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Summary

The activitydependentegulation ofneuronalmaturation is importantor the development
of neural circuits and cognition. Defectsin this procesdeadto severe neurodevelopmental
disordersassociatedavith intellectual disabilityand autism (Kuczewskiet al., 2010).
UBE3A has been previouslydemonstrated d control important aspects of neuronal
maturation UBE3Aloss-offunction mutations caus&ngelman syndrom@AS) (Kishino et
al., 1997),whereasincreasedUBE3A gene dosage haeen associatedwith autism:
spectrundisorders (ASD) (Glessnet a., 2009)

The UBE3Agere encodesan enzme with ubiquitin ligaseactivity which is impottant for
thedegradation oheuronalproteinsby the ubiquitin proteasomesystem.However defects
in UBE3A enzymaticactivity unlikely account forthe full spectrumof AS and ASD cases,
sinceraremutationsoutsidethe codingregion havéoeen identified (Bird, 2014).
Recently,severalalternativeUbe3atranscriptshave beerdescribedthatincludevariable 5'
and 3' ends, suggesting complesd-transcriptionalregulation ofUbe3aexpression.In
particular,the different3UTRs presentin Ube3a3' variantscould beused for differential
regulation ofmRNA localization and translation. However, littheas known concerning
expression, localization and regulatbuyctionsof the alternativeUbe3atranscripts

In thiswork, | discoveredhattherodentUbe3alRNA, which containsa truncateccoding
sequence andn alternative3'UTR, hasuniquefunctionsin neuronaimaturationanda gene
regulatory function that stronglgiffers from those of the transcriptsthat codefor the
active Ube3a enzyme.

Ube3alRNA is specifically increasedby elevated neuronal activity and preferentially
localizesto neuronal dendritesOppositeto Ube3aenzymecodingtranscripts, Ubeal ia
negativeregulatorof dendrite outgrowth n rodent hippocapal neuronsboth in dissociated
neuronal cultures and in vivo. In addition, Ube3al isnecessary fordendritic spine
maturationin cultured hippocampalneurons. Surprisingly!l found that the function of
Ube3alRNA in the contextof dendriteoutgrowth wascodingindependenand couldbe
attributedto thepresencef the dternative 3UTR.

Consideringhe moleculamechanismainderlyingUbe3alRNA function, | found thatthe
Ube3alRNA 3'UTR is a targef severalmicroRNAs enmdedby the mR-379/410 cluste
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includingmiR-134 that was previously implicated in dendritogenesis and spine maturation
However, Ube3aRNA is not regulated by miRNAs in a canonical manner, but rather
competes with other miB79/410 target mRNAs for binding to common miRNAs.
Therefore,Ube3atRNA can be considered as a competing endogenous RNA (ceRNA)
following a hypothesis that was previously put forward in cancer cell [Beémena et al.,
2011)

In conclusion, the results from my thesis desc@gb@ew gene regulatory mechanism
operating in neuronal dendrites with important implications for neuronal maturaiticuit

development and neurodevelopmental disorders.
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Zusammenfassung

Die aktivitatsabhangigeRegulation @r neuronale Reifung ist ein wichtigeleil der
Entwicklung von neuronate Schaltkreisenund Kognition. Defektein diesem Prozess
fuhren zu schwere neurologischen Entwicklungsstorungemd Autismus(Kuczewski et
al., 2010).

Es wurde bereits gezeigt, daEBBE3A wichtige Aspekteder neuronale Entwicklung
kontrolliert Mutationen, die zm Verlust der Funktion vonUBE3A fuhren verursachen
Angelman Syndrom (AS]Kishino et al., 199) wahrend erhoht&JBE3A Gendosismit
Autismus(ASD) assoziierist (Glessner et al., 2009).

Das UBE3A Gen kodiert ein Enzym mit Ubiquitin Ligase Aktivitat, digr den Abbau
neuronalerProteine durch dadJbiquitin-Proteasom&ystem  wichtig ist.Defekte der
enzymatische Aktivitdit von UBE3A sindjedoch mit geringer Wahrscheinlichkedie
einage Ube3aabhangige Ursacheon AS oder ASD, dahier seltene Mutationen
identifiziert wurden, die aul3erhalb der kodierenden Reggen(Bird, 2014).

Mehrere alternative Ube3a Transkripte wurden beschrjeberunterschiedliche 5' und 3'
Enden enthaltenwas auf eine komplexe podtanskriptiorale Regulation von Ube3a
Gerexpression hinweist Insbesonderekonnten verschieden&'UTRs in Ube3a 3'-
Varianten fur differenzielleRegulation der Lokalisrung undTranslationgenutzt werden
Betreffend derExpression, Lokalisierung und regulatorischieunkton der alternativen
Ube3a Transkripte war jedoch wenig bekannt.

In dieser Arbeit, entdeckte ich dass die UbeB&IA, welche eine verkirzte kodierende
Sequenz und eine alternative 3'UTR enthalt, einzigartige Funktionen in neuReidlmg
und eine genregulatorische Funktion, die stark von der Funktion der Transkripte die das
aktive Ube3@&nzymkodierenabweicht hat.

Ube3alRNA ist spezifisch erhéht durch verstarkte neuronale Aktivitéd lokalisiert
bevorzugt in neuronalen Dergin. Im Gegensatz zu Ube3a&nzynkodierenden
Transkriptenist Ube3al ein negative Regulator von Dendritenwachstum in hippocampale
Neuronendes Nagetierssowohlin dissoziierten Kulturen als audh vivo. Zusatzlich,ist

Ube3alnotig fiir die Reifung von dendritischen Dornfortsatzen. Uberraschenderweise habe

viii



ich herausgefundendass die Funktion von Ube3&NA im Zusammenhang mit
dendritischem Wachstum unabhangig von der kodierenden Funktion ist, und der Gegenwart
einer alternativen 3'UTR zugeschrielveerden konnte.

Bezuglichder molekularen Mechanismelne derUbe3alRNA Funktion zugrunde liegen
habe ichherausgefundendass der Ube3al 3'UTR ein Ziel mehrerer MikroRNAs des
miR379/410 Clustey inklusive miR134, die bereitsin Dendritenwachstum unth der
Reifung von Dornfortsatzienpliziert wurde, ist.

Ube3alRNA ist jedochnicht in kanonischer Weisgon MikroRNAs reguliert, sondern
konkurriert mit anderen m#379/410 Ziel-RNAs fur die Bindung gemeinsame
MikroRNAs.

Deshalb kann man Ube3&INA nacheiner Hypothese, die friher fur Krebszellen gelegt
wurde,als,,competing endogenous RNAceRNA) erachten(Salmena et al., 2011)
Letztendlich beschreibedie Ergebnissedie ich aus meine Doktorarbeiterhaltenhabe,
einen neuenMechanismus der Genregulation neuronalen Dendriten mit wichtige
Bedeutungen fir neuronale Reifung, Entwicklung wuoeuronalenSchaltkreien und

neurologische Entwicklungsstérungen.



1- Introduction

1.1-Postmitotic neuronal development

The mammalian brain, arguably the most complex of all orgamsistsof two main
cell types, glial cells and neurons. The latter are interconnected withirate neural
networks, which enabdéeghem to participate in information processing, perception and

motor control. Glial cells support and maintain neat@ircuits.

The postmitotic developmenbf neurons is anultistep process thdaakes place in a
stereotypic sequential ordexfter differentiation and migration, neurons sprout neurites,
one of whichusually gives rise to the single axomhereas tha@emaining neurites
differentiate into dendrites. The axons are responsible for the output of neurons and
project to the dendrites of a targetunon, where the majority of neuronal inpakes

place Circuits are formed by the integration of specialized subtypes of neurongssuch
excitatory and inhibitory neuronsCertain neurons, such as thexcitatory CA1
pyramidal neurons of the hippocampudgvelop specializegrotrusions ondendrites

called dendtic spines, where most of the excitategnapsesorm (Metzger, 2010).

Dendrite development itsetfionsistsof multiple phases that are regulated by intrinsic
mechanisms and environmental cuksa first elongationphase, dendritic complexity
increases due tine growth of preexisting dendrites and the formation of new branches.

In a second pruning phase, excessive dendrites are removed whereas others are
stabiized. Dendritic spinestart toform during the dendritic growth phase, but the
majority of spine maturation and pruning takes place after the dendriticase®ached

its final shapdChen et al., 2014¥he mechanisms that coordinate dendrite arborization

and spine maturation in time and space are largely unknown.

All steps of dendrite development are subject to regulation by enviroahwems, in
particularthose related to neuronal activity. For example, growth factors released upon
activity (e.g. BDNF) promote dendritic arborization and spine maturéioozewski et

al., 20D). In the process of pruning, activityas a role inthe selection of specific
arbors/spines, and thereby contributes to the shaping of neural cifBuiis et al.,
2009).



Gene regulatorynechanismsboth at the transcriptional and pastnscriptional level,
contribute in an important way tdhe control of activitydependent dendrite
development. While transcription affects gene expression on a reiderievel, post
transcriptional mechanisms can operate on a local scale, at the level of individual
dendrites or spines, thereby allowing a rapid spatiotemporal control in respoosal to |
external cuesOne sucHocal mechanism is dendritic protein synthesis, which involves
the transport of selectedRNAs into the synaptdendritic compartment followed by
their translation at distant site¥/hile local mMRNA translation has wedocumented

roles in plasticity, (Schratt, 2009)its significance in dendrite development and

maturation is less explored.

In vitro neuronal cultureslargely recapitulate the different phases of dendrite
developmenin vivo, making them aisdul model to study the molecular mechanisms
underlying activity-dependent growth, branching and pruning of dendi(késinar,
2011).

1.2- Ube3a inneuronal development

UBE3AIis a gene found on chromosome 15-dBlin human, on chromosome 1 in rat
and on the proximal region of chromosome 7 in miee UBE3A geneencodesa
highly conserved protein called 28> (for E6Associated Protein) or Ube3a.There is
about 99% similarity between theimanand mouse Ube3a protei(tduibregtse et al.,
1993).

Ube3a (E6AP) is a member othe HECT (Homologous to the EBP Carboxyl
Terminus)domain E3 Ubiquitin ligasdéamily, which transfer ubiquitin from EZ2ot
target proteins and thereby mark them for degradation as part otibigaitin
proteasome ystem (UPS). The HECT domain is a 350 residue conserwer@inal
region shared by all members of tfamily for which Ube3a/EEGAP is the founding
member(Scheffner et al., 1993).

Ube3a knockout mouse models have implicated Ube3a initgati@pendent brain
development and plasticity. These animals show impaired expedepeadent
cortical development(Sato and Stryker, 2010Yashiro et al.,, 2009)and
excitatory/inhibitory imbalance(Wallace et al., 2012). This is accompanied by

abnormal dendritic spine morphology (Dindot et al., 2088y defects in dendrite



polarization (Miao et al., 2013)in pyramidal neurons. The drosophila homolog of
Ube3a, dUbe3a, has also been shown to regulate dendrite brafialniegal., 2009)
Studesinto the molecular mechanism$ Ube3ain brain development have shown that
Ube3a/EEAP regulates protein stability at the synapse, targeting the immediate early
gene Arc (Greer et al.,, 2010)the Parkinson’s disease proteaiphasynuclein,
(Mulherkar et al., 2009and the RhoA GEF Ephexin ®/argolis et al., 2010¥or

degradation.

Ube3a dysfunction has been linkedseveral neurodevelopmental disordergss-of-
function mutations in the humat/BE3A gene causeAngelman syndromgAS), a
severe neurodevelopmental disordeharacterized byintellectual disability, a
characteristic behavior profilphysiognomy, ataxia and seizur@rd, 2014 Kishino
et al.,, 1997 Matsuura et al., 1997Fang et al., 1999Ube3a knockout mice develop
symptoms remmbling human ASJana, 2012)such as motor dysfunction, inducible
seizures andleficits in contextdependent learning. These mitereforeprovide an

animal model for the human condition.

Duplications of thdJBE3Agene are among the most frequent copy number variations
associated with autisispectrumdisorders (ASD)Flashner et al., 201&lessner et al.,
2009) earlyonset neurodevelopmental disorders characterized by impaired social
interactions and repetitive stergpic behaviors (MIM20895DSM5). These findings
suggest that, in contrast to AS, exaggerated Ube3a production contributes to the
development of ASDIntriguingly, autism is associated with a higher risk of epilepsy
suggesting that fine-tuning Ube3a levels could play an important role in the hagi®ost

of neural circuits(Tuchman and Rapin, 2002[Recently,increased gene dosage of
Ube3a has been shown to result in autism traits tiansgenic mouse @@ (Smith et

al., 2011) providing experimental support for a causal link between increased Ube3a

levels and the development of ASD.
1.3- Ube3atranscript isoform diversity

The mouseUBE3A gene consistsof 13 exons(Fig. 1a). As a resilt of alternative
splicing, two different transcript variantgbe3&,3) are generated that differ at their 5’
terminus due to alternative inclusion of exons 2/3, but contain a common 3'UTR
(untranslated regionUTR2). In addition, the alternative usagd a proximal
polyadenylation site generates truncated transcript, UbeBa that includes an
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alternative 3'UTR (UTR1) ConsequentlyUbe3al is missing exons 12/13, which
encodecritical amino acid residues withithe catalytic centre of Ube3&herefore
translation of Ube3al iexpected to give rise to a catalytically inactive Ube3a protein
isoform. TheUBE3A gene is paternally imprinted in neurons, meaning that only the
copy from thematernal allele is transcribed. Repression of paternal transcription is
achieved by a long netoding RNA(Ube3a ATS) thatis transcribed from the paternal
allele (Runte et al., 2001)n antisense direction. In neurons, expression of paternal
Ube3aor the Ube3a ATS is mutually exclusi(¢amasaki et al., 2003.ancers et al.,
2005). Interestingly, unsilencing of the paterndibe3a allele by targeting Ube2d S

was recently presented as a potential novel therapeutic strategy (Mextg et al.,
2015).

In human,UBE3A was reported to produce three isoforms, encoded by at least five
alternative transcriptéyamamoto et al., 1997However, in contrast to rodents, these
transcript variantareexclusively generated by alternative splicing at the 5’ termifius
truncated Ube3a transctifUbe3a-005fhat terminates after the exon homalag to

rodent Ube3al exon 11 has been reported in the ENSEMBL database, but not

experimentally validated.

In summary, a variety of Ube3a transcriptsitaining different 3'UTRare expressed

in mammalian neurons, but their specific functions are unknown.
1.4-microRNAs (miRNAS) in neuronal development

MicroRNAs are short (around 22 nucleotidesinglestranded nortoding RNAswith
gene regulatoryunctions thatare found in most organisms, including plants, metazoa
and virusesA typical mammalian genomeontainsseveral hundredniRNAs gene
families, which together account for about 1% of the genome.

