXi ...PluoX d} } § ]Jv
MEG3, group Il intromnd poly (A) were precipitated with isopropanol overnight2®°C and
resuspended in deionized formamide and diluted with ethanol to reach same final
}Jv VEE S]}v ¢ ¢ U%O0 ¢ JOopus-Y VA B(EEI_Dlo®U TXA ..o }JE A ...0
group | intron and poly (A) samples in buffer was deposited on mica, incubated for 3 min,
A ez Al8Z T uo-Y(_"D1Dd A]S3Z Tii..o0 E}% *3 %+ 3} & u}A A&
v (JvooC E] A]$Z vVISE}P v P «X i ..oU bXplesandMEGS, ...0 E}
PE}u% // JVSE}IV Vv %}0C-¥ « A §% A }v “®}eld] }v u] U Jv p 8
and dried with nitrogen gas. Imaging was performed on a Multimode 8, Nanoscope V (Bruker)
equipped with NanoScope software (Bruker, Santa Barb@A). Imaging was done with peak
force imaging mode at ~ 1Hz rate, with 512 and 1024 pixel resolution and other parameters
were adjusted automatically with ScanAsyst in Air mode. Cantilever Scasats{Btuker) with

2nm tip radius, 70 kHz frequency artd4 N/m spring constant was used. Images were

processed with Gwddion(E ¢ v <0 % S§),landiii heeded stripe noise was removed

using DeStripe{Chen and Pellequer, ZorllPower Spectral Densities (PSD) of the AFM

topographic signal were collected in square regions of 250 nm side around eacHepaftic

interest (Higuchi, 198B The power spctral density was collected along the fast scanning axis

of the microscope to avoid potential artefacts due to Heeline offset. The PSD of H11LpA was

collected along the y axis, due to a slight resonance of the tip along the fast scanning axis (x).
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P®s of vl along x and y are nearly identical. PSDs were calculated using the SPM data analysis

software GwyddioflE ¢« Vv <0 % §)l8@ndithé PSD for all the particles observed

under each given experimental condition were averaged using the software Igor Pro

(WaveMetrics, USA). Theswdting averaged PSD were plotted against the spatial (angular)

frequency and the associated spatial lengttale(Calo et al., 2009 Linear fits to the sealled

auto-affine region, i.e. where the PSD frequency dependence is of the form PSD{fgre
displayed as dashed lines. Fits were perforiethin an arbitrarily selected-sange, using a

weighted least square algorithm, using the software Igor Pro.

2.10. Electron microscopy
Electron microscopy (EM) experiments were performed in collaboration Mathikandan

Karuppasamy (research scientisthe Marcia group).

EM experiments were performed am attempt to visualize MEG3 on a single molecule lavel

higher resolution

2.10.1. Negative staining

Carbon grids werglow discharged just before uselo@& discharge conditionwere 25 mA, 30 s
discharge 10s hold time at 0.3 mbar with negative polaritPélco EasiGlow systend.u of
different concentratiors (0.025, 0.05, 0.075, 0dnd 0.5 uM) of MEG3 prepared undgifferent
Mg?* conditions (5, 10 and 17.5 mM) wesmpplied to glow discharged dzon grids.5 pl of
different concentratioss (0.3 and0.7 uM) of MEG3 D3 prepared underdifferent Mg
conditions (10, 17.5 and 25 mM) weaeplied to glow discharged carbon gridfie sample was
incubated for 1 mirto achieve maximum absorption the carbon and then blted with filter
paper to remove excess sample. Immediately after blottingl, & 1% Uranyl formate solution
was applied andhe grid was blotted after 20 sf staining. The grids were air dried on the

benchbefore they were used fapbservation in the microscope.

2.10.2. Data collection and 2D processing
Data collection waslone using a T12 BioTwin microscope operated at 120 kV with low dose
settings. The C2 and Objective apertures were at positiorh8. dose used was ~&be/A2/s

Images were acquired at a nominal magnification of 49k x using Ceta CCD casudtiag a
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pixel size of 2.06 AAll data processing was done in Relion v2.1 except particle picking. The
particleswere picked either manually andf semiautomatically with '8arm' option using the
program e2boxer.py from EMAN2. The coordinates and micrographs were imported and the
contrast transfer functions (CTF) were estimated from CtfFind4 as interfaced in Relion. 2D class

averages were done on the extracted particles.

2.103. Cryo electron microscopy

1.5 t 3.0 pl of 0.3 M and/or 0.67 M of MEG3 in 25 mM Mg buffer was applied to freshly
both sideglow discharged Quantifoil Au 300 mesh R1.2/1.3 gridst 3.9 | of 0.5uM and/or
5uM of MEG3 D=3 in 0, 5, 10 and 17.5 mMg?* bufferswas applied to freshlpoth sideglow
discharged Quantifoil Au 300 mesh R1.2/1.3 grids. The glowade condition was 25 mA, 12s
discharge;10 shold time at 0.3 mbar with negative polarity (Pelco EasiGlow system). Grids
were vitiified usirg a vitrobot for 2 dlot time with -5 blot force keeping 9% humidity at 2€C.
Cryo grids were mounted on a liquid nitrogen cooled Gatan 626esithy holder and observed
under a T12 BioTwin microscope operated at 120 kV with low dose settings. ThedC2 a
Objective apertures were at position 3. The dose used was6~ePA2/sec. Images were
acquired at a nominal magnification of 49k x using Ceta CCD caewidng a pixel size of
2.06 A

2.11. Mammalian cell lines

HCT116 (ATCC® CCL247) cell lines wgmavn in McCoy's 5a medium modified (Life
Technologies) supplemented with fetal bovine serum to a final concentration &6.18epG2

(ATCC® HB8065) cell lines were grown in Eagle's Minimum Essential Medium (Life Technologies)
supplemented with fetal boviem serum to a final concentration of 10 %. WI 38 (ECACC
90020107) fibroblast cell lines were grown in Minimum Essential Medium Eagle (Sigma)

supplemented with fetal bovine serum to a final concentration oPA@nd 2mM {Glutamine.

2.12.In vivostructure probing
In vivostructure probing waperformedto assess the influence tiie cellular environment on
MEG3 structure. Human fibroblast cells WI38 were cultured as describede cells were

collected using aell scaper, pelletedby centrifugation for Gmin at RT and 2000 rpmvashed
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With PBS v e %0 %0 u v3 A]3Z 6ii ..o }( (E «Z PE}ASZinwivg X "~ u%oc
N,W % E} JVPU A E (HESZ E *u% %0 u vd A]3Z iii ..o }( iii uL
(10 or 25 mM final concentration, as indicated). Negative control samples were treated wi

DMSO only. Cells were then incubated for 5 minutes at 37 °C. Media was removed and the cells
were washed once with PBSfbee isolation of total RNA by thBRNeasy Mini kit (Qiagen),

according to manufacturer's instructions. DNA was additionally digesitd Turbo DNase |

(Thermo Scientific). Total RNA extract was then cleaned using the Zymogen RNA clean and
concentrator kit (Zymogen), according to manufacturer's instructions. The integrity of extracted

RNA was checked with RNA 6000 Nano chips (AgenBgilent 2100 Bioanalyzer. RNA was

E A Ee SE ve E] §} E A]3Z & v }u v}v u Ee ~E U pe]vP *"u%
in MaP buffer (125 mM Tris pH8, 187.5 mM KCI, 25 mM DTT, 1.25 mM dNTP, 15 niy MnClI

that introduces mutations at the sites whe 1M7 forms adducts with RNA. As a control a

parallel reaction was performed without reverse transcriptase. PCR products were cleaned with

PCR clean up kit QIAquick (Qiagen), according to manufacturer's instructions. Residual RNA was
digested with RNasA (Sigma). cDNA was amplified with 4 sets of prinsge appendix table

6) with Q5 hot start DNA Polymerase (NEB), according to manufacturer's instructions. PCR
reactions were cleagd with DNA clean & concentrat&it (Zymogen), according to
manufacturer's instructions. Concentration of all fragments was measured with Qubit3
fluorimeter (Invitrogen). Size and purity of DNA fragments was checked by high sensitivity DNA
chips (Agilent) on Agilent 2100 Bioanalyzer, according to manufacturer's instructions. All

(E Pu v3e 0}VvP]JVP 8} e u * u%o0 * A E u]l]&E 3§} iXT vPIl...oX >] (
amplified by Nextera XT DNA library prep kit (lllumina), according to manufacturer's
instructions. Libraries were cleaned with AMPure XP beads (Backman Coulterjjirmgdo
manufacturer's instructions. Library concentration was checked with Qubit3 fluorimeter
(Invitrogen) and size distribution by high sensitivity DNA chips (Agilent) on Agilent 2100
Bioanalyzer. Libraries were sent for sequencing to GereCEMBL Hdelberg). Data was

processed with ShapeMapper.pgcript (copyright 2017 Steven Busan). Calculated 1M7
reactivity was compared to average vitro 1M7 reactivity (from triplicates, obtained as

describedn paragraph 2.8§.by ddtaSHAPE.pfEmola et al., 2015!b
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2.13. MTT (44,5dimethylthiazad-2-yl)-2,5-diphenyltetrazoliumbromide) assay

MTT assay was perimed to assess the viability ofansfected cellfMosmann, 198B Cells
were transfected as described above and treated with 12 mM MTT (SAddnech) 12h after
transfection. Cells treated with MTT were incubated 4 h at 37 °C, 5 2&ar@iCsubsequently
u Juu A « E ul}A v 00 A E E *pe% v clbatetiforlo mbak v Jv
RT. Absorbance was read at 540 nm with microplate reader CLARIOstar (BMG Labtech).

2.14. Luciferase assay

Luciferase assay warformedto assess p5&ediated transatvation of a luciferase gene in
transfected cellsHCTF116 cells wre seeded at 83000 cells/well in a ealliture treated 12well

plate (Costar) and transfected after 24h with 115.96 fmol of pcDNA3 vector containing the
indicated MEG3 constructs, 50ng of pb3c (given by Yunli Zh@ahou et al., 200)j and 5 ng

of pRL Renilla Luciferase Control Reporter Vector (Promega) using Lipofectamine 2000 (Life
Technologies), according to manufacturer's instructions. Transfected cellsimareated for

48 h. Cells were lysed with 1x passive lysis buffer provided in thellDod¢rase® Reporter

~ >Zje e+ @m"(@romega). Production dfirefly luciferase was measured by adding
Luciferase Assay Reagent Il (Promega) and measuring lurmicesag&h a microplate reade
CLARIOstar (BMG Labtech). Tieaction was then quenched and production of Renilla
luciferase was measured by adding Stop & Glo® Reagent (Promega) to normalize the Firefly

readout values for transfection efficiency.

2.15. EdUncorporationand flow cytometry assay
EdU incorporationand flow cytometryassay was performed by lIsabel Chillon Gazquez

(postdoctoral fellow ithe Marcia group).

EdU incorporation assay was used to tdst ability of MEG3 to suppress cell proliferation
HCT116 cells were grown in& 00 %0 § ¢ v SE ve( 3 AJZEGAMEGS §r( % D
the equivalent number of molecules of pCM3EGFRmMpty or pCMSI2EGFIMEG34 ,ii
%0 su] « A1SZ A ..o >]%}( & u]v i-points imefe]takEn & 12, X8@idnd 48
hours after transfection and EdU incorporation was detected using the-iTlikus EdU Flow
C3}u SEC ++ C <]5 ~D}o po E WE} e+ (}00}A]JVvP u vu( SuE (
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modifications. Briefly, at each time point, cells wdebelledw]s$Z ii ...D h (}& i Z}ua
washed with PBS and trypsinized. The trypsinized cells were washed with PBS and incubated
with LIVE/DEAD Fixable Dead Cell Stain (Invitrogen) for 15 min to evaluate the viability of the
transfected cells. Cell were then fixed with% paraformaldehyde solution for 15 min and
permeabilized with Clickl saponirfbased permeabilization and wash reagent. After all time

points were collected, samples were subjected to the €Jick & 3]}v (}oo}A]JvP u vpu( 3up

instructions and resysended in ClickT® saponibased permeabilization and wash reagent

}Jv8 Jv]vP i ..o && C o j s]}o Borthelapoptosid pSsEy} R0OD,000 cells were
Jlvu 8 Al3zZ i1 ..o }( EJ]oo] v8 s]}o & &1i vv £]v s ~ ]}o P v

propidium iodide (Biolegend)XCompensation controls were prepared from samples stained
with one dye at a time. Flow cytometry was performed on a BD LSR Il Flow Cytometer (Becton
Dickinson) at the Institute of Advanced Biosciences (Grenoble) flow cytoroetey facility.

Data analysis was performed using the FCS Express 6 package (De Novo Software).

2.16. Sequence and structural alignments

Finalsequence and structural alignments were done by Marco Marcia.

Sequence and structural alignments weperformed to assess the potential evolutionary

conservation of obtained secondary structuf®equences corresponding to human domain 2

and 3 were identified in other mammals witlLBT(Kent, 2002 Pairwise alignment ilustal

Omegalli et al., 201pwas used to align 19 mammal sequences dequences from 10 orders

of mammals) to the sequence of human MEG3. Alignment was adjusted manually to match the

seconday structure of human MEG3.farnal (Nawrocki and Eddy, 20)1®@as used to build the

covariane model, calibrate it and align all the sequence@@R(Weinberg and Breaker, 20jL1

wasused to score the alignment files produced by Inferaxadl to produce a visual map of the

co-variation modé.

2.17. Quantitative reatime PCR (qRPCR)
Quantitative realtime PCR (qRFCR) wagerformed in collaboration with Isabel Chillon

Gazquez (postdoctoral fellowtime Marcia group).
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Quantitative reaitime PCR (QRFCR) was performed as a control expefimto assess
transfection efficacy and to determirtbe endogenous level of MEG3 expression in different
mammalian cell ines. E A « Pv E§ (E}u A ..P §}3 0 ZE C & A E-
using random hexamers (Thermo) and SuperScript Il reveassdriptase (Invitrogen). gRFACR

was performed on a Mx3005P gPCR system (Agilent) and data were analysed using the Pfaffl

method (Pfaffl, 200}. The prograntomprised o410 amplification cycles witannealingat 62 °C

for 30 s,elongation at 72 °@r 30 s and a final temperature ramp for the generatiomudlting
curve. A fragmentof 80 bp within domain 1 (exon 2) of MEG3 was amplified using primers
13F 112 D1Ex2 and 14R1191Ex2A fragment of 101 bp within domain 2 (exon 3) of MEG3
was amplified using primers 15F 230 D2Ex@l Meg3RT22A fragment of 91 bpwithin
domain 3 (exon Bof MEG3 was amplified using primers 01F_MEG3_Ex3 and 02R_ME@3_Ex3.
fragment of 79 bp within domain 4 (exon 5) of MEG3 was amplified using primers 08F_951 Ex5
and 05R_1029 DA fragment of 103 bp within domain 5 (exon 10) of MEG3 was amplified
using pimmers 09F 1077 _ExXhd 10R_1179 Ex10. For the primeqences see the appendix
table & Primers were designed with Clone Manager Professional Suite (Sci Ed Central) and
examined for possible secondary structures with OligoAnalizer 3.1 (Integrated DNA
Tednologies). Relative quantification was calculated using the Pfaffl me@.