The biogenesis of miRNAs is a multistep procgssl et al., 2010) In mammalsa
primary RNA polymerase |l transcrigipri-miR) is cleavedby a multiprotein complex
known asthe microprocessoto a precursor miRNA stefoop (premiRNA). The
Riboruclease(RNAse) Ill enzyme Droshais one of the main components of the
microprocessor. The pmaiRNA is then exported into the cytosol where it undergoes a
second cleavage lifie highly conserved RNAselll Dicef.he resultingniRNA duplex

is thenunwound nto single strands which can then ipeorporatedinto Argonaute



proteins, the core components of the miRNA effector comphRRISC (MiRNA
containing RNA-induced silencing complex).

MiRISC s guidedto target mMRNA via imperfect base pairingetween the nitNA and

a partially complementary sequengkich ismostly located in the 3'UTR of the target
MRNA. After targe recognition, miRISC exerts its gene regulatory function, which in
most cases consists of a combination of translational inhibition and mRNadaggn.

In miRISC, GW182 proteinflnrc6ac) are important scaffold proteins allowing for the
recruitment of effector proteins (e.g. deadenylation, decapping complextsih
regulateRNA stability and translational silenciniyao et al., 2013Pfaff and Meister,
2013). Since eachmiRNA usually hashundreds of different target mRNA#ey are
believedto regulate about one third of the entire transcriptome (Lewis et al., 2005).

MiRNAs play a critical rolein different steps of neuronal development, including
neurogenesisneuronal maturation and plastic (Fineberg et al., 200Bicker et al.,
2014).In postmitotic neurons, mMiRNAs are involved in axon and dendrite development
(Schrat, 2009 Siegel et al., 2011 At the synapse, miRNgplay key roles in regulating
the local translation of regulatood dendritic spine maturation and plastic{§chratt,
2009). MiRNA s are necessary for higharognitive functions and deregulatiof their
expression andunction has been linked to sevenakurologicaldisorders(Saba and
Schratt, 2010; Fiore et al., 2011).

The neuronenriched miR134 has been extensively studied in the contextaironal
development and plasticityBicker et al., 2014)It was first shown to negatively
regulate the maturation of dendritic spinasrat hippocampal neuronsy targeting
LIM -domain containing protein kinase Lirak1l) (Schratt et al.,, 2006)n addition,
miR-134 isrequiredfor activity-dependent dendrite outgrowtRiore et al., 2009and
homeostaticsynaptic scalindy inhibiting Pumilio-2 (Pum2)expressionMir-134 also
regulats cAMP response elemebinding protein CREB) signalingand thus plays a
role in plasticity(Gao et al., 2010) and cell survival (Huang et al., 2015).

Mir-134 is embedded within tHarge, actiwty-regulatedmiR379410 cluster which is
part of theimprinted Glk2/Diol domair(Seitz et al., 2004)The miR379/410 cluster
consists 0f39 miRNAs in mice andis involved in nervous system function and liver
metabolism(Labialle et al., 2014).

1.5-Competing endogenous RNAgeRNA)



Although transcriptionategulationis the most important means of regulating miRNA
expression, (Choudhry and Catto, 2011niRNAs are also subject to elaborate
regulation both at the level of their biogenesis and their fun¢iioni et al., 2010)The
activity of mature miRNAcan be regulated in several wayssluding stablity and
mIRISC function (Krol et al., 2010) More recently,new regulatory RNA molecules
called competing endogenous RNAs (ceRNmjere proposed to regulate miRNA
activity in trans According to this hypothesifRNAs that share miRNAinding sites
compete for common miRNASThus, changes in the levels of one ceRNA affect the

expression of othexeRNAsin transdue to alterations in miRNA occupancy.

The ceRNA hypothesis was first presented in 2q$almena et al., 20139nd was
subsequentlyexperimentallysupported bythe finding that expression ofthe tumor
swppressor PTENcan be regulated by the PTEN pseudogeize competition for
common miRNAgTay et al., 2011)Since then, other cases of ceRkggulation have

been reportedeviewed by Tay, Rinn and Pandolfi in 20y et al., 2014)CeRNA
function is not limited to pseudogenes, but also applies to other classes of endogenous
RNAs, both codindmRNAs)and norcoding(e.g. long norcoding RNAs (IncCRNAS),
circular RNAs (circRNASs))

Most ceRNA interactionshserved so far were found in the context of cancer research
(Karreth and Pandolfi, 2013Where large fluctuati®in gene expression are common
(Ala et al., 2013 Yuan et al., 2015)It was sugested thathe drastic change in the
levels ofone RNAasobserved in cancegells could affect expression of other RNAs

sharing miRNA regulatiothrough a modulation of miRNActivity.

In contrast, the physiological relevance of ceRNA crosstalk is still &nadttebateln
2014, a quantitative study of miRR2 and its targets in hepatocyt®sggestedhat,
under physiological conditions, none of the targets of-&fR varied in expression
enough toexplain changes iMIRNA occupancy of the remaining target pool
Moreover, miR122 levels were in large excess over target RN, the consequence
that even large increases in miRNA target sikeg. caused by a strong-rtggulation of
one of the targets, shoule buffered by miRNA complexes that a@ engaged with
theirtargets(Denzler et al., 2014).

Shortly thereafterBosson et al. used ArgonauteLIP to assess miRNA binding in
living cells, and demonstrated that hierarchical binding of miRblAigh and low
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affinity targets was an importafgature of miRNA regulation in living cell@osson et
al., 2014) Using single cell reporterghey furthershowedthat the likelihood that
specific miRNA targets participate in ceRNA crosstalk dependmi®®NA to targe
RNA ratios.In this scenaripless abundant miRNs#farestronglyaffected bychanges in
target RNA levels, in particular by alterationshigh-affinity targets These findings are
further, in agreemenwvith recentconclusionsrom modeling studies (Yuan et al., 2015).

Taken together, ceRNA regulation appears to be limited to cases in which the
spatiotemporal concentrations of miRNAs and target RNAs, as well as tbiécspe
miRNA-targetRNA affinities, are favorable. Howeverirélct experimental support for
ceRNA regulatiorunder physiological conditions missing in most cellular systems,

including post-mitotic neurons.

2- Aims of the thesis

The ubiquitin ligase Ube3a has long been implicated in the regulation of neuronal
developnent and synaptic plasticity, and Ube3a mutations have been associated with
neurodevelopmental disorders. While most studies focused on the identification of
downstream targets mediating the effects of Ube3a, little is known about how Ube3a
activity is reglated. The recent discovergf several Ube3a transcript variants
containing different 3'UTRs raises the possibility that gestscriptional mechanisms,
such as mRNA transporstability or translation, could play a major role in Ube3a

regulation.
Therefae, | focused on the following aims during my experimental thesis work:

to characterize the spatiotemporal expression of Ub834TR transcript variants
during hippocampal neuron dendrite development.

to characterize the function of Ube38lUTR transcript variants during dendrite
developmenof hippocampal neurons.

to identify postiranscriptional mechanisms of Ube3a regulation, with a specific focus

on the involvement of neuronal miRNAs.



By pursuing these aims, | intendednoreaseour knowledgeabout Wbe3aregulation in
hippocampal neurons, with implications for the understandinghef mechanisms

important insynapse development and neurodevelopmental disorders.

3- Summary of published work

The results of my PhD thesis have been recently publishedliumy et al., 2015. If not
otherwise stated, all experiments included in this manuscript have been pdrfoyme

myself.
3.1- Expression analysis of Ube3a transcript variants

Using primersspecificfor the two reported rodent Ube3a 3'UTR, UTR1 and UTé2

Fig. 1A), we assessed the expression of twe Ube3a 3UTR variants inprimary rat
hippocampal cultures by conventiorralverse transcripsepolymerase chain reaction
(RT-PCR). Thereby,we detectedobust expression of both variaitsmature, 8 dayin

vitro (DIV), primary hippocampal neuron$ne single band at the expected size was
detected, suggesting that the-RCTR amplification was specifi¢ig.1B). To validate
Ube3al expression furtheme used a forward primeocatedin the common coding
sajuencein combinationwith the Ube3al reverse primer. This PCR produced a single
band at the expected si@eg.1B; the primers used for this experiment are shown in Fig.
1A). Quantitative reatime PCR PCR)performed on the samRNA yielded in both
cass a singleproduct. Thesgroducts were confirmed ddbe3a UTR1 and UTR2
respectively by sequencinggPCR furtherevealedthat Ube3aUTR2 (Ube3a2/3was
about fourfoldmore abundantin hippocampal neuronfDIV18) compared to Ube3a
UTR1 (Ube3al) Whole ranscriptome shotgun sequencii®tNA-seq)of RNA further
confirmed expression of the Ube3al transcript in rat hippocampal neurons
(Supplementary Figurealand b UCSC genome browser), although this method, in
contrast to gPCRindicatedvery low expressiomf Ube3a UTR1. The reason for the

discrepancy betwedhe qPCR and RNAegresults is currentlunknown.

In neurons, the Ube3geneis imprinted and expressed only from the maternal allele.
Imprinting requiresUbe3aATS, which is transcribed antisense Wbe3a and covers
large parts of the Ube3a gene, including UTR1 andherefore, the observed PCR

amplifications could derive, at leaptrtially, from Ube3aATS. To investigate this
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possibility, we performed strangpecific RT using Ube3aspecific primes, either in
sense or antisense direction, to generate cDNA. Nexewaluated the expression of
either strandby gPCR. Significant amplification was only observed with cDNA
transcribed with primers in sense direction, suggesting that the vast majdJine 8d1

originates from the sense strand (supplenreriay.1c).

To get insight into potential functions of Ube3a variants at different stagesianake
developmentwe investigated the expression of the Ube3a 3'UTR vatlgm®CRin a
time-course expement from 318 DIV in collaboration with Dr.SBicker (AG Schratt)
We foundthat both Ube3al and Ube3a2f&ogressivelyincreased duringhis period,
suggesting that they could be involved in processes related to dendrite/spine pruning

and maturation (goplementary Fig.2).

Neuronal activity was previously showr{Greer et al., 2010)to increase
Ube3a expression.To study activity-dependent regulation of the Ube3a transcript
variants, | usedgPCR to assess Ube3a expressipon neuronal stimulation (RNA
kindly supplied by Dr. S. KhudayberdieAG Schratt) RNA was obtainedfrom
neurons treated withtwo different stimulation protocols (Fig.1C). First, bath-
application of the growth factorBrain-DerivedNeurotrophic Factor (BDNF),
which is synthesized and released in response to newctnaty. Second, membrane
depolarizing concentrations of KCI, which are used nomic neuronal firing

induced by action potentials.

Whereasthe expression of Ube3a2/3 remained unchangeturons stimulated with
either BDNF or KC| Ube3alexpressiorwas increase@bout twofoldabove control
levels byboth stimuli (Fig. 1C). Trerefore, Ube3al is selectively induced by neural

activity related stimulisuch as BDNF or depolarizing KCI concentrations.

The 3'UTR plays an important role in thcalization of many neuronal mRNAs
(Andreassi and Riccio, 2009). As the Ube3a protein is found at the synapse ¢Cal.,
2010),we asked whether specific dendritic localization of Ube3a 3'UTR variants could
be responsible for synaptic Ube3a expression (in collaboration with Dr. S. Bicker,
AG Schratt) Preliminary datafrom quantitative PCRsuggestedthat Ube3al, but

not Ube3a2/3was enriched in synaptosome preparations obtained from P15 rat
forebrains(sup Fig. 3c and d). In addition, qPCR was performed with RNA
obtainedfrom compartmentalize®IV 18 hippocampatultures. Inthese cultures;ell
bodies arghysically separated fronprocessegaxons and dendrites) by a thin porous
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Ube3alwas enrichedn the process compared to the cell bodympartment, to a
comparable magnitude as the knosendritically localized Arc transcrigkyford et al.,
1995) In comparison, Ube3a2/@/as mostly found in the cell body compartments
(Fig.1D). The enrichment ofthe Ube3al3'UTR in dendritic processes after
overexpression in primary hippocampal neuraas confirmed by fluorescence in situ
hybridization (FISH)Fig.1e), which was performed . S. Bicker.

Taken together, we could confirm the expression of alternative Ube3a 3'UTR
variants in primary neurons. Moreover, we observed differential regulation of Ube3a

3'UTR variants at the level of activigependent expression and subcellular localization.
3.2- Expression analysis of Ube3a protein isoforms

To investigate expression of different Ube3a protein isofpwes first designed
plasmids that allow the expression of mouse recombinant Ube3duSiBR proteins
that are derived from the different Ube3a 3'UTR variait® overexpressed #se
fusion proteins in HEK293 cells and fouhyg Western blotting robust expression af
truncatedprotein GFRUbe3a-S)encoded byhe Ube3a UTR1 containingranscriptas
well asa full-length protein GFRUbe3aFL) encoded byhe Ube3a UTR2 containing
transcript (supplementaryFig.4b). In addition, using a commercial antibodsised
against a domain common to albe3aproteinisoforms, wefound that HEKR93 cells
endogenously expredsbe3aFL, but not Ube3& (supplementarifig.4b). Expression
of transfectedGFR-Ube3afusion proteins in neurons wasnfirmedby fluorescence
microscopy (dsRed ceransfection was used to visualize cell morphology;
supplementaryFig. 4c) and by Western blotting(datanot shown) We conclude that
both Ube3a 3'UTRvariants have coding potential and can be efficiently translated in

different cellular systems.