Betaactin mRNA was used as reference to normalize for total cellular RNA. Neomycin mRNA

was used as a reference to normalize for transfection efficiency. Statistical analyses were

performed using the Prism 6 package (GraphPad Software).
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3. Results
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Résumé en Francais

En adaptant un protocole de purification non dénaturant établi pour d'autres ARNInc, jai pu
obtenir des rendements élevés en MEB3vitro (~ 3 pM dans 500 pl, soit 0,8 mg au toéal

partir de 1 ml de réaction de transption). Jai utilisé plusieurs tests biochimiques pour
confirmer que ma préparation de MEG3 était tres pure et homogéne. L'obtention de MEG3
homogene m'a permis de déterminer la carte expérimentale de structure seaendaideux

variants d'épissage de MB@ui ont des niveaux différents de transactivation de p53 (le variant

1 le plus abondangt le variant 9 induisant un degré plus élevé de transactivation de p53). J'ai
déterminé la structure secondaire par acylatior-i®droxyle sélectivein vitro, anal/sée par
extension d'amorce (SHAPE) en utilisant 3 réactifs (IM7, 1M6 et NMIA). Jai utilisé un
quatrieme réactif (DMS) pour valider la structure secondaire de v1, que je prends comme
isoforme de référence pour la description structurale. Mes données (al#e par sonde
chimique) suggeérent que MEG3 humain possede une structure secondaire robuste dans
0O <p 00 0 Uu}]s8] o[ ADS)Estjen définie~etistructuralement conservée entre
%oOope] HE® J*}(}EU » — %o]ee P U § dD&DP)EFt plus d¢xibtes @@riabléa T—
SE A E+ 0 ¢ J*}(}JEU * [ %] P X > u}]3D5) est égdlemehtplus]s i[ ~
réactivein vitro < pif vivoU <u] Jv J<pu <u[ 00 % }HEE ]S !SE Ju%o]<u
protéinesin viva Les domaing D2 et D3 (exon 3) sont la partie la plus conservée de MEG3 en
séquence et en structure et possedent un motif structwéHl1l - invariant chez les

mammiferes.

WuJe<p i[}] S%dE& pv  Z}u}P v ]S £ % S]}vv 00 %}uE D 'iTU «pu
obtenue agaravant pour aucun autre ZEov U i[ ] pe<d catadi€riger la structure
S &S] |&E D'iX W& h U i[] ul}vs® <«pu o ]8]}v u Pv ¢]uu
particules de MEG3 de@pes Vv %O0pe }u% SisualiSe ces|pédipuleen 3D par AFM.

Pour évaluer la corrélation entre les domaines structurels et le réle fonctionnel de MEG3 en
tant que suppresseur de tumeur, j'ai mené une seérie d'essais a la luciférase qui mesurent la
transactivation médiée par p53 par différentes constroies de MEG3. J'ai découvert que le

noyau activant p53 de MEG3 est formé de D2 et de D3 et implique plus particulierement les

deux motifs structurels H11 (D2) et HBR9 (D3). La structure du tronc de H11 hautement
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conservée et chaque nucléotidgans la lbucle terminale H11 invariante est essentigbur
I'activation de p53. H25129 (D3) contient 6 répétitions en tandem qui forment des besicl

uniesalongue distance avec la boucle terminia H11.

Pour vérifier si la structure de MEG3 était essentielleoa activité, je me suis efforcée de
déterminer siles mutants de la boucle terminale H11 (en particulier le mutant nommé H11LpA)
perturbaent o *SEPN SPE - }v |E Sl}tp s ES] JE D '"iX v (( 3
confirmé <p o upsS vsS ,ii>pas capable de compacter autant queEKA3 sauvage et

if[] }v(]Eu 00 } « EA .3Ehvcombarant8ld profii SHAPE du type sauvage
MEG3v1l et du mutant H11LpA, j'ai constaté que la plupart des nucléotides ont la méme
réactivité dans les deux ARN. tFaitéressant, la boucle terminale fonctionnelle H11 est
gravement affectée par toutes les positions non réactives dans le sauvage devenant trés
réactives dans le mutant poly. AJn changement de réactivités entre MEG3vl et H11LpA se

vérifie aussi dans H2929. Dans cette domaine structurdd région qui modifie le plus la

réactivititglo o p N, W 3§ o[ 'Aus@cwdesH2T (nt 85881).
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3.1. MEG3 production
To establish the best way for MEG3 production, | tried 4 different protocols and cothfiage
homogeneity of samples with SEC and-SEACLSfigure 3.

Figure8: MEGS3 production and purification (denaturing vs natenaturing protocol).

(A) SEC chromatogram. Absorbance at 260 nm is depicted as a function of eloitione. Red
line MEG3 sample produced mon-denaturing conditions, blue line MEG3 sample precipita
after transcription, denatured and refolded by slowcool protocol. Second peak on
chromatogram are probably leftover free nucleotides from transaoiptireaction. (B)SEE€
MALLS profile. 0.8 MEG3 on S500 column (red line light scattering, blue line UV absorpti
260 nm). From left to right: MEG3 sample produced by denaturing slowcool protocol, |
sample produced by denaturing snapcool protocol aWdEG3 sample produced by no
denaturing protocol. $ee paragraph 3.1 for details).
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After transcription, just before running the sample on S&&e (paragraph 2)2 kept some of
the native sample| denatured 2 samples by heatirtg 95°C for 4 min and oted the sample
down to rebld either quickly by incubatingn ice for 5 min (shapcool) or gentlgsting it at
room temperature for an hour (slowcooefjnally | precipitated a fourth samplen isopropanal
resuspendedt in filtration buffer, denaturedit by heating to 95°C for 4 min and gerdgijowed
it to cooldown back to room temperature. From the comparisortté SEC chromatograsof
native and precipitated/denatured sam@enve can seethat the native protocol results in
sharper peakrepresentinga more homogenous sampl@igure 8A) From the comparison of
the SEEMALLS profile®f denatured and native samplese could clearlysee that the two
denatured and subsequently refolded samples (snapcooled and slowcoakedfained
aggregates which interfed with light scatteringwhereasthe native sample had matching
peaks of UV absorption and light scatterifigure 8B) Based on those results | concluded that
the native sample production protocol isptimal because it givwethe most homogenous
samples Adapting a nordenaturing purification protocol gablished for other IncRNAsgduld
obtain high yields of MEG® vitro (~ 3 uM in 500 pl, total 0.8 mfyjom a 2 h transcription

reaction).

3.1.1. Homogeneity and purity of MEG3

| used sveral bichemial tests to confirm that myMEG3 preparation is very pure and
homogeneougdfigure 9. First,| preformednative agarose gel electrophoresis several check
points during purificabn. In those gelsl could observe two bands corresponding two
different structural confomations of RNA in samples without angivalent cations and a
presence of aingle migratbn bandwhen | addedMg?* to the sample(figure 9A) Second, SEC
performed directly after purification reveals a high intensigyrsnetric elution pe& (figure 9B)
Third, AUC further confirmed that MEG3 is very homogenous wat doncentrations of
magnesium. A small amounf aggregtes starts forming at 7.5 mM My likely becauség®*
promotes formation of intermolecular interactions. A single majpedes of MEG3 can be
clearly detected up to ~25 mM MgCIAt higher magnesium ogentrations aggregation is
dominant. Fourth, in line with electrophoretic, SEC and AUC results, DLS of MEG3 samples in a

buffer without magnesium reveals a singleak size wtribution by intensity, mass angblume
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(figure 9C) Analogously, SH@ALLS of MEGS3 in a buffer without magnesium furtb@nfirm

that in this condition MEG3 does not aggregate or degrade and that it fonmsomeric
particles(figure 9D) Small amountsfaaggregates induced by magnesium have so far precluded
accurate determination of MEG3 monodispersity and oligomeric state by DLS aiMiARES in

the preserce of divalent iongsee paragraph 3.3.2.)

Figure9: MEGS3 purity and homogeneity.

(A) Native agarose geff MEG3 splicing variants 1, 3 and 9 afiervitro transcription with
increasing concentration of magnesium from left to rigfB) SEC chromatograofi MEG3v1l
after in vitrotranscription Absorbance at 260 nm is depictad a function of elution volume. (¢
DLS spectrumf MEG3v1 aftemn vitro transcription Volume distribution of particle sizes in C
.M MEGS3 sample. (D) SMALLS profilef MEG3v1 aftem vitro transcription 0.5.M MEG¥1

on S500 column (red line light scattering, blueeliUV absorption at 260 nm, gredime

differential refractive index, purpldine calculated molecular weight, dasth line expectec
molecular weight of MEGA).
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3.2. MEG3 secondary structure

Obtaining homogeneous MEG3 allowed me to determine the experimental MEG3 secondary
structure map by chemical probing (SHAREPpendix figures 1, 2 and).3 determined the
structure of MEG3v1 and va@sing 3 reagents (1M7, 1M6 and NMIAdditionally | used a
fourth reagent (DMS) to validate the obtained map MEG3v1 Finally, Eleni Anastasakou
(predoctoral fellow irthe Marcia groupmapped the secondary stcture of MEGS3S.

3.2.1.1In vitro secondary structure probing of MEG3 variant 1

My secondary structure map reveals that MEG& organized in 5 highistructured domains
(figure 10. Domainl (nt 2196) is arranged in five-way junction; domain 2 (nt 23910) is
arrangedin 2 threeway junctions; domain 3 (nt 47902) is arrangedh 5 threeway junctions
and 1five-way junction; domain 4 (nt 951113) is arranged in 2 thregay junctions; domain 5
(nt 11161486) is arrangd in 2 threeway junctions, Tive-way juncton andl sixway junction

In total MEG3 forms 16 muHivay junctions and possesses idices(appendix table 2)

Further, comparing Shannon entropplues smoothened overa 55-nt sliding window with
SHAPE reactivitiesidentified 5 structural motifs with lowSHAPE reactivity and low Shannon
entropy meaningthat they are structured and wetlefined (figure 11) Motif 1 (nt 1410)
covers domains 1 and(EL-2-3). Motif 2 (nt 58-692) is part of domain 3 8t and is arranged in
a threeway junction with 3 helice Motif 3 (nt 755885) 5 also a part of domain 33Eand is
arranged in 2 threavay junctions with 4 helices. Motif 4 (nt 98%09) coves almost whole

domain 4 (B-10). Motif 5 (nt 11271475) coves almost whole domain 5 {B-11-12).

Interestingly, tle boundaries of the structural domains of MEG3 correspond to the splicing
boundaries of the MEG3 exoffggure 10. Domain 1 is formed by exons 1 and 2, domains 2 and
3 are formed by exon 3, domain 4 is formed by exon 5 and part of #82@nd domain 5 is
formed by exons 11-12. Since exons-2-3 and exons 141-12 are common tonost MEG3
splicing variants, thieesult suggest that domains-2-3 and domain Snay be common to many
MEG3 splicing variants, whereas domain 4 may be variable and thus respdosifiinctional
differences betwea variants. Tdest this hypothesisl determined the experimental secondary

structureof MEG39 by chemical probing using the same three SHAPE reagents, as for v1.
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FigurelO: Experimental scordary structure map of MEG3vdbtained by chemical probing (SHAPRE
MEG®¥1 secondary structure map divided in 5 domait@ored yellow, pink, green, cyan and re
respectively. Helixes are marked with H and respective number and junctions with J and xes
number.Junctiors between exons are indicated with grey arrows.

61



Figure 11: Experimental secondary structure maps of MEG3v1l with indicated structu
motifs.

On the left (1st line) Profile of SHAPE reactivity. Positive emlindicate flexible regions
negative values indicate rigid regions. (2nd line) Profile of Shannon entropies (S). The i
marks the median entropy of all nucleotides. Regions with S < median are structuraHy
defined. (3rd line) Arc representaticof basepairing probabilities (green arc 800%, blue 30
80 %, yellow 1680 %, grey €0 %). (4th line) Arc representation of the minimum free ene
structure. Weldefined structure motifs with low SHAPE reactivity and low Shannon ent
are markedwith grey shadingOn the right secondary sticture map of MEG3viGrey line
indicates regions of low Shannon entropy low SHAPEtivés of respective variants
Nucleotides are colored to represent the domains of MEG3v1.

3.2.2.1n vitro secondary stucture probing of MEG3 variant 9

The secondary structure map of MEGS3 vari@ng organized in four domain$igures 12 and
13). Domain 1 (nt 2196) is arranged in 1 fiveway junction; domain 2 (nt 23464) is arranged in
1 threeway junction and 1 fivevay junction; domain 3 (nt 46804) is arranged in 5 thre@ay
junctions and 1 fivevay junction domain4 (nt 9051431)is arranged in 1severway junction
and 2three-way junctions.In total MEG3vorms 12 multi-way junctions and possessd®

helices(figure 13)
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| compared average 1M7 reactivity (from triplicates) of variantsith variant 9by calalating

the Spearman's correlation coefficient for all nucleotides that existvim variants(figure 14).

The resulting Spearman’s correlation coefficibetween variant 1 and @f 0.7847is in line
with correlation between two different replicas (0.6778.8662) indicating siitar reactivity
profile between different splicing vaants with same exons. Comparison thie secondary
structure maps of differensplicing variarg reveals thatalmost all structural motifswithin
domains 1, 2 and are the samein MEG3v90n the contrary, secondary structures of the
domairs 4 and 5 are significantly differenin MEG3v9, D4 and D5 are merged together
departing from a common sevemay junction, and D4 is reduced to a single helix, while D5

forms 2 threeway junctons and 7 helices.

Figure 12 Experimental secondary structure maps of MEG3v9 with indicated structu
motifs.

On the left: (1st line) Profile of SHAPE reactivity. Positive values indicate flexible re
negative values indicate rajiregions. (2nd line) Profile of Shannon entropies (S). The rec
marks the median entropy of all nucleotides. Regions with S < median are structuraHy
defined. (3rd line) Arc representation of bagairing probabilities (green arc 800%, blue 8-
80 %, yellow 1680 %, grey €10 %). (4th line) Arc representation of the minimum free ene
structure. WeHdefined structure motifs with low SHAPE reactivity and low Shannon ent
are marked with grey shading. On the right: secondary structure madE&39. Grey line
indicates regions of low Shannon entropy low SHAPE reactivity of respective va
Nucleotides are colored to represent the domains of MEG3v1.
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Figure13: Experimental secondary structure map of MEG3v9 obtained by chemical prol
(SHAPE).