We went on to verify expression of the endogenous Ub@®ein isoformsin the
rodent brairusing Western blottingsimilar to our results frorrlEK293 cells,we were
unable to detect expression @ truncated Ube3& in protein lysites generateeither

from young rat or mouse forebrain (not shown), P15 rat forebraymaptosomes
(supplementaryFig. 4a), or from DIV 18 cultured rat hippocampal neurons
(supplementaryFig. 4c). In contrast, Ube3&L was abundantly present all these
lysates(e.g. supplementary figure 4aYhus,a Ube3aS protein corresponding to the
Ube3al RNA is notletectablyexpressed in rat hippocampal neurons or rodent forebrain.
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3.3- Functional analysis of Ube3a transcript variants

Despite the absence of UbeSaour gPCR analysis indicated expression of at least two
different Ube3a 3’'UTR variants in hippocampal neurons. To investigate the function of
these variants in hippocampal dendrite development, we designed shRNAs targeting
conserved sequences tife specific3'UTRs of Ube3al and Ube3a2/Bor control
purposes, additional shRNAs targeting either a sequence common to all Ube3a
transcript variants (Ube3ads) ora control ShRNA were designed. The$hRNAs were
cloned in a pSuper vector for transfection and a U6/pBIMRAAV vector for the
production of adenassociated viruses(AAV). To assesshRNA efficiency and
specificity, HEK293 cells were ctransfected wittGFRUbe3afusion proteils and the
ShRNA expression plasmidsupplementakFig. 4d). Western blot analysievealed that
each of the shRNAs specifically reduced the expression of the respective irengmb
GFPRUbe3a proteinTo study the effect of Ube3a shRNAs on endogenous UBk3a
protein in rat hippocampal neuronsve infected neurons with rAAV expressinthe
different Ube3ashRNAs which resulted in a near complete infectimme week after

virus application Using Western blottingwe found that the Ube3al shRNA did not
affect Ube3aFL expression,whereasthe latter was reduced in the presence of the
Ube32/3 and Ube3&ds shRNAs (supplementary fig.4eBince Ube3& is not
detectable by Western blotting neurons,we validated theefficacy of the Ube3al
shRNA at the RNA level Therefore we extractedtotal RNA of hippocampal neurons
infected with the AAVUbe3alor control shRNA andaneasured the expressiohthe
Ube3a 3UTR variantsby qPCR We found that infection with the Ube3al shRNA virus
significantly reducedexpression of the Ube3afanscript(up to 6@6) compared to a
control shRNA without affecting the expression of the other Ube3a transcripts
(supplementary figure 4f)Altogether, these experiments demonstrate that the chosen
shRNA sequences can specifically agificiently knoclkdown the respective Ube3a

transcript variants.

We then usedhe validatedshRNAs toinvestigate thefunction of individual Ube3a
3'UTR transcript variantsluring the development of cultured hippocampal neundfes.
used cetransfection of a GFP plasmid to monitor neuronal morphology by confocal
microscopy and focusean two parametersof dendrite developmentdendrite
complexity and dendritic spine morphogenesis. The determination of dendrite
complexityby Sholl analysis revealed that Ube3al knockdown betwVV11-18 led
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to a highly significant increase in dendrite complexity of rat hippocampal mabm
neurons(Fig. 2a and b Interestingly,transfection ofthe Ube3a2/33hRNA had the
opposite effect leading to a significant reduction in dendrite compiexFurther,
neurons transfected with tltbe3aedsshRNA weremorphologically indistinguishable
from control neurons (Fig& and B. These results suggetstat Ube3al and Ube3a2/3
transcripts have opposite roles in dendrite developmemtd likely operatein

independent pathways.

Our results from expression and functional analysis provided first evidencéhéha
Ube3al transcript could play a unique role in actidépendentdendritedevelopment
in hippocampal neurons. We therefore decided to studyuhetibn and regulatory
mechanisnof Ube3alin furtherdetail To determinea possible function df/be3al in
activity-dependent dendrite developmemte used bath application of the activity
induced neurotrophin BDNi DIV 4-10 hippocampal neuror{Eiore et al., 2009\We
found that expression of GHPbe3al could abolish the dendrite groyetiomoting
effect of BEDNF in theseneurons (supplementary fig.5c and Bhis result demonstrates
that Ube3als not only necessary to restrict dendotegrowthin developing neurons

but alsosufficient to inhibit activityinduced dendrite growth.

Having foundthat Ube3al egatively regulateactivity-dependent dendrite outgrowth,
we decided to assess a potential role of Ube3atemdriticspine maturation, which is
also subject to regulation by activilKuczewsk et al., 2010) We transfected rat
hippocampal neurons with either a control shRNA or the Ube3al shBdéther with
GFP and performedhigh-resolutionconfocalfluorescence microscopyf the dendritic
branches.A quantitative assessmewnf hundreds ofspnes from multiple neurons
(Fig.2c) revealed thathe average spine volume wbe3al knockdown neuromngas
significantly smaller comparedto control cells (Fig.2d), whereas spine densityas
unchanged (Figf2. Toinvestigate whether these morphological changes translated into
alterations in excitatory postsynaptic function, patetlamp electrophysiological
recordings of miniature excitatory pestnaptic currents (MEPSCs) were performed on
different neurons transfected in the same mansatescribed foranfocal microscopy
(in collaboration withDr. A. Aksoy-Aksel, AG Schraft In agreementwith the
morphological data,average mEPSC amplitudes, but not frequencies, where

significantlyreducedn Ube3alknockdown neurons compared to control céflg).2F-
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H). This indicates that excitatory postsynagtiaction iscompromised in the absence
of Ube3al.

In order to ensure thahe knockdown of Ube3al was indeed responsible for the
increased dendritecomplexity of cells transfected with the Ube3al shRNwe
performedrescue experimestTowards this endye co-expressed the Ube3al shRNA
and arshRNA-resistant recombinant mouse GBBe3al(which is 97% identical to the
rat homologup We found that expressing mouse Ube3atrmalized dendrite
complexity in Ube3alshRNA expressing cellgFig.3C), demonstrating that loss of
Ube3al is indeed responsible for excessive denmbitgplexityand ruling out ofttarget
effects of the Ube3al shRNA

Having shown that the Ube3al shRNA is specific and that no Ubelatein is
expressedwe hypothesizedhat Ube3alfunction in dendrite regulationcould be
coding-independent. ol address this possibilityve designed several mutant Ube3al
constructdased on the parensthRNA resistant mouse GHbbe3al By introducing a
frameshit at the start of the putativgbe3al coding sequenaee generated a construct
(GFRP-Ube34d.-fs) thatcould not be translated into UbeSaand thereforallowed usto
test a codingndependent function of Ube3al RNEAig.3A and B, supplementélig.
5a). We found thattransfection ofthis construct couldcompletely rescuealendrite
complexity inUbe3al knockdowmeurons(Fig. 3E and F).Thus, expression of the
Ube3alRNA, but not Ube3& protein, is required for the inhibitory function of
Ube3al in dendritedevelopment. Result®btained with transfection oédditional
deletion constructs furthedentified the alternative Ube3al 3'UTRs the functionally
important sequence within Ube3&NA (Fig.3A-F). To obtain more conclusive
evidence thathe Ube3al 3'UTR, but not the&lbe3aS protein isinvolved in the
regultion of dendritic complexity, wéurther used a construct containing the intact
GFPRUbe3alcds but lacking the 3'UTRsupplementaryrig. 6). Consistent withour
previous results, this construct was not able to rescue the Ube3al gitieNétype.
These experiments provideultiple lines ofevidence for a codinrtndependent function
of the Ube3al RNA in neuronal dendrites.

We further wishedto elucidate the mechanisenderlying the codingndependent
function of the Ube3aRNA in the regulation of dendrite outgrowth, focusing on the

functionally important 33UTR3'UTRs are preferred binding sites for miRNAs, and
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could identify 31 potential binding sites (based on seed match pairing) for several
members ofthe miR379/410 cluster within the Ube3al 3'UTRing bioinformatics
(Fig.5A). Specifically, one strong candidate site for tme known dendriticnember of

the miR379/410 clustemiR-134, could be identified.Therefore,we considered the
possibility thatmiRNAs, especially the miR379/410 cluster, could be involved in the
dendrite regulatory function of Ube3al.

First, we determinecthe functionality ofa selection ofutativemiRNA binding sites,
including themiR-134 bindingsite using luciferase reporter gene assayst neurons.
Thereby,we found that overexpression of three out of feestedmiR379/410 miRNAs
specifically reduced expression of a Ube8ad reporter(Fig.5B), suggesting that the
respective sites are functional in neurdfRscusing on one of the functional miRNAs,
miR-134,we found that the repressive effect was indeed mediated by the seed targeting
site, since daJbe3alluc reportercontaining a mutatethiR-134 sitewas unaffected by
miR-134 transfectior{Fig.5C). Moreoverfransfecton of an antisense inhibitomiR-

134 oligonucleotidegLNA-134) specifically increas# expression of Ube3allic in a

seed targetingite dependent mann@fig.5D),demonstratinghat endogenous miR-134

does targetheUbe3al3’'UTR in neurons.

If miRNAs are responsible for Ube3a&NA function, interfering with miRNA
production or function in a general manneshould abolish the dendrite growth
promoting effect of Ube3al knockdowio globally reduce miRNA activity, we
performed knockdown of either tineicroprocessoiprotein Drosha (Gregory et al., 2004)
or the miRNA effectoprotein Tnrc6c (GW182) (Meister et al., 2005)Fig.4A and D).
We found thatknockdown of either of these proteipsevented excessive dendrite
growth in the presence of the Ube3al shR(RA.4B-C and EF, respectively)These
two independent experiments strongly suggest that miRNAs are involved in therfuncti
of Ube3al.

Among the 39 miRNAs within the miR379/410 cluster, miR134 represented an
attractive candidate for mediating functions of Ube3al, since it had been phkgvious
implicated in the regulation of dendritogenesis and spine morpholbmyever, the
neuromorphological phenotypes observed upon miR134 and Ube3al inhiSitlmatt
et al., 2006; Fi@a) are inconsistent witlhepression of Ube3al by miE34, as would

be expected foa canonical mode of miRN#£arget regulationinstead, our observations
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could be better explainday acompeting endogenous RNA (ceRNA, see introduction)
function of Ube3alAccording to the ceRNA modeUbe3alRNA knockdown(see
supplementaryid.4f) would be expected tecrease expression of other riiB4 target
MRNAS since more miR134 becomesavalable for their repressionTo test this
hypothesisve performeduciferaseassaysn hippocampal neuronssingreportergenes
that containthe 3'UTRs of three validatedniR-134 targets, Limk1l, Pum2 and Crebl
(supplementary fig8a). We found that knockdown of Ube3adignificantly reduced
expression okimk1-luc and Crebdluc (Fig.5E, supplementary fig. 8b.), and resulted in
a reproducible, but nesignificant reduction in PumRic expressionThese resis
support the idea that Ube3&NA works as a ceRN#or specific miR134 targets.

We nextused infectiorof rAAV -Ube3al shRNAo testif Ube3atRNA regulates the
expression of miRL34 targeproteins inneurons. Wenfectedrat hippocampaheurons
at DIV11 with either therAAV-Ube3al shRNA or a contradhRNA andprepared
protein extracts fowestern blot analysiat DIV18 We found that in agreement with
the data from luciferase assays$he3alknockdown led to a significantlyeduced
expression of Limk1l and Pungzotein.Expression ofCreblprotein,on the other hand
was not affected by Ube3a&ihockdown suggestinghat regulation of the Crebluc
reporter by Ube3aRNA does notrecapitulateregulation of the endogenous Crebl

protein.

The relative abundance of ceRNAs and natural target mRNAs is an important
determinant of an effective ceRNA crosstdlBosson et al., 2014)We therefore
decided to measure copy numbers of Limkl, Pum2 and Ube3al RNAs in hippocampal
neurons using absolute quantification qPCRhis method uses standard curves
generated withdefined amounts ofplasmid DNA which in turn allows the
determination otranscript copy numbers within a given amount of total RNA used for
the experimentBased on this method, Limkl and Ube3al RNA are expressed at
comparale levels in hippocampal neurons at both the wielk level and within
neuronal processegwhich mainly consist of dendrites). In contrast, Puempression

was found to be about ooeder ofmagnitude higher (supplementdfig.9).

Finally, we investigaed the relevance oblbe3alin neuronal developmemh micein
vivo (in collaboration with M. W6hi(AG Schwarting,Psychology, Marburgand M.
Lackinger (AG Schratt)). Wefound that Ube3aRNA and miR134 were induced in
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mice raisedn social isolatior(SI) compared to normal housing conditions. SiStes a
stress paradigm that among other things impairs memory perforr(fagd@A and B)
this suggested an involvement of the UbeBaR134 interaction in activitglependent

neural processes related to caigmi.

To study the role ofube3alRNA in neuromorphologyin the developing mouse
hippocampusn living animals weinjected rAAV expressing/be3alor controlshRNA

into thelateral ventriclesof PO micebeforeprepamg coronal brain slices at P2We
thenassessed dendritic complexdff CA1 hippocampal neurongithin theseslices by
confocal fluorescence microscpoplinfected neurons could be imaged due to the
expression of GFP encoded by the rAAV constr8anilar to results obtained witin

vitro cultured neurongFig. 2a), CA1 hippocampal neuroribat had developed in the
living animal displayed an increased dendritic complexity upon Ube3al knockdown

compared to control neurons (Fig.6.C and D).

Having shown that Ube3al rdgtes dendritogenesis vivo, we wanted tatest whether
this required the presence pfiRNAs expressed from the miR379/410 cluster that
contains miR134. For these experimentsve could use amiR379-410 (ko) mouse
strain deficient for the entireniR379/410 microRNA clustethat wa generated by
Taconic Artemis and already available in the [&g. 6E). Based on experiments
performedin collaboration withM. Lackinger, thesenice entirely lackmiR-134 and
other selected members of the clusecording to qPCR analysi§Fig. 6F).
Furthermore, brain organization of these miceiertly normal(sup. Fig.12). Unlike in
wildtype (wt) mice,rAAV mediated knockdown of Ube3al had no significant effect on
dendrite complexity in miR379/410 ko mice. Timdicates thathe function of Ube3al-
RNA in regulating dendriteomplexityof mouse hippocampal neuroissdependent on
the expressioof the miR379/410 cluster.

4- Discussion

4.1- Expression of Ube3&ranscript variants during neuronal development

Ube3a is an important element in the welt machinery regulating pesiitotic

neuronal maturatiofBird, 2014) Although the existence of several transcript variants
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encodirg different Ube3a protein isoforms has been known for quite some time,
previous studies have almost exclusively focusedUbe3aFL and its role as E3
ubiquitin ligase(Bird, 2014) Our interest iralternative Ube3a transcriptgas driven by

our observation thahe Ube3alRNA (or its human counterpadBE3A-005) contains

a unigue 3UTR which harbors 31 potentiabinding sitesfor membes of the
mMiR379A10 cluster(Fig.5a) Since Ube3aRNA is lacking the two most distal exons,
this further suggested that the Ube3al encoded truncated protein product-8)ybe3a

could have specific functions.