MEG3v9 secondary structure map. Nucleotides are colored to represent the domai
MEG3v1l (yellow, pink, greenyan and red respectively). Helixes are marked with H
respective number and junctions with J and respective number.
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Regardinghe motifs with low Shannon entropy/low shape reactivity, first 3 motifs that are part
of D13 in MEG3vare also presenin v9, whereas regions that correspond to motif 4 and 5
which are part of D% in MEG3vlare much smaller in9. Motif 1 (nt 93203) is part of domain

1 (E12) and matches the first part of motif 1 in v1. Motif 2 (nt 2881) is part of domain 2 (E3)
and matches the second part of motif 1 in v1. Motif 3 (nt 48®) ©versdomain 3 (E3) and
matchesmotifs 2 and 3n v1 Motif 4 (nt 10521107 is one helix in last domaifEL0-11), and
matches a small part of motif 5 in v1. Motif 5 (nt 13F399 correspondgo one helix in last

Ju Jv ~ ife v ]85 } ev[8§ }JEE *%}v 35} VvC ul}d]( % E  v3 Jv AiX

Figure 14: Comparing experimental MEG3vl and v9 secondary structures obtained by cher
probing (SHAPE).

(A) 1M7 reactivity smoothened owveb5 nucleotide window medianX-axes nucleotide number
corresponding to v9.Domains correspond to v1Blue line MEG3vl, green line MEG3v9.
Correlation graphs of 2 variants with indicated Spearman's correlation coefficient. (C
representationof MEG3v1l and/9 (green arcs = base pair present in both variants, red arcs =
pairs presenpnly in MEG3v/1purple arcs = base pairs presemly in MEG3vP Domains correspon(
to v1.Missing nt in v9 represented as ndyasepaired.
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3.2.3.1In vitro se@mndary structure probing of MEG3 variant 3

Determining the structure of variant 3 is the subject of the thesis of my colledfapi
Anastasakou, so a complete description of v3 will not be reported here. However, certain
structural features of v3 were weful to derivestructural implications for vl and v9 and to
design experiments that are reped in the following sectionsSuch structural features of v3

are:

X

0} o0& EE& VP u-eritsduetEAZ[u]e e ftermira] 25 nt

X local rearrangementst the base of D3, due to insertion of a tvetemloop structure
formed by E5

x overall D2 and part dD3 is very similar to v1 and 9

x D45 aresignificantly different between splice variargdthough thereare some small

motifs formed by common exons E1@ that are structurally preserved (H44, H47, and

H52).

Overall, the regions that differ the most between splice variants correspond to-dlaerain
likers (H6, H12, H13, H14, H30, and HBt)m comparing the 3 secondary structure maps
v1, v3 and v9 canconclude that insertion or deletions of exon in middle varying region induces

structural changes ithe 71 fhalf of MEG3.

3.2.2. Sequence and structural alignments

The Rfam database (RF0187dgntifies a motif ofMEG3 in 40 mammalian species ab8
sequences. This motifof MEG3 is part oexon 3 andcorresponds to part of D3 (more
specifically H24H23) in MEG3v1. | wanted to expand the search to the whole MEG3 domain by
domain. | started the search with the structurally most preservedDEE3). Using th8LAT
search on genomic DNA sequen@t | could identify sequencecorresponding to

D2-3 in 46 mammals, e@ring all mammalian orders, exceptonotremata [orders defined

according to(Tarver et al., 201’@ Although, | could identify the presence of the sequence in

DNA of 46 mammals | could find the annotated transcr(d€BI) obnly 6 species (human,

cow, mouse, orangutan, rat, and pidih comparison to other domaing could identify the

66



presence of DB in most mammalian species indicating that-B% not onlythe structurally
most preserved but its alsothe evolutionarily most conserved region of MEG3. More
specifically, | found the presence of D1 sequence in 33 speciésould not identify D1 in
Prosimians, Eulipotyphla, Xenarthra, AfrotheaadMarsupialia | found the presence of &l
(E1012) sequence in 19 speciésould not identify D% in Xenarthraand Marsupialia Overall,

| could not detect any sequence similarity to MEG3 beyond mammals.

Since DD3 (E3) has the most preserved secanydsatructure between 3 diérent splicing
variants and ighe most conserved region of BAG3 as welll decided to perforncovariation
analysis on these two domain€ovariation analysis allows to assess potergiablutionary
conservation ofRNAsecondarystructures. | selected 19 sequences homologots D23 by
choosing 23 sequences (species) from each mammalian order. | aligned those sequences using
Clustal Omegmﬁand subsequently used that alignmetoigether with secondary

structure of MEG3v1 aligned to human sequerasa seed in Inferna[Nawrocki and Eddy

2013. Final alignment file produced by Infernabntained MEG3 D2 sequ&ces from 41

mammalian species5 species were not aligned becauseo divergent. To visualize this

alignment | usedR2R{Weinberg and Breaker, 20.1R2R revealea highdegree of poéntial

evolutionary conservation of the structure.oTassess thestatistical significance of such

potential structural conservation, run RScapdRiwas et al., 201jITavares et al., 203®n the

alignment produced by InfernalBy doing so | found base pairs with statistically significant

covariation and this was reproducible using different vandhg and sliding optiongravares et

al., 2018. The statisticayl significant covariant base pairs are part of H8, H9, H10, and H11 (in

D2), and in H17, H19, H21, H22, and H28 (in\&&hin this region, H11 is the most conserved
structural element with part of its stem and entire loop being identical in all aliggequences

(in all 41 mammalian species) and 7 base pairs being significantly coéigare 15.
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Figurel5: Sequence covariation in MEG3 domaia and 3.

R2R plot of 41 BP3 (E3) sequences aligned in Infernal [colour legertide upper right cornel
(Weinberg and Breaker, 20f|1 Arrows indicate significantly covariant basairs (RScape
values < 0.05). domain, Eexon, Hhelix, Jjunction.
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3.2.3.In vivochemical probing
Having mapped theseondary structureof MEG3v1l and vén vitro, | wanted to assess the

effect of cellular emironment on the structure so performed in vivochemical probing with

1M7 {Smola et al., 2013pNVatters et al., 201p | used a W38 fibroblast cell line that expresses
MEG3 endogenously8% MEGS3 variant, 26 % variant 93 % variant 152 % variant 10 and 1

% variant §Zhang et al., 201Qal chose this cell line since it expresses MEG3 endogenatusly

significantly highevels(~ 50 fold lesshtan actin mMRNA, corresponding to ~4(@ies per cell for
MEG3v1, as Isabel Chilloanfirmed by gR'PCRappendix figure ¥ Amplifying the cDNAvith
primers thatanneal to MEG3 sequeacand sending the PCR product &equencing | could
identify viand vQJ AZ] Z }po v[$ % E & Av C Euvv]vP 8Z W Z %
and extracting the DNA from the desired bamrawback of this cell line is that it expresses
multiple splicing variantsand | could not unambiguously separate the readtfragmens
produced by MEG3virom those produced by MEG3v9. To overcome thisblem, | also
performedin vivolM7 probing on HCT116 cells (endogenos expression of MEGappendix
figure 4 transfected with MEG3vJAllexperimens weredone in biological triptates and 1M7
reactivity was compared tan vitro 1IM7 reactivity valuesidentifying regions with modified
reactivity valuesbetween these two conditions(figures 16 and 17. Regions more reactivie

vitro indicate potential protein binding siteand the egions more reactiven vivo indicate

conformational changdSmola et al., 2019aln all biological replicasf both endogenous and

transfected MEG3 overall thea vivoand in vitro 1M7 reactivity profiles were similar fdp1-3

but in vivo1M7 reactivity was significantly lower D45 suggestings Z § §Zerniipal half of

MEGS3 is structurally more flexible and prone t¢v (}Eu S]}v o Z vP e-t8hinel SZ 1|
half. More precisely, whol®45 and the small motifs within B (H20-22, H28H29) are less

reactive in vivo being potential protein binding sitesWhereasH2, H10, H23, and H25%26

within D1-3 are more reactivan vivo being potential places of conformanal changeupon

protein binding in the cellFromin vitro andin vivosecondary structure studiesf MEG3 | can

conclude thatMEG3 possesses an overall robust secondary structure, wiB iBpresenting

the structural coreand comprisingpart of the wel- (]v V ¢SEN SUE o00C }ve E/
terminal half, andwith D45 ($Z -tefminal hal) beingmore flexible, variable across splice

isoforms and possibly involved in protein bindingziva
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Figurel6: In vivoprobing of endgenous MEG3 in WI38 cells.

From top to bottom:1M7 reactivity smoothened over 55 nucleotide window medatntwo in

vivoreplicas(in dark and light red) anoh vitro (in blue)vV 47, W %02} repticaggenerated
by deItaSHAPFSmoIa et al., 201E)aregions protected in cellgutative protein binding sites, ir
green and regions more reactiva cells, putative sites of conformationathange,in purple);

anndationof $Z 47, W %n@p(] vitrosecondary structure map of v1.
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Figurel7: In vivoprobing of MEG3v1 transfected in HCT116 cells.

From top to bottom: 1M7 reactivity smoothened over 55 nucleotide window median ofibwavo
replicas (in dark and light orangandin vitro ~Jv. ol *V 42, W % E&}(]Jo « }( 1 @
deltaSHAPESmola et al., 2019aregions protected in ch, putative protein binding sites, in gree
and regions more reactive in cells, putative sites of conformational change, in purple); annota
§Z 47N, W %o (E}(uitrojsecémtiary structure map of v1.
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3.3. MEG3 tertiary structure

The secondar structure map of MEG3 indicates that MEG3 is a highly structured RNA. First, it
possesses many structured motifs (appendix table 2) comparable to other INcRNA (appendix
table 3). Second,he structure also allows localization of motifs potentially inedivin long

E vP 8§ ES] EC JvS E S]}veX &}E&E ]JveS v U ]Jv }JUuGBAAI[~uyS]( A }
1185ii66 ]+ A oo Z E 3§ E]I 'EZ u}8]( 8Z 8 pepg 00C Se o A

folding (Jaeger et al., 1994Third, | can obtainvery high homogeneity (figur8). Based on

these considerations,det out to characterize the MEGS tertiary structure.

3.3.1. Compactiorof MEG3 by AUC

RNA foldingin vitro can be induced by addition afivalent or monovalent cationgDraper,

2004|2013 |Pyle, 200p | have established that addition of magnesium induces formation of

increasingly compadcparticles of MEG3 that posse$arger sedimentation coefficients and
correspordingly smaller hydrodynamic radii fjRfrom 12 nm to 9 nm. MEG3 folds upon
addition of magnesium, as indicated by the increase in sedimentation coefficient and by the
hypochromicity effect (folded particles display reduced UV absorption becadisbase
stacking) in the AUC analysis.fit of the magnesiurdependent changes in thenRf MEG3

using the Hill equation determined that the magnesium concentration for which 50 % MEG3 is
folded is g2 = 6.9£0.35 mM and the Hill coefficient of tfiing equatian is nyin = 3.9+£0.6

(figure 18 A, B) However, in the presence of magnesium MEG3 forms some aggregates which
makes it unsuitable for analysing with scattering methods such as MALLS and SAXS.

Alternatively to M@* ions, RNA compaction can also be indubgdnonphysiological Kions

concentration(Woodson, 200p | determined that ptassium compacts MEG3 fromR11.51

(in presence of 200 mM KCI) ta 10.13 nm (in presence of 900 mM KCI) reaching a form
which is less compact than with magnesigfigure 18: C, D) Moreover, MEG3 aggregates in
the presence of high potassium concentrations which make potassium also unsuitable for

studying compact form of MEG3 with scattering methods.
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Figurel8: MEG3 folding by AUC.

(A) Hill plot ofthe hydrodynamic radii of ME®23 with different concentrations of magnesiut
derived from the SMUC experiment. (B) SMUC profiles of ME®3 with different
concentrations of magnesium. (C) Hill plot of the hydrodynamic radii of ME@igh different
conentrations of potassium derived from the SWJC experiment. (D) SMJC profiles o
MEG®¥1 with different concentrations of potassium.

3.3.2. Optimization of foldingconditionsby MALLS

Since at high concentration of cations | could see thi&EG3 aggrgates, | tried to find a
condition at which MEG3 would not aggregate and thus be suitable to study with light
scattering methods. At lower concentration of Mg@b mM) | could not observe the
aggregationby AUC but it was evident with SBALLS. To overome this problem | tried
preparing MEG3 RNA sample in sevealiffierent ways before injecting it on SEBALLS. |
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always praluced the RNA as described (sesragraph 2.2) stopping just before injecting the

sample orthe size exclusion columifrrom this poin| tried:

x adding directly to sample desired concentration of MgLIKC|incubatingl5 min on
37°C,filtering the sample with Q. um filter and injecting the sample on SEMBLLS
(figure 1B)

x rebuffering the sample in buffer with desired concentrationMdCh or KCI with Amicon
tubes with MWCO 100kDdiltering the sample with Q. um filter and ingcting the
sample on SEMALLSfigure 190

X rebuffering the sample in buffer with desired concentration of M@EKCI by overnight
dialyss, filtering the senple with 01 um filter and ingcting the sample on SEMALLS

X rebuffering the sample in buffer with desired concentration of MgZIKCl with PD
G25o0r PD1Qcolumns, filtering the sample with @.um filter and ifecting the sample on
SEEMALLSfigure 19)

x performing transcription itself with desired concentration of MgCand keeping the
concentration of MgGI constant by skigping the EDTA step (chelation dfvalent

cations).

Regarding salt concentratisr screened the following condition&: mM MgQz, 10 mM Mg,
17.5mM MgC}, 5mM MgCt + 5mM Spermidine, 15nM KCI, 256nM KCI, 500nM KCI, 150

mM KCIl and M KCII also tried changing the concentration of MEG3 in injected sample5(0.1
uM), and using different size exclusion column®&@8 and S.000).Unfortunately, all attempts

lead to formation of aggregates that prevented the study of the compact form of MEG3 by light
or xray scattering methods. | could only obtain suitable - #CLS profiles from samples of
MEG3 at 0.5 pM, using a53B0 coumn, and in the following buffer: KCI 0.1 MMOPS pH 6.5 8
mM, NaEDTA 0.1 mM. These samplegich do not contain divalent ions and only low

concentration of monovalent iongorrespond to partiayl folded MEG3 samples (figure)9
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Figurel9: Optimization of folding conditions by MALLS

SEEMALLS profileof MEG3v1 aftem vitro transcription. 0.5.M MEG3v1 on S500 column (r¢
line light scattering, blue line UV absorption at 260 nm, green line differential refractive ir
(A) Samplerebufferedin buffer with5 mM MgCt with PBG25column. (B0 mM MgGl added
directly to sample. (C) Sampiebuffered in buffer with 500 mM KCI with Amicon tubes w
MWCO 100kDa&All samples were filtered with 0.1 pm filter before injectihgn SEEGMALLS.