We obtainedevidence for the presence Obe3alRNA in mouse and rat braifut
wereunable todetectthe respectivg@rotein product, Ube38, by Western blottinglo
our knowledge, endogenous Ubel3aas not been reported in the literature, and
findings from gPCR are in agreement with a recent patitin wherein Ube3aRNA
levels were reported to be low compared to Ube3@i&o et al., 2013)Nevertheless,

it is possible that Ube3@ is translated irspecific cell types omunder specific
environmental conditionsSince Ube3& is lacking catalytic activity, it coulderhaps
actas a dominanmegative for the catalytically active UbeBa. Our results thaGFP
Ube3aS protein is expressed upon transfectiasf plasmids contaning the intact
Ube3al open reading franme both neurons and neneuronal cellsdemonstrate that
Ube3al RNA has coding potential. One possibility why we do not detect an endogenous
Ube3aS$ is that translation of thendogenous Ube3al RNA is strongly inkell by
transacting factors, such as miRNAs and RBPs. Thisippserted by the presence of at
least31 (Fig.5a)miRNA seed from the miR379/410 clustéargeting sites within the
Ube3al 3'UTR, some of which we could functionally validate (Fg). Furthe
biochemical experiments should help to identhw full spectrum of gene regulatory
factors that interact with the Ube3al 3'UTR.

Our results concerningndogenousJbe3al RNA expression mostly rely on the PCR
method, which has several potential pitfaltet should be considereéirst PCR
primers couldn principle nonspecificallyamplify another transcript containing similar
sequencastretchesSnce we used several primer paisvering different regions of the
Ube3al 3'UTR and verified all resultif@CR amplicondy sequencingwe consider
this possibility highly unlikelyIn the futurerapid amplification of 5' and 3'-€@rminal
ends(3’ and 5" RACE)could be used to obtain more detailed information about the
exact sart and end positions of Ube3&NA. In addition, Northern blottingvith
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probes directed against the unique Ube3al 3'Widrld provide information onhe
size and abundance of Ube3&lated transcripts

Secondthe PCR primeraised for the amplification of Ube3ate also complementary

to the respective antisense transcript and could therefore argjpl@ga transcripts in
antisense direction, such as Ub&S8ES. However,our results fronstrandspecificPCR
experimentgSup.Fig.1C) suggesthatthe vast majority of the transcripts detected with
Ube3alspecific primers are in sense orientatioNlso, Ube3aATS is localized
preferentially in the nucleugVeng et al., 2013)and therefore unlikely accounts for
Ube3al 3'UTR containing transcripts detected in dendftiegher,we believe Ube3a

ATS was not significantly affected by the Ube3al knockdown, as expression of-Ube3a
ATS is reported to be inversely proportional to that of the canonical Ube3a from the
paternal alleldYamasaki et al., 2003)ndeed, in our Ube3al knockdown experiments,

neither Ube3a2/3 transcript nor Ube3a-FL protein wereeased

In addition to PCR, whole genome shotgeNA sequencindRNA-seq)was used to
validate expression of the Ube3al transcript in rodent brain (Sup. fidhik).dataset
further supported expression of Ube3al 3'UTR containing transcripts in sense
orientation. Interestingly, the abundance of Ube3al RNA was much lower based on
RNA-seq compared to PCRhe reason for this difference is unclead could be due

to a low coverage of the Ube3al 3'UTR in RISAg experiments because ar

unfavoralbe localnucleotide composition (Zheng et al., 2011).

We found that Ube3al and Ube3a2/3 wdifeerentially regulatedby neuronahctivity.
While expression olUbe3al was increased by babplied BDNF or a depolarizing
KCIl concentration,Ube3a2/3 was unresponsive to both stimiireviously, in
experiments that did not distinguish between the isofottbe3a mMRNA and protein
levels were reported to increase uponl K&t not BDNFstimulation (Greer et al.,
2010).Since Ube3a2/3 is aboutfdld more abundant than Ube3al in neurons {ig.
the BDNFdependent increase in Ube3al might be masked by theesponsie
Ube3a2/3 in this studyhich pools together all Ube3a transcripts. However, this cannot
explain why we failed to observe K@lepedent upregulation of Ube3a2/&n
alternative explanation could tiee lowerKCl concentration we used (16mébmpared
55mM).
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Furthermoreusing a biochemical fractionation methade found that Ube3al RNA,
unlike Ube3a2/3wasenriched in dendrites, at@mparable level to known dendrite
enriched transcripts such as Afcyford et al., 1995) Previously, both the Ube3a
protein, associated with the 26S proteas¢nze et al., 2010and Ube3a RNACajigas

et al., 2012)were found in dendrites. It is possible that the Ube3a RNA found in
dendrites contained a large proportion of Ube3al, as the probes used for this study did
not differentiatebetweenthe Ube3a8’'UTR variants In addition, dendritic localization

of the Ube3a protein could be independent of dendritic Ube3a RNA localiz&iion
example as a cargo of the 26S proteasome. Unfadynave were unable to validate
dendritic localization of endogenous UbedNA by fluorescence in situ hybridization
experiments. One possible explanation for this negative result cothdtitbe Ube3al

RNA is inaccessible for the FISH probe, e.g. doethe association with RNP
complexesln line with this, we observed increased dendritic FISH signal intensity for
the transfected Ube3al 3'UTR upon protease treatment. Further optimization of the
FISH protocol will be required to obtain more conclusive evidence for dendritic

localization of endogenougbe3alRNA in neurons.
4.2-Functions of Ube3a isoforms in neuronal development

Using a 3'UTRspecific knockdown approachye found that thetwo rodent Ube3a
3'UTR variants (Ube3al, Ube3a2/3have different roles in neuronal development.
Whereas the canonical Ube3a2i@hich gives rise to Ube3BL, is necessary for
dendrite growth and arborizatiowe found that Ube3al is on the contrary a negative
regulator of dendriteomplexity(Fig.2A,B). Interestinglythe knockdown off all Ube3a
isoforms with anshRNAdirected against the common coding sequendabaffect on
dendritogenesjsvhich strongly argueshat Ube3a 3'UTR variants work in independent
pathways.These results are in agreememth published dat. First, no effect on
dendrite outgrowth was observed in UBE3A knockmite which lack all Ube3a
transcript variant¢Dindot et al., 2008)Second, Ube3a2 wahownto be necessary for
the terminal dendritic arborizationf hippocampal neurons in viyMiao et al., 2013)
Finally, expression ofa dominant negative dUbe3a in drosophila, which would be
equivalent to aloss-of-functionof the Ube3dL encoding transcrip{Ube3a2/3)
decreasedendrite outgrowth in sensory neurdhs et al., 2009)In conclusionUbe3a

3'UTR variants apparentlyhave opposing effects on dendrite growth and work in

19



parallel pathways, so that simultaneous loss of all transdnggsno net effect on
dendrite complexity.

In addition to its role in regulatinglendrite outgrowth,we found that Ube3al
knockdown also reduced dendritic spine volume oultured hippocampal neurons.
Sinceneurons fromJbe3a knockout mickave reducedpine sizgLu et al., 2009), this
raises the possibility that Ube3abntributes to this phenotype. Howevemce this
phenotypewas previouslyattributed to lhe loss of the Ube3&L protein, thespecific
contribution of Ube3a2/3 to spine development will have to be determined in future
experimentsintriguingly, we foundthat loss of Ube3al affected spine size, but not
density(Fig.2). In contrastUbe3a wadound to be necessary for Ephexin5 inhibition of
EphrinB-dependent spine formatigMargolis et al., 2010)SinceEphexin5 degradation
requires the proteasortependent pathway, spine formation could be specifically
regulated by the Ubedal encoding Ube3a2/3Taken togetherit is intriguing to
specuhte that the different Ube3a transcript variants have specific functions in spine

formation and maturation.

Finally, overexpression ofUbe3al had no effect ondendritic complexity of
hippocampal neuronsunder basal growth conditiongsupplementaryFig. 5d),
suggesting that Ube®as not sufficient to affect normal dendrite outgrowth. @sults
areconsistent withprevious studiefrom our laboratory that usediR-134inhibition in
developing neurons. While necessary for actidiyen dendritogenesis and
homeostatic downscalingriore et al., 2009)Fiore et al., 2014)inhibition of miR134
activity did not affect dendrite outgrowth in cultured neuramsder basal growth

conditions.

Interestingly,Ube3alselectivelyblocked activity-dependent dendritogenesis in young
neurons(Fig.3D) in which network activity is still low due to the low number of
synapsesbut was ineffective in highly interconnected neurons at later develaal
stages.As such, Ube3al would function as an acthgénsitive rheostat preventing
excessive dendrite outgrowth until a sufficient level of activity is readiedalready
obtained two lines of evidence in support of the rheastadel: First we found that
expression of Ube3al in comparison to Ube3afiBng neuronal development was
delayed(Sup.Fig.2). Second, we founthat Ube3alexpressiorwas more sensitive to

changes in neuronalctivity compared toUbe3a2/3(Fig.1C). Ube3al is a negative
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regulator of dendrite growth and a positive regulator of spine maturation, while
Ube3a2/3 is a positive regulator of dendrite outgrowth and of synapse formation
(Margolis et al., 2010)The neteffect of the Ube3a gene on dendrite outgrowth and
maturation would therefore first be supportive, until activity stimulates Ube3a
expression. Then Ube3al wdwounterbalancéhe Ube3a2/3 support of growth until
activity levels are sufficiently high, and promote spine maturation. This modé c
explain how neuronswitch froma dendrite growth phase to a phase of dendnt
spine maturationand provide inght into the activitydependent coordination qost-

mitotic neuronal maturation
4.3-Mechanismof Ube3al function in neuronal development

Using multiple lines of experimentatiomye found that the function of Ube3al in
dendrie development requirediRNAS, in particular the miR379/410 clustén vitro
andin vivo. Consistently analysis of the Ube3al 3'UTR rewahh large number of
binding sites fothe miR379410 cluster, including a conserved strongn@) site for
miR-134. In comparison, Limk1 harbors a rcemonical, presumably weak binding site
for miR-134 (Schratt et al., 2006)0ur results suggstthat a canonical regulation of
Ube3al expression by miE34 is unlikely. Indeed, the phenotypes of Ube3al
knockdown and miRL34 gainof-function or inhibition are not consistent with such a
model. Further, the lack of expression of the Ub83grotein in neurons in basal
conditions makeg unlikely that itis responsible for the Ube3al knockdown phenotype.
We show this explicitly in supplementary figure 6b, where a 3UadRing Ube3al
construct failed to rescue the Ube3al knockdown phenotyyeeefoe, we investigated
the possibility that the Ube3atiiR-134 interactiomrmight represent @aeRNA system

that regulatesther known miR-134 targets such as Limk1.

Recent insilico modelingapproachesf microRNA-targetinteractiors (Yuanet al.,
2015), together with quantitative assessments of miRbidyet ratios(Bosson et al.,
2014),favored a model whereby miRNAs that have a low miRNA/target eathe
most likely candidates for ceRNA regulatioMiR-134, like many of the other
mMiR379/410 miRNAs,is expressed at relatively low levels in neurons under basal
conditions making it a good candidate to participate in effective ceRNA cros@&alk
Khudayberdiev, G. Schratt, unpublished addition, the model also makes predictions

concerning the effect of ceRNA manipulation on targets with different migfifiAities.
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For instance, depletion of a higiffinity ceRNA would preferentially affect natural
targets with low affinities, since these targets bezamreasingly occupied by miRNAs
that are released from the ceRN®ur data is mainly consistent with this prediction:
when usingboth luciferase reporter assand western blotting for the endogenous
protein, the lowaffinity miR-134 targetLimkl respondd very strongly to Ube3al
(which contains a higlffinity miR-134 site)knockdown.In contrast, the higladfinity
targetPum2,which is also considerabiyore abundanthan both Limkl and Ube3al,
was less affected at the protein lef@up.fig. 9;Fig.5) andnot significantly altered at
the reporter gene levbly Ube3al knockdown. HE results obtained for a third mi34
target, CREB1, were more ambiguoud. the reporter gene level, a CreBUTR
construct was strongly downregulated by Ube3al knockd®wuggesting efficient
ceRNA crosstalk between CREB1 and Ube@alp. fig. 8b) However,CREBL protein
levels werenot affected by the loss of Ube3&ig.5G). This observations could be
explained by two mechanisms, which are not mutually exclusive. First, theitsnajor
CREBL1 proteinpresentin neurons idranslated frontranscripts that contain different
3'UTRs to the one used in our studgecond,Ube3al regulation is restricted to the
dendritic compartment (see below) and proteins whose translationtly negsilated in

neuronal cell bodies (such as CREB1) are not responsive to Ube3al depletion.

In this study, luciferase assays provided evidence for a regulation of tBalUB&TR

by different miRNAs, andor an interplay between Ube3al and reporters for Limk1 and
Crebl (Fig.5). Yet, direct association between miRNAs and Ube3al, which isargces
for ceRNA function according to the current model, was not explored. Biochemical
purification techniques could be used to directly test a physical interdmioveen
Ube3al and miRNAs. For example, MiTRABraun et al., 2014)arecently published
method that uss beadassociated synthetic RNA to pull down RNA binding factors
from protein lysates, could be used in combination with small RNA sequencing to

identify miRNAs that interact with Ube3al RNA in neuronal lysates.

Alternatively, the MirTrap (Clontech) mett is an improvement upon traditional pull
down approachesnd can be used to show a direct interaction between miRNAs and
their targets. This technology uses a dominant negative RISC element called MirTrap,
which traps the miRNAassociated RISC on targefNAs. An epitopgag on MirTrap

then allows stringent purification of miRNA and target RNAs and their identification by

RNA sequencing. This could lespeciallyusefulfor low abundane transcripts and/or

22



mMIiRNAs as well astransient interactions between RMNAs and their targetOn the
other hand, MirTrap requires efficient transfection ofiRNA mimics and the miR

TRAP protein, which is particularly challenging in neurons.

Our observations together with published daih us to a model whereby the Ube3al
ceRNA could participate in the control of local mMRNA translation in dendrites
(supplementaFig. 13). In addition to Ube3al (thistudy), miR134, Limkl mRNA
(Schratt et al., 200@nd Pum2 mRNAVessey et al., 201@re present in dendrites and
known to participate in local translational controAccording to this model,
dendritically localizedUbe3alsequesters mi234 and other miR379-410 members,
thereby facilitating the translation natural dendritic targets, such as Limk1l and Pum2.
In the absence of Ube3al, miR379-410 miRNAs become incréasivajlable for the
repression of Limkl and Pumz2, resulting in dendrite growth and dendritic spine

shrinkage.

However, the precise localization of all elements within this ceRNA crosstailét
known.For example, high resolution FISH could provide information on a possible co-
localizationof miR-134, Ube3al and the other miR4 targets in neuronal dendrites or
within dendritic spinesTo directly monitor changes irodal translationof miR-134
targets,mproved reporter systenwghich allow to distinguis between prexisting and
newly-synthesized proteins, such asyristoylated GFP(Schratt et al., 2006pr
photoconvertible dendra2 reporters could be used. Modifying Ube3al levéig in
context of these local reporter systetosild provide more conclusive evidence about an

involvement of Ube3al in local translational control in dendrites.
4 .4- Ube3al indisease

Loss of Ube3a causésS (Kishino et al., 1997)while excessive dosage is associated
with ASD (Smith et al., 2011)While lossof function of the Ube3anzymatic activity

is sufficient to causéull-spectrum AS, severalo-called atypical mutationshavealso
been observe@Bird, 2014) How these mutations lead to Ube@dated disorders is
largely unknown (Smith et al., 201T)aken together with some of the data obtained in

this study, this raises the possibility that Ube3al may play a role in AS and/or ASD.

Using AAV delivery of Ube3al shRNAnto the intact developing moudwain we

show that Ube3al function iregulating dendrite complexity is conservedin vivo
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(Fig.6). In the future, additional parameters (spine morphology, electrophysiological
properties) should be analyzed in thevivo context to obtain a more compreke/e
picture of the physiological significance of Ube3al in the rodent hippocanpus
addition, the behavioral consequences of Ube3aladisiction could beaddressed

with the study of a Ube3al knockout mouse line.

Ube3am-/p+knockoutmice are already availab{@ana, 2012)By reintroducing, eter
with viruses or electroporation, specific Ube3a transcripts, one could determine the

function by assessing behavioral or phenotypic changes in vivo or in neuronal cultures.

Importantly a humanUbe3allike transcript (BE3A-005 containing an alterriae
3'UTR was reported irthe ENSEMBLgenomic databasé& his raises the interesting
possibility thatUbe3amediated ceRNA regulation could occur in the human b#ain.
more detailed characterization of this transcript will be required before deéirative

conclusions about conservation can be drawn.

Many cases of Angelman Syndremare caused byoss ofa large genomic region
encompassing the entitédBE3A gene(Bird, 2014) In these conditionslJBE3A-005
expression is likely affecteduggesting that deregulated UbéB®b expressiorould
contribute to neurological disease. So fae, tatalytic function of Ube3BL was shown

to bemainly responsible for the involvement of UBE3A in Angelman syndrédaea,
2012) and it was reported that Angelmagndrome symptoms could be relieved by
restoringaCamKIl activity (van Woerden et al., 2009y normal Ube3a expression in
model mice(Meng et al., 2015However, theséindings do not rule out the possibility
that aberrant expression of Ube3dike- transcripts also contributes, in particutance
only about 11% of AS patients carry UBE3A mutatigB&d, 2014) Further,about
14 % of AS patientscarry mutations outside the Ube3a coding region which do not

necessarily result in impairedog3aFL expressionHird, 2014).

Similarly, Ube3d-like human transripts could also be involved in cases afitisn
spectrum disorderthat are characterized by duplications of the UBE3A locus. For
example dendrite complexity is reported to be decreased in some ASD patients
(Raymond et al., 1996)pr animal modelgPenzes et al., 2011), consistent wilie
dendrite inhibitory activity we observed for Ube3al in cultured hippocampal neurons
We therefore believe that our study provides a starting point for the further

characterization of thelifferent humanUbe3a transcripisstarting with the putative
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Ube3a-005,and their potential involvement in neuronal function and disdasthis
regard, further scemsfor mutations inchromosomal regionsncompassingybe3a005

in AS or ASD patients could provide valuable insights.
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The E3 ubiquitin ligase Ube3a is an important regulator of activity-dependent synapse development and plasticity. Ube3a
mutations cause Angelman syndrome and have been associated with autism spectrum disorders (ASD). However, the biological
significance of alternative Ube3a transcripts generated in mammalian neurons remains unknown. We report here that Ube3al
RNA, a transcript that encodes a truncated Ube3a protein lacking catalytic activity, prevents exuberant dendrite growth and
promotes spine maturation in rat hippocampal neurons. Surprisingly, Ube3al RNA function was independent of its coding
sequence but instead required a unique 3’ untranslated region and an intact microRNA pathway. Ube3al RNA knockdown
increased activity of the plasticity-regulating miR-134, suggesting that Ube3al RNA acts as a dendritic competing endogenous
RNA. Accordingly, the dendrite-growth-promoting effect of Ube3al RNA knockdown in vivo is abolished in mice lacking
miR-134. Taken together, our results define a noncoding function of an alternative Ube3a transcript in dendritic protein
synthesis, with potential implications for Angelman syndrome and ASD.

The experience-dependent development of neural circuits is essential
for higher cognitive functions, and defects lead to severe neurodevel-
opmental disorders, including ASD'. The ubiquitin E3 ligase Ube3a
is crucial to mammalian neural circuit development. Whereas loss
of UBE3A is the leading cause for the neurodevelopmental disorder
Angelman syndrome, UBE3A duplications are among the most
frequent copy number variations associated with ASD?-4. Ube3a
knockout mice, an animal model of Angelman syndrome, display
cognitive impairments and defects in hippocampal long-term poten-
tiation?, impaired experience-dependent cortical development>® and
excitatory/inhibitory imbalance’. This is accompanied by abnormal
dendritic spine morphology® and defects in dendrite polarization®
in pyramidal neurons.

Ube3a promotes the degradation of synaptic proteins, including Arc
and ephexin 5 (refs. 10,11), thereby reducing AMPA receptor inter-
nalization and stabilizing excitatory synaptic contacts. Alternative
Ube3a transcripts containing different 5" leader exons and 3" UTRs are
generated by alternative splicing and/or polyadenylation in rodents
and human. However, little is known regarding the function and regu-
lation of these transcripts.

microRNAs are an extensive class of small noncoding RNAs that
act as important post-transcriptional regulators of gene expression in
neurons!2. miRNAs primarily bind to the 3’ UTR of target mRNAs by
imperfect complementary base pairing, thereby inducing translational
silencing. Specific miRNAs that regulate several aspects of activity-
dependent neuronal development have been identified!>!4. Among

the best studied examples is miR-134, which is embedded in a large
mammalian-specific miRNA cluster (miR379-410) encoded by the
imprinted Meg3-Diol domain!>. miR-134 is a negative regulator of
dendritic spine size and is required, together with other miR379-410
members, for activity-dependent dendritogenesis in rat hippocampal
neurons!'®17. In mice, silencing miR-134 rescues LTP and memory
impairments caused by Sirtl deficiency and suppresses kainate-
induced epileptic seizures!®1°. miR-134 exerts its function by locally
regulating the translation of dendritic target mRNAs, including Limk1
and Pum?2 (refs. 16,17). miR-134 itself is subject to activity-dependent
regulation at the level of transcription and dendritic localization 20,
Whether miRNAs are involved in the regulation of alternative Ube3a
transcripts is unknown.

RESULTS

Expression of alternative Ube3a transcripts in hippocampal
neurons

In mouse, three alternative Ube3a transcripts are known (Ube3al
(NM_173010), Ube3a2 (NM_011668) and Ube3a3 (NM_001033962),
generated by alternative splicing and/or polyadenylation (Fig. 1a and
Supplementary Fig. 1a)%21:22. Ube3a2/3 transcripts, which encode
full-length, catalytically active Ube3a proteins (Ube3a-FL; NP_035798
and NP_001029134), contain a common 3" UTR but different 5" leader
exons as a result of alternative promoter usage and splicing. In contrast,
in Ube3al an alternative polyadenylation signal is used (Fig. 1a and
Supplementary Table 1). The resulting transcript therefore contains
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Figure 1 Ube3al RNA is an activity-dependent,
dendritic transcript in primary hippocampal neurons.
(a) The Ube3a locus. At least three different Ube3a
transcripts, Ube3al-Ube3a3, are generated in
rodents. Ube3al contains a unique 3’ untranslated
region (UTR), UTR1, due to the usage of an

alternative upstream intronic poly(A) site (pAl). Ube3a2/3
A putative truncated protein encoded by Ube3al

(Ube3a-S) lacks the catalytic center of the E3 ligase

(asterisk in exon 13) and is therefore presumed to

be inactive. Ube3a2 and Ube3a3 contain a common Camk2a
3’ UTR (UTR2) but different 5 termini (not shown). (positive)
Owing to the inclusion of exons 12 and 13, Ube3a2

and Ube3a3 encode full-length, enzymatically active

Ube3a protein (Ube3a-FL). Arrows indicate primer DapB
positions for b. (b) RT-PCR analysis of B-actin (Actb), (negative)

Ube3al RNA and Ube3a2/3 mRNA expression
from primary rat hippocampal neurons (DIV 18).
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expression from rat cortical neurons (DIV 4) treated for the indicated time with BDNF (50 ng/ml) or KCI (55 mM). Values are presented as fold
induction + s.d. compared to that in unstimulated cells. N = 3 independent experiments. *P = 0.047 (BDNF); *P = 0.031 (KCI) (t-test, compared to
unstimulated cells). (d) gPCR analysis of indicated transcripts from compartmentalized hippocampal neuron cultures (DIV 19). Values are presented
as fold enrichment + s.d. of RNA in processes compared to RNA in cell body compartment. Expression of the dendritic Arc mRNA was set to 1. Histone
H1 (H1f0O) is a non-dendritic control RNA. N = 3 independent experiments. *P=0.016 (Ube3a2/3); *P = 0.010 (H1f0) (#test, compared to Ube3al).
(e) FISH analysis of Ube3al RNA-overexpressing hippocampal neuron cultures (DIV 19) using probe sets against the indicated RNAs. Neurons were
co-transfected with dsRed to identify transfected cells. MAP2 counterstain was used to visualize neuronal dendrites. Hoechst staining was used to
assess nuclear integrity. In the right panels, neurons were treated with protease before proceeding to FISH. MAP2 was not preserved in protease-treated
neurons. Representative images from a total of three independent hybridizations. Scale bar, 20 um.

aunique 3’ UTR and encodes a truncated Ube3a protein lacking cata-
lytic activity (Ube3a-S; NP_766598)23. Furthermore, a human UBE3A
transcript (UBE3A-005; ENST00000604860) was reported in which,
asin Ube3al of rodents, a unique 3" UTR is included as a result of the
usage of an alternative polyadenylation signal in intron 11. Little is
known regarding the function of Ube3al RNA in neurons.

We were able to detect robust expression of both Ube3al and
Ube3a2/3 transcripts in rat hippocampal neurons by conventional
reverse transcriptase (RT)-PCR (Fig. 1b). Analysis of RNA sequencing
data further confirmed expression of the rat Ube3al 3’ UTR in neu-
rons (Supplementary Fig. 1b). An antisense transcript (Ube3a-ATS)
overlaps the Ube3al 3" UTR?4. However, results from strand-specific
quantitative PCR (qQPCR) demonstrated that most Ube3al 3" UTR-
containing transcripts were in the sense orientation (Supplementary
Fig. 1c). qPCR further showed developmentally regulated expression
of both Ube3a 3" UTR variants and the dendritic Limkl mRNA
(Supplementary Fig. 2).

Neuronal activity was previously shown to induce transcription
from the Ube3a locus!%2>. We therefore measured expression of the
Ube3a 3’ UTR variants after bath application to neurons of BDNE,
a neurotrophin that is released upon elevated neuronal activity, or
membrane-depolarizing KCI concentrations. We found that both
BDNF and KCl significantly induced Ube3al RNA expression at 5-6 h
after stimulation (Fig. 1c). In contrast, the Ube3a2/3 mRNA was

not significantly altered by either treatment. Our results suggest that
Ube3al RNA is specifically regulated by neuronal activity, suggesting
a function in activity-dependent neuronal development.

The 3" UTR often harbors sequence elements necessary for nRNA
localization?®. We therefore interrogated subcellular localization of
the different Ube3a 3" UTR variants in neurons, using a compartmen-
talized culture system??. To rule out any contribution of glial processes,
we blocked glial cell proliferation with 5-fluoro-2’-deoxyuridine
(Supplementary Fig. 3a). We found that Ube3al RNA, but not
Ube3a2/3 mRNA, was enriched in the dendritic compartment of
glia-depleted neuronal cultures to a similar degree as the dendritic
Arc mRNA (Fig. 1d)!7-?7. Whereas the amount of Ube3al RNA was
about 40% that of Ube3a2/3 mRNA in cell bodies, it was almost three
times more abundant in neuronal processes (Supplementary Fig. 3b).
Ube3al RNA was also enriched in postnatal day (P) 15 synap-
tosomes as compared to whole forebrain as assessed by RT-PCR
(Supplementary Fig. 3c,d). Moreover, using high-resolution fluo-
rescence in situ hybridization (FISH), we observed that a Ube3al 3’
UTR-containing transcript localized to dendrites when transfected
into hippocampal neurons (Fig. 1e). The signal was specific, as no
dendritic signal was observed when probe sets directed against the
Ube3a2/3 3" UTR were used. The dendritic Camk2a and the bacterial
DapB RNA served as positive and negative control, respectively. The
dendritic signal of Ube3al was enhanced when neurons were treated
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with protease before hybridization (Fig. 1e), indicating that a fraction
of Ube3al RNA could be masked by proteins. Taken together, our
results suggest that the unique Ube3al 3" UTR confers localization
to the synapto-dendritic compartment.

We next explored the expression of Ube3a protein isoforms in devel-
oping rat neurons in vitro and rat brain in vivo. Whereas Ube3a2 and
Ube3a3 mRNAs encode two proteins of highly similar size (96 and
94 kDa, respectively, commonly referred to as Ube3a-FL), Ube3al
RNA is expected to encode a truncated protein (Ube3a-S, 84 kDa).
Using a mouse monoclonal antibody that recognizes all Ube3a iso-
forms (amino acids 501-712 in mouse), we detected a single band,
corresponding to Ube3a-FL, by western blotting using protein extracts
either from biochemical fractionation of P15 rat brain (Supplementary
Fig. 4a) or primary hippocampal neurons (Supplementary Fig. 4e). In
contrast, we could not detect a band at the expected size of Ube3a-S,
strongly suggesting that Ube3a-S is not detectably expressed in
neurons at the time of synapse development. This lack of expression is
not due to an intrinsic incapacity of the Ube3al RNA to be translated,
as a plasmid encoding an eGFP-Ube3al fusion protein gave rise to a
protein of the expected size when transfected into human embryonic
kidney 293 (HEK293) cells (Supplementary Fig. 4b). Moreover, eGFP-
Ube3al is expressed when transfected into mature primary neurons
(Supplementary Fig. 4c). We conclude that Ube3al RNA, despite its
coding potential, is not efficiently translated into Ube3a-S in neurons
during synaptic development.