3.3.3. Tertiary structure by SAXS

SinceSEEMALLS results support that MEG3 can be studied by light scegter the absence of
magnesium | performed SAXS studies on such partially folded form of MEBB8h experiment
would provide the dimensions ofMEG3 patrticles in solution and would lvery valuable
reference to interpret the behaviour of MEG3 in single particle imaging by AFM or EM (see
paragraphs 3.3.4. and 3.3.55rom the linear range of Guinier plot | determined that MEG3 has
a radius of gyration grof 17.78 nm and from pair distances distribution function a maximal

diameter (Dhay of 70 nm(figure 2Q. Comparing the radius of gyration from SAXS studies with
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the hydrodynamic radius we obtained with AUC and DLS in the sandéioos (R DLS without
magnesium = 14 nm + 7 nm, AUC 0.05 mM*Mgl2 nm) | can conclude that MEG3 in this
conditions is not globular but oblates expected since | was analysing partially folded and not
fully folded MEG3 particléRy/Rn = 1.271.48). A$o, the Kratky and the P(r) plots suggest that
MEG3 has structured domains connected by flexible linkers, which is expected in these

experimentalconditions and on the basis of the MEG3 secondary structure maps.

Figure20: MEG3olding intermediate visualized in 3D with SESAXS.

(A) UV absorption elution profile from SE®AXS (B) Guinier plot with calculated radius
gyration (R C i6 X006 vue ~ ¢« <& SIC %0}S ~ « W |JE ]S vV ]
Dnax C 61 vu
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3.3.4. Tertiary structure by AFM

After confirming that MEG3 is compacting in solutiorwianted to visuake it with a single
molecule technique AFM has been used for imaging structured RNA mole@
2004[Hansma et al., 19?nyubchenko et al., 20]{Schon, 201 By AFM in collaboration with

JeanLuc Pellequer and JedMarie Teulon (IBS, France)nanaged to visualize MEGS in three

different conditions (denatured, partially folded and compact).

&]E-SU /[ v 3§} 1% 3Jull 3B |TFEYBE| WS ZFe 0} %oSJull 31}V / pe %o
(}Jo e+ u%o0 U (}JE& AZ] Z / Z } § ]v 1} %rDG o4 & B G u~3 E+ ~Z
% E PE % Z PXIXIKPKSZ pCE( }%3Jull 8]1}vU / SE] 38} %o}e]S
ul U u] u} K182 WeQu Z vIl} 3§ ¢XW uli u} 1(] Al$Z E] o

>Cu Z vi} § |a><>(U Uhoio ¢ }v puvu} J(] u] Z@{PpE Tie§

Figure21: AFM optimization of surface.

AFM images of sample on (A) pure mica surface, (B) mica modified with APTES, (
modified with N?*. Green box indicates chosen/optimal condition for AFM imaging.
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Figure22: AFM optimization of imaging conditions.

AFM images of sample on mica (A) visualized in liquid, (B) slowly dried overnight, (C) inct
for 1 min beforedrying quickly with nitrogen gas, (D) incubated for 3 min before drying quic
with nitrogen gas. Green box indicates chosen/optimal condition for AFM imaging.

&J]v ooCU [/ v 8§} }%oSJu]l * U%O0 % E % E 3]}v }( Ju% 3 ¢ u%ocC
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§Z (}&u S]}v }( E&CeS 0 }v SZ uCE( }( $Z wul}vI/SEEU] S} v
uE( v §Z v D 'iX dZ]e [$0% E}eegudVev }puo v}3 Alep o]l
e]vPOo % &EJPp&EXITE A£S / SE&E] §} Z A u Pv}spuldl® S]¢ME]v §Z
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Figure23: AFM optimization of compact sample imaging.

AFM images of sample on mica (A)?dtached to mica surface, (B) Kgn buffer with sample
subsequently washed with 50 pl of miliQ water, (C)*Mg buffer with sample subsequentl
washed with 2 ml of miliQ water in 200 pl steps. All three samples incubated for 3 min
drying quickly with nitrogen gas. Green box indicates chosen/optimal condition for

imaging.
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Figure24: AFM optimization of denatured sample imaging.

AFM images of sample on mica (A) sample mixed 1:1 with 14M Urea, (B) samples heatt
min at 95 °C, (C) sample precipitated in isopropanol, resuspended in formamididzed with
ethanol. Green box indicates chosen/optimal condition for AFM imaging.
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| could clearly see that the denatured MEG3 molecule is unstructured because it forms

elongated filamentsNext limaged MEG3 in folding buffer thatt ev[S }vS JmagweSium.

In these conditionsl could see that MEG3 is folding as the particles become higie shorter.

Interestingly, Inoticed recurrent partle shapes in this conditioffigure 23. I noticed several

higher domains connected with linkers suggegtihat MEG3 adopts a secondary structure with

a multrdomain organizatio which is in agreement with myecondary structure map.

Previously performed in solution SIBBXS studies on such partially folded form of MEG3
IWW(JEuU 8Z § §Z]« ]ev][Durpndhs iica sdrfacHfigure 20. On AFM images the

presence of magnesium I}v[S e § Z -damars prganization anymore but rather all

domains grouped together in more globular particles that are shorter and higher than in

previous conditions.

Figure25: MEG3 folding intermediate recurrent particles visualized by AFM.
MEG3 in the absence of divalent ions. Recurrent particles with globular domains cont
with linkers.
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Figure26: Gallery ofparticles visualized by AFM.

(A) Top row MEG3 particles in 3 different forms from left to right: denatured, fol
intermediate and compact. Middle row RNA homopolymer poly A in same conditions. B
raw group Il intron in same conditions. (B) Poweedpal density analysis of MEG3 partic!
visualized by AFM. Grey line denatured particles. Light blue line folding intermediate pal
Dark blue line compact particles. Intercepts between linear fits to auto affine regions i
spectra (dashed linggandicate characteristic spatial frequencies. Error bars indicate stan
error mean among the 100 particles analyzed for each condition (out oflh@O0particles
imaged in total for each condition).
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To statistically represent my data | picked morarhl00 particles of MEG3 for each state
(denatured, folding intermediate and compact) and in collaboration with Paolo Annibale (MDC,
Berlin) did a power spé&@l density analysis (figure B From that analysis we can see that for
denatured form of MEG3Z o]v } ev[S % | S VvC <% ](] ]*S v Jv ] ¢
particles are random length, for folding intermediate we can distinguish two peaks one at 30

nm corresponding to a size of single folded domain and a second one at 85 nm corresponding

to a full length molecule, and finally for a compact form we see a single peak at 60 nm

corresponding to a size of single fully compacted molecule on top of AFM surface.

To further confirm that the effect of MEG3 is specific and not an unspecific folding baha¥io

RNA molecules induced by mica, aanegative controlused poly (A) RNA homoploymer which

has been previously characteed by AFMHansma et al., 19961 imaged poly(A) in same 3

conditions as did MEG3 and in those entire conditions poly (A) remains ruogired as

expected (appendix figure 6)As a positive control used Oceanobacillus iheyensggoup I

intron, for which crystal structures arevailable{(Marcia and Pyle, 2032nd Ihave access to it

in the Marcia lab. As expecte@ceanobacillus iheyensgsoup Il intron formedone structured
domain (appendix figure 7)which was approximately 4 times smaller than MEG3 which is in
line with the size of the two (MEGS3 is 1595 nt lo@geanobacillus iheyensisoup Il irtiron is

394 nt long)

3.3.5. $ructural studieswith EM

Beng successful in imaging single molecule MEG3 with AFM encouraged me to try doing the
same but with higher resolution with electron microscope.cbllaboration withManikandan
Karuppasamyresearch scientist ithe Marcia group)l tried imagingparticles of MEG3full

length and just the structured cor®g-3) in buffer with and without magnesium with negative
stain electron microscopy and cryo electron microscopy. ME@articles in buffer without
magnesiunobserved by negative stain electron microscoysre flexible as expected, we could
observe single particles but they adopted a heterogeneous fd@t 48 nm)which is in line

with what | observe on AFM images iretsame conditionTo obtain more homogenous sample
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we tried imagedMEG3visamplesin buffer with varying concentrations of magnesium {29
mM Mg by negative stain electron microscopy but weuld still observe heterogenous
particles of different sizeffigure 27. In addition, a lot of small to big size aggregates were seen

for all conditons.

Figure27:. MEG3v1 visualized by negative stain electron microscopy.

(A-B) Negative stain images 005 pMMEG3v1 in the presence of 17.5 mM #gnd 0.06 pM
MEG3v125 mM Mdg*, respectively (C) 2D classes from automatiécking of particles or
negative stain images of MEG3v1 with 25 mMMg

Subsequently, we tried imaging MEG3v1l samples in buffer with varying concentrations of
magnesium (125 mM Mg*s C @EC} o SE}v u] E}e }%CX /v §Z]s }v ]8§
observe ag singleparticles,only aggregates that prefentially form on carbon supporand

WS (00 Jv $Z Z}dfiguie2&z P E]
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Figure28: MEG3v1 visualized by cryo electron microscopy.
CryeEM images of MEG3v1 with 25 mM #M@) 0.67 uM sample witlzoom in to an empty
hole; (B)0.3 uM sample wittlzoom in to carbon support with aggregates.

Structured core of MEG3Dg-3) behaved similar as MEG3vly Begative stain electron
microscopy we observed heterogeneous particles agfjregates(figure 29 and by cryo
electron microscopy we observed heterogeneous shpgldicles only for samples in buffer
containing no magnesium and with magnesium we observed different sizes of aggregates
(figure 30. To be able to see single foldgarticles of MEG3 with electron microscopyould
therefore requirefurther optimization of sample and condition$his result is not unexpected
becausecurrently there is noEM structure of a INCRNA, nor of any other purifiadge RNA

without proteinsto stabilise it on the grid.
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Figure29: MEG3 D23 visualized by negative stain electron microscopy.

Negdive stain images dd.3 u(MMEG3 D23 (A) without magnesium and (B) in the presence
25 mM Mg*. (C) 2D classes from autonatpicking of particles on negative stain images
MEG3 DB without magnesium.
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Figure30: MEG3 D2 visualized by cryo electron microscopy.
CryoEM images of MEG ER(A)4 uM sample in buffewithout Mg?*; (B)3 puM sample in
buffer with 17.5 mM Mg".

Table3: The hydrodynamic parametersf MEG3vifrom different experiments.

parameter technique MEG3v1 state value
Ry SEESAXS intermediate (Konly) 17.78 nm
R DLS intermediate (Konly) 14 nm + 7hm
R AUC intermediate (Konly) 12 nm £ 0.1 nm
Ry/ Rn SEESAXS/ DLS, AU{ intermediate (Konly) 1.27-1.48
Dimax SEESAXS intermediate (Konly) 71 nm
Dav AFM intermediate (Konly) ~ 85 nm
R AUC compact (10 MM Mg") | 10 nm + 0.1 nm
Dav AFM compact (10 MM Mg | ~ 65 nm
R AUC compact (50 MM Mg@*) | 8.8 nm + 0.3 nm
Gug1/2 AUC Mg?* titration (0-50 mM) | 6.9 + 0.35 mM
NHill AUC Mg?* titration (0-50 mM) | 3.9 + 0.6
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3.4. Optimisation of functional assays

In collaboration with Isabel Chillojpostdoctoral fellow inthe Marcia group | found by gRT
PCRwo tumor cell lines ( diio v ,-'%ethat express MEG3 in very low leappendix
figure 4, at the limit of detectionbut still have preserved p53 pathway which makesnthe
suitable for my studis. | couldransfect those cell lines with any desired mutant and look at

the effects that they cause without significant interference of endogenously expressed MEG3.

First | tried to useMTT colorimetric assay for assessing cell metabolic acbwitythis kind of

<u]l | A% EJu v3 A ev[E e+ ve]S]A v}puPZ 8}« 3Z (v J(( E v -
would causeand results were too variable for the same condit{@igure 3J. | tried optimizing

it by changing number of cells per well, amount ofADtdansfected, time of incubation after

transfection and excluding washing steps but none of these conditions gave better results.

Figure31: MTT assay.
Average absorbance at 540 nm from 8 samples for each condition. Frontolefght:
SE ve( 8§ D 'iU S&E ve( 3§ U%SC A S}E v oo $Z § A

As anext step | decided to try functional assays that have been previously used to study MEGS3.

| referred to the functionatest reported by Klibanski grm{ﬁhang et al.,, 201Qan which the

authors measure theability of MEG3 to suppress cell proliferation walBrdU incorporation

assay. modified suchtest to make it quiker andless prone to subjective interpretatiortsy
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using flow cytometer instead of confocal microscdfigw cytometry has bee used before to

study MEG3 as weFLu et al., 2013]. Additionally,I decided to use a kit that contaiisdU (5

ethynyt 1 fdeoxyuridine)as an alternative t@rdU (5bromo- T fdeoxyuridine)which, because of
]3¢ su 00 ]I v u} ](] usz} }( S S]}v, ddgshodieduie sZmplee S E C

fixation or DNA denaturatiorfSalic and Mitchison, 20P8F|0W cytometry assays have been

performed by Isabel Chillon, so the results are not reportedietails here. However the
experimental protocol is described in the materials and methods section (paragraph 2.15.) for
completeness and general conclusions from such experiments are mentioned in the following
description of the MEG3 function, whereverlaeant to support my conclusions. Most
importantly, by flow cytometry we detected that MEG3v1 induce#l cycle arrest in G1 phase
anddoes not induce of apoptasin HCT16 cellgfigure 32.

Figure32: Cell cycle arrest and aptosis by flow cytometry.

Cell cycle and apoptosis analysis of MEG3v1 in HGWBRB (E.A., early apoptotic; L.A., la
apoptotic). Only GFRcells depicted Data were normalized to the signal of correspond
empty vectors. Error bars in all panelsizate standard error of the mean of n = 3 experimer
Experiment performed by Isabel Chillon.

In addition to the flow cytometry assay which detects global cellular effects of MEG3, | also

implemented a luciferase reporter ass@ghang et al., 201Qawhich detects MEG3 effects on

individual p53 target genes. The luciferase assay is also higher throughput than the flow

cytometry assay, allowing for faster screenioff MEG3 structural mutantsl adopted the
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method from Klibanski laZzhang et al., 201Qawith minor adaptatiors (as described

in

materiak and methods paragraph.?4.). In the process of optimizatio(in collaboration with

Isabel), wenoticed that MEG3 splicing variangimulate p53-mediated transactivation

at

different level[as it has been reported beforZhang et al., 201Qh | also showed that the

MEGS3 effect is exclusively p53%. v vsSU pHe v} &]E (oC op ]J( &
observed in the isogenic HCT1A63'- cells (figure 33). Moreover, we observedhat th

MEG3activity depends on the p53 response element located upstream of the luciferase

° %oCE} I
e

gene in

our reporter vector, suggesting a mechanism by which MEG3 may induce the selectivity in the

p53 stress response observed previoyZlyu et al., 201p | tested the activity othe 3 different

MEG3 splicing variants (v1, v3 and v9) with 4 vectors containing 4 different p53 response

elements(figure 33B). | usedtwo vectorsthat have beenengineeredto containp53 response
elements that §]1A 3 C %ofii ps }v[E A]*8 ]Jv §Z] (JEuU ]v o]A]v

pG13luc), and two vectorprovided by Prof. Alberto Inga (CIBIO, Itajythat havep53-RE

endogenos genes MDM2 and p2[Menendez et al., ZOJ?OTO be more precise | found

of

out

that MEG3Vv9 is strongest, MEG3v1l mild and MEG3v3 weakest activator of p53 wHea p53

and PG13luc vectors were used, as it has been reported before for gZBlang et al., 201(

a

Overall allsplice variants were more effective on p53luc, whgsemoter likely acts as a

strongeractivator of p53, because it is also more activated by*gi8uta differentbehaviour

was observed withreporters that containp53-RE of endogenous genefhe eporter that

contains the p5&RE of the MDM2 gene was atigly activated by MEG3vl, MEG3u& even
stronger by MEG3v3 (which is theeakestactivator of p53luc and PG13luc). Tieporter that

contains the p5&RE of the p21 gene was not activated by MEG3vl, MEG3v9 but it was

activated by MEG3valthoughat low levels.

To quantify the expression levels of the transfected MEG3 variants and mutgmesbrme
gRTFPCR (appendix figurg.9

8
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Figure33: Selective activation of p53 by MEG3 variants.

(A) Luciferase assay performed in HCTA48/'- cells (absolute ratio of Firefly luciferase
Renilla luciferase chemiluminescence). (B) p53 activation by v1, v3, v9, atffiql4 reporter
vectors possessing different p53REs (pG13Luc, p53Lu@iGand pGIMDM?2). Data were
normalized to tle signal of corresponding empty vectors (set to-axis value of 0). For thi
experiment, 500 ng of MEG3 vectors and 50 ng of*pivectors were used for transfectior
Error bars in all panels indicate standard deviation of n = 3 experiments.
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3.5. Stucture-function relationships
To evaluate correlation between structural domains and the functional role of3Viis@& tumnor
suppressor designed andoerformed series of luciferase assays that measpiS-mediated

transactivationby different MEG3 constructs.

Figure 34: Stimulation of p53mediated transactivation by luciferase reporter assgMEG3
domains and exons)

Histograms: brs and data labels represent percentagfg@53 activation relative to MEGA wit.
Grey line (100%) indica¢ the level of activity of MEG3wwt. Error bars in all panels indicas
standard deviation of n = 3 experimentAsterisksindicate significant difference in relativ
luciferase signal with respetit v1 based on ongvay ANVAstatistical tests in GraphPad (***
indicatesW G 1 Xm&idon-significan). D-domain, e /A } v-deléted.
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3.5.1. Luciferase assay probing

First | tested the ability of individual domains to stimulate p&@diated transactivatiorgfigure

34). Individual domains were not able to stimulate pd&diated transactivation-(.63-15.38%

of activity relative to MEG3v1). Minimal construct able to ddsabnot in full capacity (55.3%

of activity relative to MEG3v1) is a domain 2 and domain 3 together, which corresponds to exon
3 that is common to all splicing variants. Notythat domain 2 and 3 are able to stimulate p53
but they are also essential since other part of MEG3 that is common to all splicing variants,
namely A}ve iU ii v i1 §}P S$Z [&&p53\achviysdtugli-.81 % of activity
relative to MEG3vl)and deleting individually domains 2 and 3 abolishie activity
(respectively 25.17 % an®.23 % of activity relative to MEG3v1). On the contrary deleting
domains 4 and 5 individually or exons 10, 11, 12 stimap$3-mediated transactivation above

the level of stimulation bysplicing variant 1 (192.7319.42% of activity relative to MEG3v1).
Interestingly, D2, which is inactive in isolation, is capable of indwuipgrtial p53 response
when cotransfect A]3Z $Z 4 1 ~eélaidd io MEG3v1 wikype), which are also both
inactiveper se Therefore, | conclude that both D2 and D3 are needed to induce p53 activation
and are capable of acting transwith respect to one another. DR3 (E3) thus constitutes the

minimal functional unit of MEGS3.

Sine domain 2 and 3 are essential for MEG3 activity and secondary structure of those domains
is wellpreserved among mammals | decided to test in greater details the importance of those
domains to stimulate p58nediated transactivatior{figure 35. To do so tlesigned a range of
mutants that may disrupt the activity. Within domain 3 deleting helik6s17, 21, 22, 238,

160 } ev[S seC&ctivity significantly (56.6837.45 % of activity relative to MEG3vl)
whereas deletindhelices 2526-27-28-29 almost @mpletely abolishes the activity (18.04 of
activity relative to MEG3v1).
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Figure35: Stimulation of p53mediated transactivation by luciferase reporter assay (MEG33)2
Histogram: lars and data labels represent percentageb3 activation relative to MEG3v1 wt. Gr.
line (100%) indicate the level of activity of MEG3v1 Wtror bars in all panels indicate stande
deviation of n = 3 experimentésterisksindicate significant difference in relative luciferase sig
with respectto vl based on ongvay ANOV/Astatistical tests in GraphPadg non-significant,*
Jv] 8« W G IXiAU ZZ*W & 1iXiiii #9K6H29 mutant only upper part of H27

0 § 792862).D-domain, HZ o] Adleletéd. MEG3v1 secondary structure map of domair
and 3 €oloredpink and green respectively-domain,H- helix, Jjunction.
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Within domain 2deleting helix shows 144.1% of activity while deleting helix ldecreases

activity to only 9.76%. Finding such small and specific motif important for function | wanted to

look into it a bit further(figure 3§. Although, deléng the ACG elbow within helix Jiteserves

full capacity (130.3%6 of activity relative to MEG3v1l), deleting the loop on top of helix 11,

mutating the loop on top of helix 11 to poly A or breaking the helix 11 by mutating idee s

abolishes the activity(9.21,-1.08,-0.85 % of activity relative to MEG3v1). By mutating the

other side of the helix 11 to restore smwdary structure we regain 84.9% of activity relative

to MEG3v1 showing that the activity is structure dependent.

Figure 36. Stimulation of p53mediated transactivation by luciferase reporter assay (ME(
H11).

Histograms: bars and data labels represent percentage of p53 activation relative to MEG:
Grey line (100%) indicate the level of activity of MEG3v1 wroEbars in all panels indicate
standard deviation of n = 3 experimentssteriskdndicate significant difference in relative
luciferase signal with respetit v1 based on ong&vay ANOVAtatistical tests in GraphPad (***
indicatesW G 1 Xmn&idon-significant).H- Z o] Adéletdd, pA poly A. Upper right panel:
sequences used to disrupt the H11 stem (HllupusSU G vSe v JEE %}V
mutations (H1licomp, green nt).
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Figure37: Stimulation of p53mediated transactivation by luciferase reporter assay (potenti
kissing loops).

Upper panel: zoom in to MEG3v1 helix 11 colored based on 1M7 (SHAPE) reactivity (le
the right). Histogram: bars and data labels represent percentage of p53 activation relat
MEG3v1 wt. Grey line (100 %) indicate the level of activity of MEG3viErwmt: bars in al
panels indicate standard deviation of n = 3 experiments piitential kissing loop, FRandem
repeat.

To assess the sequence identity importance of the loopopnof helix 11 | tested the range of
point mutants (figure 3§. From my covariation analysis | know that in more than 97 % of
mammals this sequence is completely preserved. Indeed mutating position87368ne by
one almost completely abolished the agdty, except mutating G at position 370 to A which can

activate p53 in full capacity (107.68 of activity relative to MEG3v1). Since | know from my
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chemical probing that nucleotides 3633 are unreactivéappendix figure 1, figure 37 upper
panel)indicaing they are not very flexible | tested if there was any potential kissing loop within
the MEG3 molecule by mutating all complementary sequences to poly A but none of them had

such effect on the activity as helix 11 mutants (fig8g

| found that thereare 6consecutive motifs (here named tandem repedtshelix 27 (D3) that
are complementaryto the H11 terminal loop (figure 38pince from my previous experent |
know that deletingregion H25H29 almost completely abolishes the activity | decidedotuk |
into this tandem repeatsn humans, andem repeat 1 (TR1) corresponds to nt &52, TR2 to

nt 862866, TR3 to nt 86871, TR4 to nt 87876, TR5 to nB75-880, and TR6 to nt 88884
(figure 38). Howevemll MEG3 sequences that we identified in maaisnpossess at leastdd

the 6 TRs that characteriteiman MEG3 and covariation analyses reveal that the interaction of
these TRs with the H11 terminiabp is conservedievolution (figure 38 and appendix table 4

To testthe possibility that one or me of these TRs may pair with loop on top of helix 11
(GUGAG), | made a series of compensatory mutants. | used the MEB33®Imutant, which is
inactive (877 % residual activity compared to wild type), and introduced a second point
mutation at positionsof each TR in H27 that would bagair with nucleotide 370 in case of
kissing loop formation. This approach resulted in the creation of 6 double mutants. Double
mutants involving TR2 f#G) and TR6 @FG) did not rescue activitffigure 38) However,
interestingly, all other double mutants did compensate activity partial®j%®Jin TR1 recovered
25 % activity, €8°G in TR3 34 %,80G in TR4 22 %,206G in TR5 12 % relative to MEG3v1
G370C mutantfigure 3§. As well | tested the ability of double mutanito recover the activity
using a vector with different p53 response element, the fE2M2. All double mutants did
compensate activity partially G in TR1 recovered 5.71 % activit§$3 in TR2 5.64 %208G

in TR3 17.37 %,80G in TR4 2.91 %818Gin TR5 5 %, %G in TR6 12.91 % relative to MEG3v1
G*’%C mutant). Interestingly the TR68%G) which did not rescue activity with pfidc and TR3
(LB89G) which recovered the most of the activity with pb@ recovered the most of the activity
with pGEMDM2. | also made a mutant that had all of the mutations (MEGSYVEC
|J860,864869.873878.882, 1§ 1§ ] v[3 E }A Epossibly bethhsEs Quch cumulative

mutations destroy the secondary/tertiary structureof MEG3. In paragraph 4.6 future
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perspecivesl described the current and future effortseing donefor further understandingof

the interaction H11H27 and its functional importance.

Figure38: MEG3 H1H27 interaction.

Histogram: bars represent percentage of p53 aion relative to G370C point mutant (0 %
G370C point mutant and compensatory double mutants. Dark purple bars p53Luc reg
light purple pGIMDMZ2 reporter. Error bars indicate standard deviation of n = 3 experime
Lower panel: loop on top of helikl and tandem repeats in helix 27 depicted on MEG
secondary structure map. Human sequences of the H27 TRs, corresponding base pairin
H11 terminal loop, and potential covariation of the bagsa&ring interaction is shown in th
bottom left corner D-domain, Hhelix, Jjunction, TRtandem repeat.
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3.5.2 Structural studies of thed11LpA functionally inactive mutant

Hypothesisindhat the structure of MEG8®vas essential for its activityset out to test whether
functionallyimpairing mutations in H11 disrupts secondary and/or tery structure of MEG3
wanted to test if theH11 terminal loopis responsible for keepinthe MEG3 compact and
globular, by forming a kissing loop with T®Ilo do so | perforrd the same AUC and AFM
experiments that | did with wt MEGS3 but this timeirug mutant that has a poly A loop on top of
helix 11. Subsequentlydid chemical probing with 1M7 on the same mutant and complatiee
1M7 reactivity on a single nucleotide level to see if this mutation causedoaaystructural

changes.

Figure39: Structural defects of the H11LpA mutant (AUC).

On the left: Hill plot of the hydrodynamic radif MEG3vl and H11lLpA with differe
concentrations of magnesium derived from the-8VC experiment. On the right: differen
]Jlv ZC &} Cv u] netiper 4% and H11LpA at increasing?Mgoncentrations
measured by AUC (the vertical dotted line sates the @gi2 of v1. Error bars indicat
standard deviation of n = 3 experiments.

3.5.21. Compation and tertiary structure by AUC/AFM

By doing AUC | have seen that MEG3 H11LpA functionallyvmawtitant also compacts with
increasing concentration of Mgbut it never reaches the same level of compaction as MEG3v1
wt (figure 39. More preciséy, a the concentrations of magnesium lower than tig.2 wild

type and mutant MEG3v1l have the samg But increasing the concentration of magnesium
above Gig12 MEG3 H11LpA progressively compacts less than MEG3v} mu(ant = 10.28 +
0.09 nm, Rwild type = 9.50 £ 0.15 nm in 17.5 mM Mg(@. 8 % difference in compactipn
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| could even visualize on a single molecule Isueh dramatic defect in compaction of H11LpA
by AFM in the pesence of magnesiuitiigure 4Q appendix figure B Satistical PSD angkis on
100 particlesconfirmed the defect in compactio(figure 40. Indeed, from the PSD analysis |
see that the MEG3 H11LpA mutant in the presence of 10 m\¥* Nes two characteristic
inflection points at 30 nm and at ~110 nm, suggesting that it adagisape more similar to the

partially-folded rather than to the fulbcompact MEG3v1 wiltype.

Figure40: Structural defects of the H11LpA mutant (AFM).