Ube3al RNA regulates dendrite complexity and spine
morphogenesis

Mammalian Ube3a has been previously implicated in the regulation
of dendrite and spine development in neurons>%?, but the contribu-
tion of the Ube3a 3" UTR variants to these phenotypes is unclear.
To address this issue, we designed short hairpin RNAs specifically
targeting either the Ube3al 3" UTR, the Ube3a2/3 3" UTR or the
common Ube3a coding sequence. We confirmed the specificity of the
shRNAs by knockdown of the respective recombinant Ube3a proteins

in HEK293 cells (Supplementary Fig. 4d). In addition, recombinant
adeno-associated virus (rAAV)-mediated expression of Ube3a2/3 and
Ube3a coding sequence shRNAs specifically reduced endogenous
Ube3a-FL in rat hippocampal neurons, whereas Ube3al shRNA,
as expected, had no effect on Ube3a-FL (Supplementary Fig. 4e).
We confirmed specific knockdown of the endogenous Ube3al tran-
script in these neurons relative to a control shRNA that was designed
to target a sequence not present in the rat transcriptome by qPCR
(Supplementary Fig. 4f).

We first tested the effect of knockdown of specific Ube3a 3" UTR
variants on dendritogenesis in mature primary rat hippocampal neu-
rons (days in vitro (DIV) 13-18). Surprisingly, knockdown of Ube3al
RNA, which is not detectably translated into protein, led to a signifi-
cant increase in dendritic complexity of primary hippocampal neu-
rons compared to control conditions, as assessed by Sholl analysis (see
Online Methods) (Fig. 2a,b). In contrast, knockdown of Ube3a2/3
mRNA significantly reduced dendritic complexity (Fig. 2a,b).
Knockdown of all three Ube3a isoforms by the Ube3a coding
sequence-targeting shRNA did not significantly alter dendritic com-
plexity (Fig. 2a,b), in agreement with results from Ube3a knockout
neurons®. Together, our results demonstrate that Ube3al RNA is a
negative regulator of dendritogenesis in mature hippocampal neurons.
They further indicate that Ube3a 3" UTR variants have distinct roles
in the regulation of dendritogenesis and likely work in independent
pathways, in agreement with their different regulation by neuronal
activity and subcellular localization (Fig. 1c-e).

In addition to dendritogenesis, Ube3a has a well-documented role
in the regulation of excitatory synapses>®10. Specific knockdown
of Ube3al RNA led to a significant reduction in the average size,
but not density, of dendritic spines as compared to those in control
conditions (Fig. 2c—e). Consistent with the observed effects on spines,
Ube3al RNA knockdown reduced the average amplitude, but not
frequency, of miniature excitatory postsynaptic currents (mEPSCs) as
determined by patch-clamp electrophysiology recordings (Fig. 2f-h).
Taken together, our results demonstrate that Ube3al RNA works as
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Figure 3 Ube3al function in dendritogenesis is coding-independent.
(a) GFP-Ube3a fusion constructs used in this study. (b) Western blot
analysis of protein expression from GFP-Ube3a fusion constructs

(a) transfected into HEK293T cells, using an anti-GFP antibody.

(c) Quantification of dendritic complexity of hippocampal neurons
(DIV 18) transfected with indicated shRNAs and expression
constructs. Values are intersection numbers relative to a GFP-only
transfected control + s.d. N = 3 independent experiments (ANOVA
P=0.0125); *P=0.012 (Ube3al shRNA); *P = 0.038 (Ube3al
shRNA + GFP) (post hoc t-test, compared to control shRNA).

(d) Quantification of dendritic complexity of hippocampal neurons
(DIV 10) transfected with indicated constructs on DIV 5 and

treated on DIV 7 with BDNF for 6 h. Values are intersection
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a rheostat during the development of hippocampal pyramidal
neurons, concomitantly preventing excessive dendritic growth and
promoting spine maturation.

Ube3al function is coding-independent

Since Ube3al knockdown robustly affected neuronal morphogenesis in
the absence of a corresponding Ube3a-S protein, we hypothesized that
Ube3al function might be independent of protein expression. To test
this hypothesis, we designed a rescue experiment whereby we intro-
duced different shRNA-resistant Ube3al mutants, either protein-coding
or non-coding, and screened for their ability to block the induction of
dendritic complexity caused by Ube3al RNA knockdown (Fig. 3a).

All Ube3a mutants were expressed to a similar degree (Fig. 3b
and Supplementary Fig. 5a). Expression of an shRNA-resistant GFP-
Ube3al RNA encompassing the 5" UTR, the coding region and the
3" UTR fully rescued the increased dendritic complexity caused by
Ube3al RNA knockdown (Fig. 3¢ and Supplementary Fig. 5b). This
result confirms that the Ube3al shRNA phenotype is caused by the
lack of Ube3al RNA. Expression of GFP-Ube3al in immature hip-
pocampal neurons (DIV 4-10) that express little endogenous Ube3al
RNA also completely abolished increased dendritic complexity caused
by BDNF treatment (Fig. 3d and Supplementary Fig. 5c), whereas
GFP-Ube3al or GFP-Ube3a2 alone had no effect on dendritic
complexity (Supplementary Fig. 5d). In conclusion, our results
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siRNA and miRNA mimics (miR-134 for Limk1, Ube3a and miR-134 pbs; miR-138 for APT1). Values are presented as percentage relief of miRNA-
mediated repression. N = 3 independent experiments. *P=0.012 (Limk1); *P=0.028 (APT1) (t-test).

NATURE NEUROSCIENCE VOLUME 18 | NUMBER 5 | MAY 2015



© 2015 Nature America, Inc. All rights reserved.

a

(=2

Ube3at-luc

Rattus norvegicus Ube3a1 3" UTR (1,027 nt)

o =~ =
© o N

0.6
—t+—HH—+—HHHHH-HHHHH

I
~

W miR379-410 seed matches (31 total)
O miR-134 seed match

Relative luciferase
expression (basal = 1)

o
o ™

A
Figure 5 Ube3al RNA is a competing Ooo\‘o
endogenous RNA for the miR379-410
cluster. (a) The rat Ube3al 3" UTR with miR379-410
seed matches marked. (b) Relative luciferase expression in rat
cortical neurons (DIV 12-17) transfected with a Ube3al-luc
reporter and the indicated miRNA mimics. Values are relative
to reporter expression under basal conditions £s.d. N=3
independent experiments (ANOVA P=0.0163); *P=0.024
(miR-134); *P=0.027 (miR-485); **P = 0.0081 (miR-758)

(post hoc t-test, compared to control). (c) Relative luciferase
expression in rat cortical neurons (DIV 12-15) transfected

with Ube3al-luc reporters and the indicated miRNA mimics.

134mut, mutated miR-134 binding site. Values are relative

to reporter expression under basal conditions £ s.d. N = 3 independent

Relative luciferase activity (D

(basal = 1)

ARTICLES

c H Control d H Control pLNA
OmiR-134 1.4 5 O pLNA-134
> 127 2 *xk
= 10 2 1.2
T = 04 3
8 & 1.0+
[ R . * —
S 08 § 0.8
D= o L3
2 % 0.6 g % 06-
239 0.4 <
o =2 U .g 0.4+
= | kS
% 0.2 E 0.2 1
= 0+ 04
oD Ube3a1t-luc Ube3a1- Ube3a-luc Ube3at-
Qf’ 134mut-luc 134mut-luc
m Control shRNA g
162 O Ube3al shRNA s S 1o-
r T 7
1.4 %8  ZE 104
1.2 s E£3 "
J £ Q3 232 084
10 S8 s
0.8+ € -
o6 . Limki sl §8 96
6 = 0.4+
0.4 Pum2 S SE
024 Crebljws s 3 2 027
0 Tubulin e s 04
Limk1-luc Limk1- Limk1  Pum2 Creb1
134mut-luc

experiments (ANOVA P < 0.0001); **P = 0.0042 (post hoc t-test). (d) Relative luciferase expression in rat cortical neurons (DIV 12-15) transfected
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demonstrate that Ube3al is necessary and sufficient to confine dendritic
complexity during activity-dependent neuronal development.

We went on to test the ability of shRNA-resistant Ube3al mutants
that lack protein coding potential in our dendritogenesis assay. Ube3al
RNA containing a frameshift mutation (Ube3al-fs) was as effective
in rescuing the dendrite phenotype caused by Ube3al knockdown
as the wild-type construct, strongly suggesting that Ube3al func-
tion in dendritogenesis is independent of the expression of a Ube3a
protein (Fig. 3e,f). In further support, expression of the Ube3al
3’ UTR alone was sufficient to rescue the increased dendritic com-
plexity caused by Ube3al RNA knockdown, whereas expression of the
Ube3a-1 coding sequence both with or without a frameshift mutation
(Ube3al-cds-fs or Ube3al-cds, respectively) had no effect (Fig. 3e,f
and Supplementary Fig. 6). Together, these results suggest a function
of the Ube3al RNA in the regulation of dendritic complexity and map
this function to the unique Ube3al 3" UTR.

Ube3al function requires an intact miRNA pathway

3" UTRs are preferred target sequences for miRNAs, an extensive
class of small noncoding RNAs with important functions in post-
transcriptional gene regulation in neurons!®14. Therefore, we decided
to test whether intact miRNA-dependent regulation might be required
for the inhibitory function of Ube3al RNA in dendritogenesis.
To perturb miRNA production in neurons globally, we performed
knockdown of the RNase III enzyme Drosha, an essential component
of the microprocessor complex?8. We confirmed specific knockdown
of Drosha by western blotting (Fig. 4a and Supplementary Fig. 7).
Knockdown of Drosha completely abolished increased dendritic
complexity caused by Ube3al RNA knockdown, suggesting that
Ube3al function depends on miRNA expression (Fig. 4b,c). We
further assessed Ube3al function in the context of knockdown of

the mammalian GW182 homolog Tnrc6c, a core component of the
miRNA-induced silencing complex (miRISC)?°. miRNA reporter
assays demonstrated efficient relief of miRNA-dependent, but not
short interfering RNA-dependent, repression by the Tnrc6 shRNA
(Fig. 4d), confirming that knockdown of Tnrc6c¢ specifically impairs
miRNA function. Similarly to Drosha knockdown, Ube3al RNA
knockdown was ineffective in increasing dendritic complexity in the
presence of a Tnrc6¢c shRNA (Fig. 4e). Tnrc6¢c knockdown did not
interfere with the ability of a Ube3a2/3 mRNA-specific shRNA to
reduce dendritic complexity, demonstrating that Tnrc6c knockdown
does not generally perturb shRNA function (Fig. 4f). Taken together,
two independent lines of evidence suggest that Ube3al function in
neuronal development requires an intact miRNA pathway.

Ube3al RNA is a competing endogenous RNA for targets of
the miR379-410 cluster

We next sought to identify the specific miRNAs involved in Ube3al-
regulated dendritic complexity. The miR379-410 cluster is the larg-
est known miRNA cluster in the mammalian genome!® and contains
several miRNAs involved in activity-dependent dendritogenesis!®,
making it a suitable candidate effector of Ube3al RNA. We there-
fore cloned the rat Ube3al 3’ UTR from P15 brain cDNA (GenBank
accession code KP742805) and screened it for seed matches poten-
tially targeted by miRNAs of the miR379-410 cluster. Strikingly, in
its 1,027-nucleotide-long 3" UTR region, rat Ube3al RNA harbors
a total of 31 seed matches for 21 mature miRNA sequences derived
from 19 miRNA genes located in the miR379-410 cluster (Fig. 5a and
Supplementary Table 2). The miRNAs corresponding to most (29)
of these seed matches are expressed in rat hippocampal neurons, as
judged by small RNA sequencing (Supplementary Table 2). The corre-
sponding 3" UTR of the mouse Ube3al/human UBE3A-005 transcript
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Figure 6 Ube3al function in vivo depends on miR379-410 miRNAs. (a) Cognitive impairment in socially isolated rats. Values represent average time
that juvenile rats housed either under standard cage conditions (control, n= 17 animals) or in isolation for 4 weeks (social isolation, n= 16 animals)
spent with a novel or familiar (old) object + s.d. *P = 0.042 (t-test). (b) gPCR analysis of Ube3al RNA, Ube3a2/3 RNA, Crebl mRNA, miR-132 and
miR-134 from a subset of hippocampi of rats used in a (control, n= 11 animals; social isolation, n =12 animals). Values represent average transcript
levels £ s.d. relative to U6 small nuclear RNA (Rnu6). Average values from control conditions were set to 1 for each transcript after normalization.

***P < 0.001 (t-test). (c) Representative mouse hippocampal CA1 neurons imaged from P21 mouse coronal brain slices after PO injection of rAAV
expressing GFP-control shRNA (targeting a sequence not present in the mouse transcriptome) or GFP-Ube3al shRNA. Scale bars, 50 um. (d) Quantification
of dendritic complexity of neurons from c. The average number of total intersections + s.d. is shown. WT, wild type. n = 7 animals (control shRNA) and
n=9 animals (Ube3al shRNA). ***P < 0.001 (t-test). Power (o. = 0.05) = 1.0. (e) Targeting strategy for the mouse miR379-410 locus. Target sequences
of recombinases and the location of primers used for genotyping are indicated. KO, knockout. (f) gPCR analysis of mature miR-134 levels relative to

U6 snRNA in the cerebellum of 2- to 4-month old wild-type (n = 7) and constitutive miR379-410-~ (KO) mice (n=7) £s.d. ***P < 0.001 (t-test).

(g) Quantification of dendritic complexity of CA1 pyramidal neurons from P21 miR379-410~- mice infected at PO with rAAV expressing the indicated
shRNAs. n =7 animals (control shRNA) and n= 10 animals (Ube3al shRNA) + s.d. n.s. not significant; P= 0.38 (t-test). Power (o = 0.05) = 0.24.

contains a total of 27/22 seed matches for 19/16 miR379-410 members,
11/9 of which also target the rat Ube3al 3" UTR (Supplementary
Tables 1 and 3). Together, these data suggests that regulation of Ube3a
3" UTRs by miR379-410 might be conserved in mammals.

Initially, we tested whether some of the identified seed sequences
are indeed targeted by miR379-410 miRNAs in neurons using a
Ube3al luciferase reporter gene assay. Three of the four tested miRNA
duplexes (miR-134, miR-758 and miR-485) significantly reduced rela-
tive luciferase expression of the Ube3al-luc reporter as compared to
that of an empty control reporter, suggesting that the corresponding
miRNA seed sites in the Ube3al 3" UTR are functional (Fig. 5b). Since
miR-134 has a well-described function in neuronal development and
plasticity!6-18, we decided to focus on miR-134-dependent regulation
of Ube3al RNA in our further studies. We found that Ube3al-
134mut-luc, which contains a mutated miR-134 binding site, was not
downregulated by miR-134, demonstrating that the inhibitory effect of
miR-134 depends on the identified binding site in the Ube3al 3" UTR
(Fig. 5¢). Sequestration of the endogenous miR-134 by power-locked
nucleic acid (pLNA)-modified antisense oligonucleotides (pLNA-
134) specifically elevated expression of Ube3al-luc, but not Ube3al-
134mut-luc, demonstrating that endogenous miR-134 in neurons
downregulates Ube3al-luc expression via the identified binding site
(Fig. 5d). These results suggest that Ube3al RNA is a target of miRNAs
originating from the miR379-410 cluster, including miR-134.