Upper panel: representative AFM particles of MEG3v1 and of H11LpgAumd Kig?* (xy scale
bar and z color scale bar are common to all samples). Bottom panel: PSD plot o
particles from AFM images of vl (lefayis) and H11LpA (rightaxis).Intercepts anderror
bars same as in figure 26
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3.5.22. In vitro chemical probimg

Knowing that the inactive H11LpA mutant is unable to achieve the tertiary structure
compaction as the wild type, | wanted toap such structural difference #te single nucleotide

level | performed chemical probing (SHAPE) with 1M7 and compared itE&GBV1 wt SHAPE
reactivity profile (figure 43). By comparing the SHAREactivity profile of MEG3viwt and
H11LpA mutant, | noticed thahost nucleotides have theame reactivity in the two RNAgth

the Spearman's correlation coefficient between mutant amcbeing0.741Q Thisindicatesthat

§Z]e upsS S]tv } ev[S <]PV](] vSoC ]e@& pMAikough gueralEEHAPEE 1 S U E
reactivity was similgrl decided to take a closer look at single nucleotide levEhe most
significantly affected were the nuetides making the loop on top of helix 11, those
nucleotides are unreactivim wt and they becomdnighly reactive in poly A mutargtigure 41B).

| Z A v[§ w}sukh a dramatic increase in reactivity in any other part of ME@S8 could
potentially basepairwith 0}} %0 }v $}% }( Z o] A iistehinside of W27 i(ht 85881),

that is made of 6 tandem repeats that could base pair with loop on top of helix 11 (GUGAG),
has significantly increased SHAPE reactivity in mutant when comparing the avedagedian
values ofreactivity ofthe region (figure 41C) This region also stands out when comparing the

SHAPE reactivityrofilesof the MEG3v1 wt and H11LgAll moleculegfigure 41A).
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Figure4l: MEG3 H11LpA mutant SHAPE.

(A) M7 reactivity smoothened over Saucleotide window median. Blue line MEG3v1 wt, red |
MEG3 H11LpA mutant. (B) Histogram of 1M7 reactivity of single nucleotides within helix 1.
bars MEG3v1 wt, red bars MEG3 H11LpA mutmbr bars indicatestandard deviation of n =
experiments.(C) Histogram of average and media 1M7 reactivity fgtem side of H27 (nt 857
881) Blue bars MEG3vl wt, red bars MEG3 H1lLpA mutambr bars indicate standar
deviation of n = 3 experiments.
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4. Discussin
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Résumé en Francais

Dans ce travail, j'ai déterminé la structure secondaire expérimentale de deux variants
d'épissage de I'ARNInc humain MEG3, jai identifié le noyau fonctionnel de MEG3 et jai
découvert qu'une interaction tertiaire a longue dist®e dans le noyau est nécessaire pour
soutenir la fonction MEG3 et santégrité structurale. Mon travail est allé au o o[ § 8§
ol ES ve o BWRNINc et a soulevé des points de discussion caractéristiques sur les

propriétés de MEGS3 et @&ARNInc en général.

Premiérement, le niveau élevé de conservation de la séquence et de la structure secondaire fait

o]E u vs D 'if o[uv ¢ ZEov o0 * u] p/&E }ve EA ¢ }vvpe I}
caractéristique de nos structures MEG3 modulairest que les limites du domaine
correspondent aux jonctions exon de MEG3, suggéune corrélationentre I'organisation
génétique l'architecture structurale et la fonction de MEG3. En effet, différents variants

[ %] P }v§ ifs strugtdraux comnuve  vexom[commun 3 et different de maniére
significative en exémité 3[de la molécule contenant les exons variables. J'ai identifié que cet
exon commun 3, qui constitue les domaines 2 et 3, est un noyau structural et fonctionnel de
MEG3 et qu'il comprend deux motifs structurés conservés H11l et H27 qui interagissent |'un
avec l'autre. Troisiemement, c'est la premiére fois que nous voyons des mutations en un seul
point dans une molécule d'ARNInc altérant gravement son activité. Quatriemement, c'est la

premiere fois que nous fournissons des informations sur la structure 3D d'un ARNInc.

MEGS3 se replie en particules globulaires compactes a $aefoisolution et sur support AEM
affichant un comportement trés différent de celui des ARN de faible comglekitappelant les

ARN hautement structurés tels quesli@trons du groupe Il. Fait intéressant, le mutant H11LpA
fonctionnellement inactif n'est pas capable de se compacter, ce qui suggere qu'un échafaudage

tertiaire compact régule I'activation de p53 démpdant de MEG3.

Dans leur ensemble, mes données suggerent un mécanisme basé sur la structure pour
I'activation sélective et ajustée de p53 pakRNInc MEG3 et ouvrent de nouvelles possibilités

intéressantes de recherche sur MEG3 en particulier et sukiRiInc en général.
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4.1. MEG3 forms an intricate secondary structure dictated by alternative splicing

Human maternally expressed gene 3 (MEG3) is an abundant, imprinted, alternafied
long noncoding RNA (IncRNA), which controls differentiation aredirodevelopment via
Polycomb proteins, and proliferation via p53, acting as tumor suppressor. A combination of

vivo and in silico studies suggest that these MEG3 functions are regulated by the3MEG

structure (Zhang et al., 2010aTo understand MEG3 structure and function, | obtained the

secondary structures of thredEG3 splice variants that have different p53 activation capacity.

| obtained MEG3 secondary gtture maps byin vitro chemical probing with 3 different
reagents (1M7, 1M6 and NMIA) and validated with fourth reagent DM Sjivo chemical
probing with 1M7, evolutionary covariation analysis and compensatory structural mutagenesis

in vivousing a fundbnal assay. My MEG3 structures are different from previouslgilico

predicted MEG3v1 structurZhang et al., 201Q0and recently obtained structure by 1Mahly

in vitroandex vivoprobing(Sherpa et al., 2038This difference are not surprising sinoesilico

predictions for such long RNA molecules are still higtagcurate, and chemical probing with 3

reagents increasethe accuracy of RNA structure mafﬁceet al., 2014? as well long range

interaction >600nt are unlikely in RNA moleculescause 9% ofbase pairs inong ribosomal

RNA moleculesire shorter distancgDeigan et al.,, 2009 v ~Z & %o S oX }Vv[S p-

constrainin building their secondary structure map. In the secondary structure map of Sherpa
etal, A[ v [ v ~1i v iT 8§} u} E -pés @drmhg & long stem. My
functional ee Ce ¢Z}A §Z § §Z]e ]* *SEN SUE 00C pvo]écol€ haje [
different effects on MEG3 functionality. To be more precise deleting E1 decreases p53
activation by MEG3 to 70 %, while deleting li@eases p53 activation to 320 with respect

8} Alo 8C% X "U Z }%e%}*]8 (( 3 }upodELR baspaEse withveach]( i v

other.

My structure maps reveal important properties of this INCRNWAEG3 possesses 5 highly
structured domains witha level of structural complexity comparable to other IncRNAs. More
precisely, MEG3v1l (1595 nt) forms 16 mulély junctions and possesses 51 helices, INncCRNA
HOTAIR (2148 nt) forms 9 thraay junctions, 5 fouway junctions, 3 fiv@vay junctions, a six

way junction and possesses 56 helices, SRA (873 nt) forms 4whyeginction, a fouway
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junction, a sixwvay jurction and possesses 23 helices, COOLAIR (658 nt) forms awiyee
junction, a sixway junction and possesses 10 helices, Braveheart (538 nt) forms-adye
junctions and possesses 9 heli¢appendix table 3)Not all IncRNA are as highly structured as
MEGS3. For instance, XIST motif RepE (861 nt) only forms awilasegunction, a fowway
junction and a sevewvay junction and possesses only 12 heliCEsese comparisons suggest
that MEG3 is an exceptionally wstructured INncCRNATo additionally valid@ my secondary

structured mays | calculated Shannon entropi€3) of the structurewhich is a measure of well

definedness{Huynen et al., 1997 Indeed, Shannon entropies (S) of MNEG3 structures are
particularly low for all three MEGS3 isoformsS0.125, edia=0.09 for MEG3v1;.%=0.147,
Snediar=0.092 for MEG3v3; anda&0.188, Sedian=0.081 for MEG3y9appendix table 1

compared to that of the structures of ribosomal RNA, group | intron, and group Il intron

(average of representative set of structures S= 0.253 * O.?M&)hews, 2004. This

observation, along with the faghat the SHAPE reactivity (R) of MEG3 is also globally very low
(Rnedia=0.279 for MEG3v1;1Riia=0.264 for MEG3v3; andhRia=0.264 for MEG3y%ppendix
table 1), indicates that the MEG3 secondary structure is overall rigid anddeiiied.

Interestindy, one characteristic feature of our modular MEG3 structures is thatdir@ain
boundaries match the MEG3 exon junctions, suggesting a potential correlation between MEG3
exon organization, structural architecture and function. This property was obseovethbther

IncRNABraveheari{Xue et al., 2016 but not for IncRNAs HOTABbmarowthu et al., ZO]P@

Xist (Smola et al., 20]*6 The correspondence of exon junctions and domain boundaries is

particularly remarkable for MEG3yhich possesses many splice variants (27 in humans) all
exhibiting different p53 activation capacities. By comparimg secondary structure maps of 3
different MEG3 variants, | can now rationalize the structural and functional consequences that
alternative splicing has oNMEG3. Irnvariantsl and 9 exons 12-3, which encompass domains 1

2-3, form the same structurdn variant 3because thdadk of first 24nt the overall structure is
changed buthe main structural motifdH9-11 and J3vithin domain 2 and425,H27-29 and J&®

within domain3 are preservedinsteadin all three variantsthe insertion/deletion of a middle
exon determines structural changes in domairS. #unctional differences between the MEG3

splicing variants are thus likely to be caudwmdstructural changes in Ed5, whereas DD3
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providesthe basal scaffold for p53 activatioRrom myin vivochemical probing experiments, |
could clearly see that the domains54are much less reactiva vivoindicating that in cellular
environment the/ are protected by protein binding. Since MEG3 does not possess any
sequence elements with known protein binding capacity but it has been proven that MEG3

directly interacts with proteins like the DNA binding domain of pb8 stabilizes p53 protein

Zhou et al., 200JZhu et al., 201 it is possible that the structural motifs that binds p53 or
other know protein @rtners like JARID2 and/ Z 7T & o0} %nd Jof MEG3Considering

both observations, that domains-3 differ structurally between variants and that they are
potential protein binding sites, it is possible that different variants bind different pnote
partners in domains % and thus exhibit different functional proficiendyterestingly, results
from HRF (performed by Eleni Anastasakaupport the hypothesis that DB5 may be protein
binding sies because they reveal that EMare solvent exposegkgions of MEG3.

Besidesobtaining insights into the global structural organization of MEG3, my structural

probing efforts also helped me localize MEG3 motifs previguslposed to be functionalFor

instance, nt 19 to nt 38 in domain 1 were predictedfdom atriple helix with DNA(Mondal et

al., 2013 indicating that domain 1 might be important for localizing MEGS3 at specific positions

on DNAOut of the 20 nthat are predicted to form a triple helix with DNA, half of them (10nt)
are single stranded in my secondary structure map making it possible to form such interaction.

Furthermore, around nt 345 in domain 2 a potential site of contact with PRG2pveppoed

Mondal et al., 201p Interestingly, from myn vivochemical probing, | also observe that nt

320-345 are less reactivén vivo indicating that this is a paetble protein binding site.
Additionally, average Shannon entropy of my secondary structure from nt 295 to nt 404 is
specificalllow (Swe = 0.057) indicating that this motif is particularly wed#fined. Considering
all these observations, it is possibileat the motif from nt 295 to nt 404 in domain 2 is

responsible for binding proteins like PRC2.

Finally, myevolutionary analysis of the MEG3 sequence and secondary structure shows a
surprising degree of conservation. E3, whidbund to bethe minimalunit of MEG3 needed for
p53 activation, can be identified in as eadierging mammals aslarsupialia(i.e. Tasmanian

devil), suggesting that this IncRNA originated at least 200 million years ago, thus being about
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half as old as p53, which split from tip&3/p63/p73 ancestor in cartilaginous fish about 400

million years ago(Belyi et al., 2010 Notably, in earhdiverging mammals Marsupialia

Afrotheria and Xenathra), EXE2 and E1&12 cannot or only partially be detected (appendix
table 4). It is possible that in those mammals the MEG3 sequence is just too divergent from
humans and current alignment algorithms cannot identify it with confidence. Alternatiirely,

those species, MEG3 may have actually been composed of E3 only, which comprises the MEG3
structural and functional core, while other exons may have been acquired later in evolution, to
confer further specificity to MEG3. Independent of how it actuallgleed, its surprising level of
sequence and secondary structure conservation clearly singles MEG3 out as one of the best
conserved IncRNAs known to date.general, structure conseation may be more important

than sequence conservation for IncRNA. Somter IncRNAshave conserved parts of its

secondary structurelespite low sequence consetion, for exampleCOOLAIIF%awkes et al|,

2016), SRAISanbonmatsu, 2036nd HOTAII?Bomarowthu et al., 2005As wellsome other

IncRNAlike Megamindand Cyrandhave function preserved but not the sequen@itsky and

Bartel, 2013, this phenomena could also be explained by structure conservation.

Figure42: GNRA tetraloop.
MEG3v1 secondary structure map colored by domains with the zoom in to GNRA tetraloo
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4.2. MEG3 folds into compact globular particles

The structure also allows localization of motifs potentially involved in loagge tertiary
interactions. ForJves v U ]Jv }u Jv i ~u}sS]( A+ }vGGAAHU}WV SH-1d@BYas i [
a well characterize@ 6SNRA motiffigure 42 SZ S peyg 00C BpE- " ME 1y OIENGE S |
Jaeger et al., 1994l thus started 3D structural investigation into MEG3, by MEG3peation

at different ion strengths. Interestingly, | found that MEG3v1 folds in compact particles in
solution at neafphysiological concentrations of magnesium ionggle = 6.9£0.35 mM, cell

concentration of Mg* ranges from 0.6 mM in free form tb0 mM bound to macromolecules

Ryschon et al., 19?]5 Moreover, the Hill coefficient of MEG3 compaction is 3.9+0.6,

significantly higher than 1, thus indicating high cooperativity in magnesium ions binding and

compaction of the MEGS3 structure. Such value is significantly hitjaer for other IncCRNAs,

such as HOTAIRHgrar= 1.1+ 0.1,(Somarowthu et al., 201}3and resembles more closely the

folding of large, very welitructured § oCS] ZE ¢U ep Z ¢ §Z AR EZI L% [/
+ 0.4,(Su et al., 2008. Having assessed that MEG3 compacts with addition of* leigd

considering the exquisite homogeneity of my MEGS3 preparation, | then moved to visualize
MEG3 in 3D by SAXSdaAFM(figure 43. Additionally, the HRFrpfile of MEG3 (obtained by
Elen) in the presence of mondut no divalent ions supports my SAXS and AFM data showing
that partial secondary fold forms in the absence of?Mand in a modular fashiohese data

offer the first low resolution 3D insight into a INcRNA and surprisingly suggest that MEG3 may
be globular in its fully folded state. MEGS3 folds into compact globular particles both in solution
and on AFM support, showing behaviour very different from loamplexity RNAs and
reminiscent of highly structured RNAs such as the group Il intron ribozyme.

In general, proving that INncRNA are structured may help us understand better their mechanism
of action and shows that it is possible for a IncRNA to form aaiesns with other

macromolecules based on their 3D structural fold and tlmir sequence. & example

speculated role of INcCRN&#Ss a scaffold may keue (Tsai et al., 201?0
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Figure43: MEG3v1 folding intermediate single particles.
On the left Dammif 3D model generated from the SAXS experiment. On the right sin
particle from AFM experiment.

4.3. Structural and functional core of MEG3 comprises two conserved structured domains
(D2-D3)

Studying the IncRNA functionality is challenging because of their pooeseglconservation

andlow levels of expressiofiampetaki et al., 2038Neverthelessthere are numeroustudies

on IncRNAfunctionality, but there are not so many studies on how those functions are
modulated and finetuned by IncRNA structurédn fact there is no direct experimental proof
that connects IncRNA 3D struce with their function. To address this | performed the most
systematic and most precise (single nt level) functional probing done sorfiaciRNA.

As inexisting studies on MEG3 functionalitye observed that MEG3 induces cell cycle arrest in
Gl phase but not in G2 phase, but we also notitkeat MEG3v1 is able to induce cell cycle
arrest much earlier than MEGv3 and MEG3v9 adding andtyer to specificity of different
slice variants. It is possible that the MEG3v1 with the middle ability to activate p53 acts first and
only later onME&v3 and v9 get activatedndeed v3 and v9 get expressed at the same level as
v1 later on and at 48h = transfection they are more abundant than v1 (as seen from@&R
experiment performed by Isabel Chillorfjurther on, we observed that MEG3 seems not to

induce apoptosis in HCT116 cells, whereas apoptosis was previously reported-Ai SREC

A549 ceb (Lu et al., 201B It is stil debatable in the field incRNA are functionally selective
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and specific or if they agiromiscuouslyor not havea functional roleat all (Palazzo and Le

2019. My researchshows that MEG3 imdeed selective and specific in its mode of action. |

could seeselectivity of MEG3 itHTC11§(it induces cell cyclereest but not apoptosis) and
specificity in recognizingetweenp53 REs

Further wingluciferase assays, | coupdobe my MEG3 structure and identify the structural
motifs that play a role in MEG&ependent p53 activation. From my current mutagenesis and
functional studies, | can conclude that both domain 2 and 3 are essential and sufficient to
activate p53, although at lower level than full length MEG3v1. This observation could explain
the basal level of activity that all splicing variants exhibit, since doand 3 correspond to
exon 3, an exon that is common to all splicing variants. Importantly, exon 3 is also well
preserved in all mammals where MEG3 can be identified suggesting that the minimal functional
core of MEG3 may have been preserved over evoluwdiot that MEG3 is likely functional in all
mammals where it is expressed. Domain 1 does not have a pronounced influence on the
activation of p53. On the other hand deleting domains 4 or 5 or individual exons that comprise
them increases p5&ediated transativation by MEG3 above the level of splicing variant 1. In
fact one of those mutants with deleted middle exon 5 is variant 9 that indeed shayher

level of p53mediated transactivation. Hence, my current model is that domains 2 and 3 confer
a basal agvity to MEG3, while the rest of the molecule modulates such activity and this is what
causes the different levels of activity of the different splicing variants.

In this study, though, | focused on the core of MEG3 (domains 2 and 3) to start undergtandin
how the minimal functional portion of this IncRNA works. | did a sequence and structure
alignment of these regions and found that the whole region is well preserved in N&@3

other organisms Particularly well conserved are helix 11 and helix 25.réstangly the
sequence of the terminal loop of helix 11 is exactly identical in at least 34 mammalian MEG3
sequences, covering 10 out of 12 orders of mammals. This analysis encouraged me to direct my
attention to these structural regions and indeed presshsecondary structure of helix 11 and
sequence of related loop showed to be essential. This is the first time that we see single point
mutations in a IncRNA molecule abolish its activity completely. | tested a set ofrpoiations

and found that GUBG gquence on position 36872 is absolutely necessary. GURAG is an RNA

sequence typical of introns and possessing affinity to UlsnfRdiR et al.,, 201pand the
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GURG sequence is present in MEG3, although in exon not in in8onl performed RPCR
and sequencing to exclude the possibility of my point mutants not beixgressed or
aberrantly spliced. Indeed all my point mutartre expressed at the same leyalthough some

are slightly less expressed@d) that MEG3v1wt.

4.4. A compact tertiary scaffold regulates ME@8pendent p53 activation
Sincenucleotides in GUSG terminal loop are nereactive in chemical probing, indicating that
they are not very flexibleand ratrer constrained by base pairing | wanted to explore the
possibilitythat GURG base pairs with different distal parts of MEG3 bringing them together
and thus keeping the overall MEG3 structure compact and globumdeed, mutating the loop
on top of the H11 terminal loopo poly Ainduces pronounced differences in the hydrodynamic
% E}% ES] » }( D 'i ~42Z « 6 9 SA v Ai v iitdinaplityof ]3]}v o«
H11LpA mutant to compact by visualizing it on single particle leyeAFMand peforming
power spectral density analgsion imagesinterestingly on a single nt level overall SHAPE
E 3]A]SC } ev[§ Z m&tiveHALpAmutant and ME3v1 wt indicating that the
overall secondary structure is presed. But H11 terminal loop becomes very reactive in
mutant suggesng that in wt those nucleotides form intramotilar interactions and those
interactions are possiblgesponsible for MEG3 compaction which is essential for its activity.
Z AVv[§ v}3] ep Z E us] JvVE « Jv E 3]A]lSQafeouldC }3Z &E
potentially base pair with helix lterminal loop(GUGAG)But within H25H29, the region that

Z vP « JA & oo », W E §]A]s6Gtedmsideudf~id27 (nt3g5381]. Similarly,
H2570U % ES] po @Gde@f ihe HZ7 stigralsochanges in HRféactivity (obtained by
Eleni) 71{stem side of H27 is made of @sthl tandem repeats that could potentially base pair
with GUR\G terminal loogn human.Occurrence of 3 to 6 tandem repeats is also observed in
all other mammalian specieshere we could identify MEG3 sequeneéalditionally, in humans
the compensatory mutationat the position of every individual TR are able to restore partially
function that is lost in &% H11 point mutantThisresult supports the theory that the tandem
repeats in H28429 region of MEG3 interacts with the loop on top of H11 and likely forms

alternative, mutually exclusive kissing loops. This redundancy, existence of 6 tandem repeats,

might be beneficial and functionally important in RNA as it is for prnetFAndrade et al., 2001
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In proteins such repeatsay create a larger binding surface areas for cofa%rﬂdrade et al.

2001), similar scenario is possible in MEG3 case. It is possibldaigaton top of helix 11

(GUGAG) interacts dynamically with TeRIcreating slightly different conformers and
modulating the surfae of MEG3, which can promote different interactions with p53 itself or
other cofactors involved in the p53 pathway and thus regulate a specific resppmdifferent
p53 target genes.

In conclusion the 3D structure of MEG3 formed by interaction betweehlHand H27 is
essential to activate p53Therefore, mywork establiskes proofof-concept that the 3D
structure of an IncRNA is directly linked to its biological fion¢ resolving a longtanding

debate inthe field.

4.5. A structurebased mechanism for edective and finetuned p53 activation by IncRNA
MEG3

My biochemical and biophysical characterization of human MEG3 integrated with the existing
cellular and medical characterization start to elucidate the mechanism of action of MEG3 as a
tumor suppressothrough the specific and selective activationtbé p53 pathway. | propose

the following mode(figure 44. In physiological conditions MEG3 is expressetiennucleus of
certain tissuessuch as thébrain, pituitary and adrenal glandifferent splicingvariants are
presentin different percentagen different cell types but MEG3v1 is always the most abundant.
In MEG3v1, the terminal loop ¢111 (D2) dynaroally interacts with TR& on HZ (D3) forming

a sliding kissing loopnd that interactionis resmnsible for compaction of the MEG3 cqi@2-

3) leadingto formation of a functionaltertiary structure. This core is present a@il splicing
variants and it is essential for functiorAround the D23 core, D45 form the solvent exposed
portion of MEGS3. Tlsi outer layer differs between splicing variants and serves to protect the
functional core as well to fine tune the selectivity and specificity of different varipossibly

by interacting with different cofactors and the proteins presentthe cellular eawvironment.
Thus, the action of MEG3 also depends on the cellular environriéhén the levels of p53
protein in the cell are low the effect of MEG3 of p53 pathwgyrabably also reduced. Instead

when the cells are under stress and gkl levels of pB are high andther coactivators are

produced, particularly p¥&For p168N%4athat are functionally related to MEG@Zhang et al.,
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2010, MEG3 is activeOnce correctly foldedMEG3 activates p53 response in the cell possibly

by a direct interaction with DNA binding domain of gZBu et al., 201p p53induces selecte

expression of sme of its target genegZhou et al., 200/Awhich leads to cell cycle arrest at G1

phase and/or apoptosis depending on the cell typ&his mechansm contributes to tumor

suppressionrestoring the physiological conditions under stremsd thus not surprisinglthe

loss of MEG3 expression leads to development of turf@hgunsuchon et al., 2011

Screening for structurdisrupting mutations in the MEG3 gene, particularly in the two key
functional motifs H11 and H27, may serve as a useful biomarker for identifying patients with

increased cancer suscimlity.

Figure44: Model for MEG2dependent p53 activation.

In the nucleus of healthy cells (sketched on the left), MEG3 is transcribed and folds gui
the H11H27 interaction between D2 and D3 (dotted arrow). Under stigeslow lightning
bolt), compact MEG3 activates p53 inducing selective expression of certain p53 target
The resulting effect of MEG®#pendent p53 activation is cell cycle arrest at the G
checkpoint and/or apoptosis, depending on the cell tygkefch of an apoptotic cell on th
right).

4.6. Future perspectives
My work just started to explain the potential mechanism of action of timgportant IncCRNA

MEG3, and opena lot of possibilities for future research. This project could be continoed i
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uveg J(( E v8§ A CeU v /[u P}]vP ofthe humerous pessibilitiethat | am
currently pursuingor $Z 8 / VvA]e]}v us A}v[s 0 8} % E(}EuU C §Z

To confirm the interaction betweekl11l and H27 | designed a ser@@sew mutants including

the second set of compensatory mutations on H27 that compensate®fduAutation on H11

loop; sometriple mutants that havez*’%C and two compensatory mutations on HAR3 + TR1

6) to see if they are additive; mutant that has*’@& and all the potential compensatory

upd 3]}v }v ,16 8Z 8 Alpo v[3 ] ENu%S 8Z « }v EC «SEU SpPE V
G*’°%C and all the potential compensatory mutation on H27 together with compatible mutations

v A v }( Z o] A& rvé the}séeotlary structur&ubsequery to catch the interaction

in vitro and in vivo RNA crosslinking could be don. vitro short-range crosslinking using

thionucleotides with primer extension mapping could be ugddrris and Christian, 20p9or

the detection of interactionin vivqg one of the existing protocols could be adopted with

modified detection step to only check for this specific regifhw et al, 2016|Nguyen et al.

2014 |Sharma et al., 2036 All three protocols have been used to capture the full RNA

interactome but they also captured st intramolecular INncRNA interactions, such as for
MALATYAw et al., 201§Nguyen et al., 2018Sharma et al., 2036As for thein vivostudies

presented in this work WI38 fibroblast could be used to check the endogenti(S3 and
MEG3v1 transfected iRICT116 to unambiguously catch just one splicing varkaditionally,
to confirmtrans interaction between D2 and D& vitro one could run nativelB agarose gels
Al8z & ]} 8]A oC o oo T v 41X

To test if MEG3 is directhinding p53 one could dan vitro electrophoretic mobility shift assay
(EMSA) with p53 constructs containing DNA binding domain that has been previouslytshown
bind MEG (Zhu et al., 201band MEG3 wt, representative mutant3o test if MEG3 is

interacting with some other protem one cando a RNA pull down with MEG3 wt and

representative mutant and compare the proteomes of t\ffbastello et al., 2036For example

HyPRMSwas used to catch at the same time IncRprAtein interactomesfor MALAT1, NEATL,

and NORAISpiniello et al., 20]*88y doing the RNA pull down and analysing the proteavae

can also see if MEG3 interacts directly witl3pbviva
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To determine connectiorof MEG3with different signalling pathwaysnvolved in tumor
progression or suppressionne can check if ovelor under expression of certain proteins is
correlated withtransfection of different MEG8onstructs To bemore precise, one could do a
western blot with antibodies against p53, MDM2, GIH; Rb, p1#&k4aU tv ddtenin, Notch,
Racl and VEGF on control c@iansfected with empty vectorand on celldransfected with
MEG3 and selected mutants. Depending oncklpathway we want to test we should use a cell

line that has desired pathway preserved

Sinceto date we were not successful to obtain a high resolution 3D structure of full length
MEG3alone, finding the region of MEGS3 that is binding selected pradeiould be useful
Ribonucleoproteircomplexesetween MEG3 and a certain protetould potentially be a good
candidate for structuraktudiesby crycEM or Xray crystallographySo far there is no 3D
structure obtained for RNA alone with cHgM but thereare several examples of obtaining a
structure of RNA when putting it on a grid togethertlwia protein that stabilises it. dt
examples are numerous structures ofibosomal subunitgfor example PDB ID: 1c2Wwyt as

well there are ¢her examples such agoup Il ntron complexed with its reversednscriptase
(PDB ID: 5g2yfinformation obtained from PDBgPDBconsortium, 203P Obtaining a high

resolution 3D structure of MEG8ould tellus more details on the molecular mechanismitef

action. To identify RNA and protein regions that are interacting one could do-tirdésg MS

experiments for example one of the recently developed proto¢®tendel et al., 201)9 One

practical example of mapping a protein binding siten INCRNA i$?ARCLIP and mapping of
CLIPseq datadone to identify sites on NEAT1 that are binding selected protﬁasnazaki et

al., 2018. More lowthroughput but simpler to perform would be to dBMSA with fullength

wild type MEG3 and MEG3 mutants (existing ones and desig¢imngew onesyand with wild

type and mutant proteingHellman and Fried, 20T17
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Appendix kgure 1. MEG3v1 secondary structure map by chemical probing (SHAPE and DI
Colour map depicted in lower left corner.
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Appendix Figure: MEG3v9 secondary structure map by chemicablping (SHAPE).
Colour map depicted in lower right corner.
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Appendix Figure: In vitro SHAPE probing of v1 and v9.
The graph reports 1M7 reactivity values of individual nucleotides. Error bars indicate sta
error of the mean from n = 3 experiments. Thaxis report SHAPE reactivity. Nucleotides v

very high reactivity values (> 2) are excluded for clarity of visualization. -BRes xeports
nucleotide numbers for the v1.
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Appendix Tablel: In vitro chemicalprobing (SHAPEStatistics.