Recently, protein-coding mRNAs and non-coding RNAs were shown
to sequester miRNAs away from their natural target mRNAs, thereby
working as competing endogenous RNAs (ceRNAs)3C. Since Ube3al
RNA knockdown phenocopies miR-134 gain of function with regard
to activity-dependent dendritogenesis and spine morphogenesis,

we tested the possibility that Ube3al RNA could regulate the known
miR-134 target mRNAs Limk1 (ref. 17), Pum2 (ref. 16) and Crebl
(ref. 18) (Supplementary Fig. 8a) by a ceRNA mechanism. Consistent
with this hypothesis, Ube3al RNA knockdown led to a specific reduc-
tion in luciferase expression of Limkl1-luc (Fig. 5¢) and Crebl-luc
(Supplementary Fig. 8b) constructs, both of which contain a miR-134
binding site. In contrast, Ube3al RNA knockdown had no effect on
the respective constructs containing mutated miR-134 binding sites
(Fig. 5e and Supplementary Fig. 8b). Absolute quantification qPCR
showed that Ube3al transcripts were expressed at comparable levels
to Limkl mRNA in hippocampal neuron cell bodies and dendrites,
whereas Pum2 mRNA expression was about six- to eightfold higher
(Supplementary Fig. 9). Furthermore, we observed a significant
downregulation of the endogenous miR-134 target proteins Limk1
and Pum?2 upon Ube3al knockdown (Fig. 5f,g and Supplementary
Fig. 10). Surprisingly, endogenous Crebl protein levels were unaf-
fected by Ube3al RNA knockdown (Fig. 5f,g and Supplementary
Fig. 10), suggesting that the bulk of Crebl protein is synthesized
independently of miR-134. Taken together, these results indicate that
Ube3al RNA regulates a specific group of dendritic miR-134 targets
by fine-tuning miR-134 availability.

Ube3al function in vivo is abolished in miR379-410~/- mice
Finally, we decided to investigate the role of Ube3al RNA in the
developing rodent brain in vivo. Ube3a deficiency in the Angelman
syndrome mouse model leads to cognitive deficits?>. We used the
juvenile social isolation model of early-life stress, known to cause
cognitive deficits in the novel object recognition test?!, to interrogate
a potential contribution of Ube3a 3" UTR variants. Strikingly, juvenile
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social isolation, resulting in poor novel object recognition as expected
(Fig. 6a), specifically elevated Ube3al RNA levels (Fig. 6b) but had
no significant effect on Ube3a2/3 (P = 0.081) or Crebl (P = 0.754)
mRNA expression. The increase in Ube3al RNA expression in the
hippocampus of socially isolated rats was paralleled by elevated levels
of miR-134, but not miR-132 (Fig. 6b). This suggests a specific role of
Ube3al-regulated miR-134 activity in cognitive functions. To deter-
mine the function of Ube3al RNA during neuronal morphogenesis
in vivo, we injected rAAV expressing Ube3al or control shRNA into
the neonatal mouse hippocampus and assessed dendritic complexity
of hippocampal pyramidal neurons at P21. As in cultured rat hip-
pocampal neurons, Ube3al RNA knockdown significantly increased
dendritic complexity of mouse hippocampal CA1 pyramidal neurons
compared to that in control conditions in vivo (Fig. 6¢,d).

To address whether miRNAs originating from the miR379-410
cluster—in particular, miR-134—are required for Ube3al-regulated
dendrite complexity in vivo, we generated a mouse model containing a
conditional miR379-410 allele (Fig. 6e and Supplementary Fig. 11a).
Homozygous deletion of the miR379-410 region by crossing the
miR379-410flox strain to a germline Cre-deleter mouse strain resulted
in a complete loss of the expression of miR-134 (Fig. 6f) and other
(pre-)miRNAs encoded by the miR379-410 cluster in the adult brain
(Supplementary Fig. 11b and data not shown). miR379-410~/~ mice
were viable and displayed an apparently normal layering of the neocor-
tex and hippocampus (Supplementary Fig. 12). A detailed anatomical
and behavioral analysis of these mice will be presented elsewhere.
Strikingly, in contrast to knockdown in wild-type mice, Ube3al
RNA knockdown in P15 miR379-410~/~ mice failed to induce den-
dritic complexity in hippocampal CA1 pyramidal neurons (Fig. 6g).
This result demonstrates that expression of miRNAs, specifically those
expressed from the miR379-410 cluster, is an important downstream
component in Ube3al RNA-regulated dendrite complexity.

DISCUSSION

Here we show that an activity-regulated, alternative transcript gener-
ated from the rat Ube3a locus sequesters miRNAs from the miR379-410
cluster, thereby regulating local translation of miR379-410 targets
in dendrites and activity-dependent neuronal development
(Supplementary Fig. 13). This study provides to our knowledge the
first example of a neuronal mechanism involving a ccRNA—a protein-
coding mRNA that controls the expression of neuronal miRNA
targets in trans—and adds to the growing list of regulatory mecha-
nisms fine-tuning the local dendritic proteome in response to envi-
ronmental cues.

A few studies have reported the presence of Ube3al RNA in rodents,
but to our knowledge a corresponding endogenous truncated Ube3a
protein (Ube3a-S) has not been described®. In agreement, we were
unable to detect Ube3a-S at the expected size in western blotting with
neuronal protein lysates. However, we do not rule out the possibility
that low levels of the catalytically inactive Ube3a-S could be function-
ally important—for example, as a dominant negative for Ube3a-FL.

In any case, both a Ube3al RNA containing a frameshift mutation
and the Ube3al 3" UTR alone are sufficient to restore dendrite com-
plexity, strongly suggesting that at least part of the function of Ube3al
RNA during neuronal development is coding-independent. Our data
are consistent with Ube3al RNA functioning as a ceRNA by compet-
ing with miR379-410 miRNAs—in particular, miR-134—for their
natural target mRNAs. Noncoding ceRNAs have been identified in
human cancer cells (PTENP1, HULC), human and mouse myoblasts
(LINCMD1), Arabidopsis thaliana (IPS1) and herpesvirus saimiri3C.
Furthermore, mRNAs are part of ceRNA networks in human cancer32.

ARTICLES

Quantitative considerations with regard to cellular miRNA and target
abundances raised concerns about the physiological significance of
ceRNA crosstalk33. However, it was subsequently shown that some
miRNAs—in particular, those with low miRNA/target ratios—can be
effectively regulated by ceRNAs under physiological conditions**. For
such miRNAs, depletion of a high-affinity ceRNA leads to increased
repression of low-affinity targets that are otherwise not occupied
by the miRNA. Our results are in agreement with this model: first,
miR-134 (along with other miR379-410 members) is only modestly
expressed in neurons, suggesting that the miRNA/target ratio for
miR-134 is low. Second, the effect of Ube3al RNA knockdown on
miR-134 target gene repression is stronger for Limk1, which con-
tains a noncanonical low-affinity target site!”, than for other targets
containing perfect seed matches (for example, Pum2, Creb1)1618,

Our results suggest that Ube3al RNA could be involved in the
spatiotemporal control of mRNA translation in dendrites. Consistent
with this, expression of the dendritic proteins Limk1 and Pum2, but
not of the nuclear Crebl, is affected by Ube3al RNA knockdown.
Ube3al RNA and Limkl mRNA are expressed in dendrites at compa-
rable levels (Supplementary Fig. 9), which might support an effective
local ceRNA crosstalk between these RNAs. In comparison, dendritic
levels of Pum2 mRNA are almost 1 order of magnitude higher, which,
together with the higher affinity for miR-134, could explain why Pum2
expression is less sensitive to alterations in Ube3al RNA levels.

The Ube3al RNA developmental profile, regulation by neuronal
activity and the knockdown phenotype are consistent with a function of
Ube3al RNA as a rheostat during neuronal maturation. In young neu-
rons, low levels of Ube3al RNA and a corresponding high activity of
miR379-410 are permissive for dendrite growth while preventing pre-
mature spine maturation. Once neuronal activity increases during devel-
opment, the resulting higher Ube3al RNA levels buffer miR379-410
activity, thereby allowing a switch from dendrite growth to spine
maturation. In line with this model, we found that ectopic Ube3al
RNA expression blocked activity-dependent dendritogenesis in young
neurons (Fig. 3d) while Ube3al knockdown in mature neurons led
to exuberant dendrite growth and immature spines (Fig. 2b,d). The
general loss of miRNAs caused by Drosha knockdown (Fig. 4c) or
the specific inactivation of the miR379-410 cluster (Fig. 6d,g) does
not significantly alter dendrite complexity, indicating that alterations
in miRNA activity—for example, triggered by Ube3al RNA knock-
down or neuronal activity—might be required to elicit phenotypic
consequences.

Finally, our findings could have important implications concerning
the molecular basis of neurodevelopmental disorders. Duplications of
chromosomal regions encompassing the UBE3A gene are frequently
observed in autism?® Reduced dendrite complexity is a common
feature of neurons from autism patients®>3¢ or ASD animal mod-
els?7, and it will be interesting to test whether increased levels of
Ube3al RNA early in development might contribute to this defect.
Elevated Ube3al RNA levels might further contribute to the defective
activity-dependent synaptic pruning that has been observed in ASD
mouse models’” and autism patients8. A recent study reported recur-
rent CNVs associated with autism in the 7q11.23 Williams syndrome
region, which comprises, among other genes LIMKI (ref. 39), pointing
to deregulation of the Ube3al-Limk1 pathway as feature common in
ASD. Neurons from Angelman syndrome model mice display reduced
spine size and surface AMPA receptor expression®10, a phenotype also
observed with Ube3al RNA deficiency. However, there is a strong cor-
relation between Angelman syndrome-associated mutations and a loss
of Ube3a E3 ligase activity, suggesting that deficiency in transcripts
encoding Ube3a-FL (for example, Ube3a2/3) is the primary cause
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of Angelman syndrome and that Ube3al RNA does not play a
major role in this disorder?3. Nevertheless, 15-20% of patients with
Angelman syndrome do not carry classical mutations, warranting a
more detailed inspection of intronic and UTR regions concerning
potential mutations. In the future, experiments with induced pluripo-
tent stem cell-derived neurons from Angelman syndrome or ASD
patients in combination with Ube3a overexpression or knockdown
could be a promising strategy for unraveling the contributions of dif-
ferent Ube3a transcripts to phenotypic alterations observed in these
devastating disorders.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. GenBank: rat Ube3al 3" UTR, KP742805.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Animal experiments. All animal experiments were performed in accordance
with the animal protection law of Germany and were approved by the local
authorities responsible for Universities of Heidelberg and Marburg. For juvenile
social isolation, rats were weaned on P21 and subsequently housed in isolation
for 4 weeks. Otherwise, rodents were housed under standard cage conditions
with food and water ad libitum and maintained on a 12 h/12 h light/dark cycle.
The miR379-410 conditional knockout allele was generated at Taconic Artemis
(Cologne, Germany) according to the strategy presented. At P21, the mice were
genotyped with the Kapa mouse Genotyping kit (Kapa Biosystems) and the brains
extracted and analyzed by real-time PCR or Hoechst staining.

Novel object recognition. The novel object recognition test was conducted dur-
ing the light cycle in an open field, using methods previously described. Briefly,
rats (P91 + 6) were first habituated to the open field (60 x 60 x 60 cm; no objects
present) by placing them in the box for 20 min. Then, 24 h after the habituation
session, the novel object recognition test was conducted, which consisted of three
phases: acquisition trial, inter-trial interval and recognition trial. In the acquisi-
tion trial, each rat was allowed to freely explore the open field containing two
identical sample objects for 5 min. The objects were placed in one of the back
corners of the box, with the objects situated 15 cm away from the walls. As objects,
either two silver iron cylinders (5 cm in diameter, 8 cm high) or two red metal
cubes (5 x 5 x 8 cm) were used in a counterbalanced manner. After the acquisi-
tion trial, the rats were returned to their home cages for 30 min, the inter-trial
interval. During that time, one clean familiar object and one clean novel object
were placed in the open field, where the two identical objects had been located
during in the acquisition trial. After the inter-trial interval, each rat was returned
to the open field for a 5-min recognition trial, during which time it was allowed
to freely explore the familiar object and the novel object. Object investigation was
defined as time spent sniffing the object when the nose was oriented toward the
object and the nose-object distance was 5 cm or less. Recognition memory was
defined as spending significantly more time sniffing the novel object than the
familiar object. The memory index was calculated as follows: (Exploration time
novel object)/(Exploration time novel object + Exploration time familiar object).
Testing was performed under white light of approximately 5 Ix. For behavioral
analyses, a digital camera was mounted 1.5 m above the floor of the box. All rats
were handled for 3 consecutive days in a standardized manner (5 min/d).

DNA constructs. The mouse Ube3al and Ube3a2 cDNAs, including coding and
UTR sequences, were retrieved from pCMV6 vectors (Origene), cloned, and
further subcloned into peGFP-C1 vectors (Clontech). For Ube3al-fs, a frameshift
mutation was inserted into the Ube3a ORF using site-directed mutagenesis
(QuickChange). The rat Ube3al 3" UTR was PCR amplified from P15 forebrain
synaptosome cDNA and cloned into pGL3 (Promega) to obtain Ube3a-luc.
Limk1-luc and Limk1-m134-luc have been described!”. shRNA sequences were
designed using the Dharmacon siRNA online design center and cloned into
pSuper (Oligoengine) for transfections or pAM/U6-shRNA eGFP-CBA-hrGFP
for infections.