CGpearmarbetween replicas

MEG3vl
rtvsr2 |rlvsr3 r2vsr3
0.708 0.677 0.746
MEG3v9
rtvsr2 |rlvsr3 r2vsr3
0.866 0.832 0.853
CGpearmarbetween splicing variants
vivsv9 |vlvsv3 |Vv9vsv3
0.784 0.639 0.695

Snannon entropy and SHAPE reactivit

MEG3v1
Swe Shedian Rmedian
0.125 0.09 0.279
MEG3v9
Swe Shedian Rmedian
0.188 0.081 0.264
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Appendix Table: Secondary structure mat present in MEG®1 secondary structure map.

Motif class

Secondary structure motif

MEG3

Stem loop (Nop)
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Appendix Table3: Comparison of structural motifs in ME®@3 and other experimentally
mapped INcCRNAs.

MEG3 | HOTAIR SRA COOLAIR

Size /I nt 1595 nt | 2148 nt| 873nt | 658 nt
Stem loop (Nloop) 36 38 17 8
Multiway junction (3WJ) | 12 9 4 1
Multiway junction (> 4WJ) | 4 9 2 1
Symmetric internal loop | 14 17 12 2
fi-Asymetric internal loop | 18 28 8 10

T fAsymetric internal loop | 8 24 9 10

Appendix Figurel: qRTFPCR levels of MEG3 expression in different cell lines.

Relative abundance of endogenous MEG3 in different cell lines, as determinedRyRRErro
bars indicate standard deviation from at least three independent experimefigure was
created by Isabel Chillon.
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Appendix Figurés: RepresentativeAFM images from which particles were pickéfEG3)
Related to figure 250ne representativéAFMimage processed in Gwyddiomer state.Staes
areindicated on top of the respective image.
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Appendix Figures: RepresentativeAFM images from which particles were picked (Poly A).
Related to figure 25. One representative AFM image, processed in GwyddionateerStates
are indicated on top of the respective image.
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Appendix Figure7: RepresentativeAFM images from which particles were picked (group
intron).

Related to figure 25. One representative AFM image, process&ivyddion, per state. State
are indicated on top of the respective image.
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Appendix Figure8: RepresentativeAFM images from which particles were picked (MEG3wt
H11LpA).

Related to figure 39. One representativeM image, processed in Gwyddion, per state. St:
are indicated on top of the respective image.
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Appendix Figuré®: gRTPCR.
Abundance of all mutants in transfected HCT116 cells relative to actin and neomycin n
Vdues are expressed as fold changes with respect to the abundance of vdofted red ling.
All constructs were expressed under the same conditions used for functional assays. Err
indicate standard error mean from n = 2 experiments. Construcs D510000 fold less express
than v1.
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Appendix Tablet: Evolutionary conservation of the MEG3 exons.
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Appendix Tableb: List of vectors.

Plasmid name | gene core

pTUl MEG3 variantl blue script core
pMM23 glli for cristalization (with deletations) blue script core
pTU2 MEG3 without exon5 (variant 9) blue script core
pTU3 MEG3 domainl ¢296) blue script core
pTU4 MEG3 domain2 (23810) blue script core
pTUS MEG3 domain3 (47202) blue script core
pTUG MEG3 domain4 (951113) blue script core
pTU7 MEG3 domain5 (1116486) blue script core
pTU8 MEG3 variantl pCMSd2EGFMEG3
pTU9 empty pCMSd2EGFMEG3
pcDNA3 empty pcDNA3
pTU15 MEG3 variant 1 pcDNA3S
pTU30 MEG3 without exoh (variant 9) pcDNA3
pcFMEG3 MEG3Hirst 24 nt-polyA pcl

pTU31 MEG3 without exon5 (variant Hjrst 24 nt-polyA pcl

pTU32 MEGS3 variant 1 pcl

pTU33 MEG3 without exon5 (variant 9) pcl

pTU34 MEG3 helix22/domain3(58628) deleted pcDNA3
pTU35 MEG3 lelix23/domain3(636578) deleted pcDNA3
pTU36 MEG3 helix2/domain1(388) deleted pcDNA3
pTU37 MEG3 helix11/domain2(35390) deleted pcDNA3
pTU38 MEG3 domain3(4#201) deleted pcDNA3
pTU39 MEG3 domainl €296) pcDNA3
pTU40 MEG3 domain2 (23810) pcDNA3
pTU41 MEG3 domain3 (47202) pPcDNA3
pTu42 MEG3 domain4 (951113) pcDNA3
pTU43 MEGS3 domain5 (1116486) pcDNA3
pTU44 MEG3 domain-P-3 (1-902) pcDNA3
pTU45 MEG3 exon 101-12 pcDNA3
pTU46 MEG3 deleted domain 1 {1196) pcDNA3
pTuU47 MEGS3 delted domain 2 (23@10) pcDNA3
pTU48 MEG3 deleted domain 4 (98113) pcDNA3
pTU49 MEG3 deleted domain 5 (11116186) pcDNA3
pTUS0 MEG3 deleted helix8 pcDNA3
pTU5S1 MEGS3 deleted junction 9 and helixes-28 (805851) pcDNA3
pTU52 MEG3 loop on top Hex 11 poly A (368xA374) pcDNA3
pTUS3 MEG3 deleted loop on top of helix11 (3834) pcDNA3
pTU54 MEG3 mutated one side of helix 11 (3584 AGCATTG) pcDNA3
pTUS5 MEG3 mutated the other side of helix 11 to get complementary strand-(3§ pcDNA3

134




381)

pTU56 MEG3 deleted ACG elbow (3884-385) pcDNA3
pTU57 MEG3 KL1 polyA 1aD7 pPcDNAS3
pTUS8 MEG3 KL2 polyA 2238 pcDNA3
pTU59 MEG3 KL11 polyA 9883 pcDNA3
pTU6G0 MEG3 KL13 polyA 149297 pPcDNA3
pTUG1 MEG3 G368C pcDNA3
pTUG2 MEG3 U369A pcDNA3
pTUG3 MEG3 G370C pcDNA3
pTU64 MEG3 A371U pcDNA3
pTUGS MEG3 G372C pcDNA3
pTUG6 MEG3 G373C pcDNA3
pTUG? MEG3 UA366AU pcDNA3
pTUGS D 'i4 i1 ~ii-bi83) pcDNA3
pTUBY D 'i4 ii ~ii-62b9) pcDNA3
pTU70 D 'i4 i1 ~ii-BND) pcDNA3
pTU71 D '"i4,7i ~ni@ed) pcDNA3
pTU72 D 'i4,7A ~édD pcDNA3
pTU73 D 'i4,76- ~&68) pcDNA3
pTU74 D 'i4,7106 ~é82®R) pcDNA3
pTU75 D 'i4,106 ~ é8U®) pcDNA3
pTU76 MEG3 exon 3 pcDNA3
pTU77 MEG3 helix11/domain2(35390) deleted blue script core
pTU79 MEG3 KL9(TR5) polyA 880 PcDNA3
pTU80 MEG3 KL7(TR3) polyA 8&BL pcDNA3
pTUS1 D 'i4,i0 ~&ae pcDNA3
pTU83 MEGS3 KL3 poly A (3333) pcDNA
pTU84 MEG3 KL4 poly A (5534) pcDNA3
pTU85 MEG3 KL12 poly A (148388) pcDNA3
pTU93 MEG3 domain2 and 3 (2302) pcDNA3
pTU94 D 'i4,ii ~1i440) pPcDNA3
pTU95 D 'i4,i6 ~é&aD pcDNA3
pTU103 MEG3 G368A pcDNA3
pTU104 MEG3 U369G pcDNA3
pTU105 MEG3 G370A pcDNA3
pTU106 MEG3 A371G pcDNA3
pTU107 MEG3 G372A pcDNA3
pTU108 MEG3 G373A pcDNA3
pTU109 MEG3 G368U pcDNA3
pTU110 MEG3 U369C pcDNA3
pTU111 MEG3 G370U pPcDNA3
pTU112 MEG3 A371C pcDNA3
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pTU113 MEG3 G372U pcDNA3
pTUl14 MEG3 G373U pcDNA3
pTU115 MEG3 G368 pcDNA3
pTU116 MEG3 U369 pcDNA3
pTU117 MEG3 G370 pcDNA3
pTU118 MEG3 A371 pcDNA3
pTU119 MEG3 G372 pcDNA3
pTU120 MEG3 G373 pcDNA3
pTU121 MEG3 KL10 (TR6) polyA S8b pcDNA3
pTU123 MEG3 loop on top helix 11 poly A (38%A-374) blue script core
pTU133 MEG3 KL5 (TR1) polyA 852 pcDNA3
pTU134 MEG3 KL6 (TR2) polyA 885 pcDNA3
pTU135 MEG3 KL8 (TR4) polyA &5 pcDNA3
pTU142 MEG3 G370C U860G pcDNA3
pTU143 MEG3 G370C U864G pcDNA3
pTU144 MEG3 G370C U869G pcDNA3
pTU145 MEG3 G70C U873G pcDNA3
pTU146 MEG3 G370C U878G pcDNA3
pTU147 MEG3 G370C U882G pcDNA3
pTU148 MEGS3 deleted domain3 blue script core
pTU149 MEG3 domain-3 blue script core
pTU150 MEG3 G370C U860, 864,869,873,878,882G pcDNA3
pTU151 MEG3 deleted domain 2 (@3110) blue script core
pTU158 MEG3 G370C U860, 864,869,873,878,882G A 784 794 C pcDNA3
pTU159 MEG3 G370C U 864, 869, 878, 882 G pcDNA3
pTU160 MEG3 G370C U 860, 869 G pcDNA3
pTU161 MEG3 G370C U 864, 869 G pcDNA3
pTU162 MEG3 G370C U 869, 873 G pcDNA3
pTU163 MEG3 G370C U 869, 878 G pcDNA3
pTU164 MEG3 G370C U 869, 882 G pcDNA3
pTU165 MEG3 A371U U859A pcDNA3
pTU166 MEG3 A371U U8B63A pcDNA3
pTU167 MEG3 A371U U868A pcDNA3
pTU168 MEG3 A371U U872A pcDNA3
pTU169 MEG3 A371U U877A pcDNA3
pTU170 MEG3 A371W881A pcDNA3
p53-luc Luciferase reporter witi4 copies of the p5Binding consensus sequence

PG13luc Luciferaseeporter with 13 copies of the p5Binding consensus sequence | pBluescript Il SK + lug
pGl-p21 Luciferase reporter containing p88nding onsensus sequence for p21

pGl-MDM2 Luciferase reporter containing p88nding consensus sequence for MDM?

pRLTK Renilla | renilla luciferase (Luciferase Control Reporter Vectors)

pckpld pl4 pcl
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Appendix Tables: List of primers (excluding cloning primers).

Name sequence description

Meg3RT1 CCTTGAAGACAAGGAGGTGG primers for SHAPE, 5'amino C6 modified
Meg3RT22 CTGGCTGGTCAGTTCCGGTC primers for SHAPE, 5'amino C6 modified
Meg3RT3 CCCAAAGGGATCCTTCCATTCAG,| primers fa SHAPE, 5'amino C6 modified
Meg3RT42 CTATGCCAGATCCTGCCTGAGG( primers for SHAPE, 5'amino C6 modified
Meg3RT52 CAGGCCTTTCAAGAAGCTTGGC | primers for SHAPE, 5'amino C6 modified
Meg3RT6 CCAGGAAGGAGACGAGAGGC primers for SHAPE, 5'amino C6 modified
Meg3RT72 CGTCATCAGTCAGAGGGCG primers for SHAPE, 5'amino C6 modified
Meg3RT8 CAGGAAACACATTTATTGAGAGC] primers for SHAPE, 5'amino C6 modified

1f V_MEG3b CGGAGAGCAGAGAGGG forward primer forin-vivoSHAPE of MEG3 1{39)

1r V_MEG3b GGGTGATGACAGAGTCAGTC reversprimer forin-vivoSHAPE of MEG3 1(5%30)

2f V_MEG3 CCTGACCTTTGCTATGCTC forward primer forin-vivoSHAPE of MEG3 2 (3920)
2r V_MEG3b CTGATGCAAGGAGAGCC revers primer folin-vivoSHAPE of MEG3 2 (9935)
3f V_MEG3 CAGGATCTGGCATAGAGGAG forward prime for in-vivoSHAPE of MEG3 3 (7832)
3r V_MEG3b GAATAGGTGCAGGGTGTC revers primer folin-vivoSHAPE of MEG3 3(127893)
4f V_MEG3 CCTCTCGTCTCCTTCCTG forward primer forin-vivoSHAPE of MEG3 4 (115876)
4r_V_MEG3 CAGGAAACACATTTATTGAGAGC| revers prime for in-vivo SHAPE of MEG3 4 (156383)
13F_112 D1Ex2 | GTCTCTCCTCAGGGATGAC forvard primer for RPCR amplifying D1(Ex2)
14R_191 D1Ex2 | TTGGCAGCAGCTCAGCA reverse primer for RPCR amplifying D1(Ex2)

15F 230 D2Ex3 | GAGCACGGTTTCCTGGAT forvard primer forRFPCR amplifying D2(Ex3)
Meg3RT22 CTGGCTGGTCAGTTCCGGTC reverse primer for RPCR amplifying D2(Ex3)

01F _MEG3 Ex3 | TCGATGAGAGCAACCTCCTA forvard primer for RPPCR amplifying D3(Ex3)
02R_MEG3 Ex3 | TGCTGATCACCTCCTCTATG reverse primer for RPCR amplifying39Ex3)

08F 951 Ex5 GGCCTGTCTACACTTGCTG forvard primer for RPCR amplifying D4(EX5)
05R_1029_D4 GGAGTAGAGCGAGTCAGGAA reverse primer for RPCR amplifying D4(Ex5)
09F_1077_Ex10 | GGCTGAAGAACTGCGGAT forvard primer for RPCR amplifying D5(Ex10)
10R_1179 B0 AACCAGGAAGGAGACGAGAG reverse primer for RPCR amplifying D5(Ex10)
pcDNA3~Neo TGGATTGCACGCAGGTTCT forvard primer for RPCR amplifying part of neomycine
pcDNA3R1:Neo GGACAGGTCGGTCTTGACA reverse primer for RPCR amplifying part of neomycine
ACTB_Wwd TTCCAGCAGATGTGGATCAG forvard primer for RPCR amplifying part of actin
ACTB_Rev GGTGTAACGCAACTAAGTCA reverseprimer for RTPCR amplifying paof actin
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