Cell culture, transfection, stimulation and virus infection of primary neurons.
Primary cultures of Sprague-Dawley rat (Charles River Laboratories, Sulzfeld,
Germany) embryonic hippocampal and cortical neurons (embryonic day 18)
were obtained and maintained as described previously!”. Compartmentalized
neuron cultures were obtained by plating dissociated hippocampal neurons onto
1-um-pore and 30-mm-diameter polyethylene tetraphthalate (PET) membrane
filter inserts (Millipore) that were matrix-coated with poly-1-lysine (Sigma-
Aldrich) and laminin (BD Biosciences) on both sides?!. These neurons were
treated with 10 UM 5-fluoro-2’-deoxyuridine from DIV 3 to prevent glial cell
proliferation. Neuronal transfections were performed with Lipofectamine 2000
(Invitrogen). A total of 1 ug DNA per well of a 24-well plate was mixed with a 1:50
dilution of Lipofectamine 2000 in Neurobasal medium, incubated at 20-26 °C
for 20 min and then further diluted 1:5 in Neurobasal medium. Neurons were
incubated with the transfection mix for 2 h. Primary neurons were infected with
rAAV by directly applying the virus in the culture medium. For a 24-well plate,
800,000 neurons per well were spotted with 1.5 uL 670,000 IFU/ul rAAV and
incubated for 7 d to obtain maximal expression. For stimulation experiments,
cells were treated with either human BDNF (Peprotech, 40 ng/mL) or KCl (Sigma,
16 mM) for the time indicated. HEK293 cells were cultured in MEM medium

(Invitrogen) supplied with 10% (vol/vol) FBS, 1 mM glutamine, 100 units/ml
penicillin and 100 pg/ml streptomycin. HEK293 cells were transfected using the
calcium phosphate method. A final CaCl, concentration of 0.1 M was used with
an incubation time of 6 h.

Quantitative real-time PCR. RNA was purified using Trifast (Peglab) or the mir-
Vana miRNA Isolation Kit (Ambion) and treated with TURBO DNase (Ambion)
to remove genomic DNA. Quantitative real-time PCR was performed with a
StepOnePlus Real Time PCR System (Applied Biosystems) using iTaq SybrGreen
Supermix with ROX (BIO-RAD). Primer sequences are provided below.

Preparation of infectious rAAV. Infectious rAAV was obtained as described pre-
viously*2. Briefly, HEK293 cells were co-transfected 1:1:1 with pAAV-6P-SEWB*3
or AAV-6P-SEWB derivatives with helper plasmids (pDP1 and pDP2) using
13 pg of each plasmid per 15-cm cell culture dish. After 3 d, cells were harvested
for virus purification. Cells were resuspended in PO buffer (20 mM Tris, 150 mM
NaCl, pH 8.0), lysed by three freeze-thaw cycles and centrifuged to remove cell
debris. rAAV was further purified using the iodixanol density step gradient
method*. Viral titer was assessed by infecting primary cortical neurons with dilu-
tions of the virus and estimating the viral IFU/uL using a confocal microscope.
All viruses used were diluted so as to have approximately the same IFU/ uL.

Nucleofection of primary neurons. Primary cortical neurons of rat embryos (E18)
were nucleofected using the 4D-Nucleofector kit (Lonza), the P3 Primary Cell
solution and program DC-104, according to the manufacturer’s instructions.

Intraventricular injection of rAAV. PO C57BL/6 mice (Charles River
Laboratories, Sulzfeld, Germany) were cryoanesthetized and injected with
2 ul purified rAAV stock into each lateral ventricle (2 mm ventral to the lambda,
+ 0.7 mm from the midline, depth 1.8 mm) using a 10-ul Hamilton syringe.
Individual experiments were performed on pups from the same litters, which were
previously tattooed on the footpads to identify the groups injected with rAAV's
carrying different pAAV-6P-SEWB derivatives. The pups were grouped randomly
and the examiner blinded to the conditions until after analysis. Several litters
were then pooled to form the final data groups. Following injection, the pups
were placed on a 37 °C warming pad and returned to the mother after regaining
normal activity and color.

Immunocytochemistry. For immunostaining, hippocampal neurons were
fixed for 20 min at 20-26 °C in paraformaldehyde/sucrose, rinsed in PBS and
sequentially incubated with primary antibodies and Alexa-conjugated second-
ary antibodies, both diluted in 0.02% (wt/vol) gelatin-0.5% (vol/vol) Triton
X-100-PBS. Four washes with Neurobasal medium were followed by fixation
for 15 min in 4% (wt/vol) paraformaldehyde/sucrose. Imaging of GFP fluores-
cence from GFP-expressing cells was done without antibody amplification. After
fixation, coverslips were mounted on microscope slides using AquaPoly/mount
(Polysciences Inc.).

Image analysis. All image analysis was performed with the investigator blinded
to the experimental conditions.

Dendritic complexity. Images from primary neuron cultures were obtained
with a confocal laser scanning microscope (Zeiss LSM5 Pascal) using a
20x objective with a resolution of 1,024 x 1,024 pixels, corresponding to an
image size of 450 Lm X 450 pm. Dendritic complexity of pyramidal neurons was
assessed by Sholl analysis as previously described!®. Briefly, 10~15 concentric
circles at increments of 20 um were superimposed on the pictures, centered
on the soma. To obtain a Sholl profile of the dendritic arbor, the number of
intersection with each circle was counted. A total of at least ten neurons were
analyzed in each independent experiment, and averages were calculated on
the basis of the values from at least three independent experiments. Images
from mouse brain slices were taken with a confocal laser scanning micro-
scope (Leica SP5) using a 40x objective at a resolution of 1,024 x 1,024 pixels,
corresponding to an image size of 387.5 x 387.5 um; the pinhole was set to
1.2 Airy units and the interval to 1.19 um.

Dendritic spines. For the analysis of dendritic spines, z-stacks (seven consecu-
tive 0.49-nm optical sections per stack) of images from dissociated primary
hippocampal neurons were taken (Zeiss LSM5 Pascal) with a 63x objective
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at 1,024 x 1,024 pixels, with a zoom factor of 1.7 for an image size of 144.7 um x
144.7 um. Spine volumes were subsequently analyzed with Image] software
as described!”. For each independent experiment, 12 neurons for condition
were selected.

Electrophysiology. Miniature excitatory postsynaptic currents (mEPSCs) were
recorded in whole-cell voltage-clamp mode using an EPC-10 patch-clamp ampli-
fier and PATCHMASTER software (HEKA Elektronik, Lambrecht, Germany).
Dissociated hippocampal neurons were transfected with the indicated shRNA
expression vectors on DIV 12-13 and mEPSCs were measured on DIV 18-21.
Cells were recorded from three independent experiments (control shRNA: n = 15
neurons in total; Ube3al shRNA: # = 12 neurons in total). For recordings, neurons
were perfused at 20-26 °C with a bath solution containing (in mM) 140 NaCl,
2.8 KCl, 2 CaCl,, 1 MgCl,, 10 glucose and 10 HEPES (pH 7.3 with NaOH,
300-310 mOsm) with bicuculline (20 tM) and tetrodotoxin (1 LM). Patch pipettes
contained (in mM) 120 potassium gluconate, 15 KCl, 5 NaCl, 10 HEPES, 2 MgCl,,
10 EGTA, 4 Mg-ATP and 0.1 Na-GTP (pH 7.3 with KOH, 290-300 mOsm)
and had resistances of 4-5.5 MQ. Neurons were held at =70 mV and data were
acquired for total of 15 min at a sampling rate of 20 kHz and filtered at 3 kHz.
Series resistance was monitored every 5 min and cells with uncompensated series
resistance of <21 MQ were accepted. Offline analysis of mEPSCs was done with
the Mini Analysis software (Synaptosoft Inc.) for 100-300 s from the last 5 min of
current recordings (threshold: -5 pA, filter: 2 kHz), with the investigator blinded
to the experimental conditions.

Luciferase reporter assay. Primary neurons were transfected in duplicate
with 50 ng of pGL3-Ube3al or pGL4-PEST-Creb1 or 75 ng pGL4-PEST-Limk1
firefly reporter constructs and equal amounts of empty Renilla luciferase
reporter as a transfection control. pGL3-Ube3al was transfected alone or
with 30 nM of the appropriate pLNA (Exiqon) or 10 nM miRNA mimic
(miR-134: IDT; other miRNAs: Ambion). pGL4-PEST-Limk1 or pGL4-PEST-
Crebl was transfected alone or with 5 ng of the relevant pSuper shRNA con-
struct. Luciferase assays were performed using the Dual-Luciferase reporter
assay system (Promega) on the GloMax R96 Microplate Luminometer
(Promega).

Western blotting. Western blotting was performed as described previously*>.
The following primary antibodies were used: mouse anti-Ube3a (aa501-712,
Becton Dickinson, 1:1,000 dilution), rabbit anti-Pum2 (1:4,000 dilution, Novus
Biologicals), rabbit anti-tubulin (1:7,500 dilution, Cell Signaling), mouse anti-
Crebl (1:1,000 dilution, Cell Signaling), rabbit anti-GFP (1:5,000 dilution, Life
Technologies), mouse anti-Limk1 (1:200 dilution, BD Transduction Laboratories).
Primary antibodies were recognized by either a horseradish peroxidase (HRP)-
conjugated goat anti-rabbit antibody (1:20,000; Calbiochem) or an HRP-
conjugated rabbit anti-mouse antibody (1:20,000; Calbiochem). Secondary
antibodies were detected by enhanced chemiluminescence with the ECL Plus
Western Blotting Detection System (GE Healthcare).

High-resolution fluorescence in situ hybridization (FISH). Dissociated
hippocampal neurons were co-transfected at DIV 14 with 200 ng pGL4-Ube3al
and 100 ng Discosoma sp. red fluorescent protein (DsRed) plasmid and fixed
at DIV 19 using 4% (wt/vol) paraformaldehyde/4% (wt/vol) sucrose/PBS for
30 min at 20-26 °C. FISH was performed using the QuantiGene (QG) ViewRNA
kit (Affymetrix) according to the manufacturer’s protocol (with slight modifica-
tions) using probes directed against the Ube3al 3" UTR, Ube3a2 3’ UTR and
Cambk2a (positive control). A probe directed against the bacterial transcript
DapB served as negative control. To preserve dendrite morphology, protease
was either omitted (no-protease condition) or used at a dilution of 1:10,000
for 1 min (protease condition). After completion of the FISH protocol, cells
were washed with PBS, preblocked in gelatin detergent buffer and processed
for MAP2 immunostaining as described above. For z-stack images, five
consecutive optical sections were taken at 0.4-um intervals with a resolution of
1,024 x 1,024 pixels on a Leica SP5 confocal microscope using a 63x objective
and a 3x digital zoom.

Synaptoneurosome preparation. Synaptosomes were prepared from P15
Sprague-Dawley rat pups as previously described*®.

RNAseq analysis of rat hippocampal neurons. Reads were mapped to rn5 using
STAR (version 2.4.0g1)*” with the following flags:

STAR --readFilesIn FASTQ --genomeDir RN5 --outFilterType BySJout --
outFilterMultimapNmax 2 --outFilterMismatchNmax 3 --outSAMstrandField
intronMotif --outFilterIntronMotifs RemoveNoncanonical --outSAMtype BAM
SortedByCoordinate --sjdbGTFfile ENSEMBL.genemodels.rn5.gtf

On the basis of a high sequence duplication level, we removed the PCR
duplicates using Picard (version 1.105) with the following flags:

java -jar MarkDuplicates.jar INPUT=IN.BAM OUTPUT=OUT.BAM
METRICS_FILE=STATS.TXT REMOVE_DUPLICATES=true

The resulting bam files were merged to one file per species using Samtools*®
and IGV-snapshots?® were taken at the Ube3a genomic location (rn5:chrl:
117746227-117843011).

Absolute quantification of mRNA. Standard curves were obtained from serial
dilutions (100-fold) of plasmid DNA (stock 1 ng/ul) containing the sequence of the
gene of interest. The following plasmids were used: pGL4-Ube3al, pcDNA.3-Limk1,
Pum2-YFP. A slope of the standard curve was calculated by regression
analysis and subsequently used for the calculation of RNA molecules/ng total
RNA equivalent.

Statistics. P-values were calculated with Student’s ¢-test (two-tailed, type 2) for
one-way comparisons and with ANOVA followed by post hoc test (Students ¢-test,
two-tailed, type 2) for multi-way comparisons.

Power analysis (G-power) was performed to calculate required sample size.
For most experiments, effect size was sufficiently high to use n = 3. Otherwise
(Figs. 2g,h, 5g and 6a,b,d.f,g), larger sample sizes were used. The result of the
power analysis was specifically reported for Figure 6d,g (see figure legend).
The experiments were not done with the experimental conditions blinded to
the investigator, with the exception for the analysis of microscopy data and
patch-clamp recordings.

In the animal studies, the animals were assigned to the various groups ran-
domly. In imaging studies, cell selection was performed randomly, excluding
unhealthy cells and cells not easily identified as pyramidal neurons. Data were
collected and processed randomly.

Data distributions were assumed to be normal, but this was not formally tested
unless otherwise stated.

A Supplementary Methods Checklist is available.

Oligonucleotide sequences. Real-time qRT-PCR:
Gapdh fw: GCCTTCTCTTGTGACAAAGTGGA
Gapdh rev: CCGTGGGTAGAGTCATACTGGAA
Ube3al fw: GGACCTGGCATCACCCTACA
Ube3al rev: ATTCCCATTGAGGCTTTCCTATT
Ube3a2/3 fw: TTATTACTGCTTGAGGTTGAGCCTT
Ube3a2/3 rev: AAGATTACATGGTCTACAAATG
Rnu6 fw: CTCGCTTCGGCAGCACA
Rnu6 rev: AACGCTTCACGAATTTGCGT
Crebl fw: TCAGCCGGGTACTACCATTC
Crebl rev: TTCAGCAGGCTGTGTAGGAA
Arc fw: TGGAGCACGTACGGAGGAC
Arcrev: CTCTCGCTCCACCTGCTTG
H1f0 fw: ACGGACCACCCCAAGTATTCAG
HI1f0 rev: GGCGTTCTCACCCACCTTGTA
Pre-miR-134 fw: TGTGACTGGTTGACCAGAGGG
Pre-miR-134 rev: GGTGACTAGGTGGCCCACAG
Limkl fw: CCTCCGAGTGGTTTGTCGA
LimklI rev: CAACACCTCCCCATGGATG
Fmrl fw: CAAAGCGAGCCCACATGTTA
Fmrl rev: GGCAAGCTGCCTTGAACTCT
shRNA (targeting sequence):

Control shRNA: AAACCTTGTGGTCCTTAGG

Ube3al shRNA: CATGCAGTCTAATGCTTTA

Ube3a2/3 shRNA: AGGGATAATTTGATGGTAA

Ube3a coding sequence shRNA: AGAAGAAACTACAGAGTAT
Drosha shRNA: CAACATAGACTACACGATT

Tnrc6c shRNA: GGTTCAAGCACAGCTTTTG
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Mutagenesis primers:

Ube3al shRNA-resistant fw: TTCCAATTTTCATGCAGTCTAACGCGTAA
TTTCATGAATTAAATG

Ube3al shRNA-resistant rev: CATTTAATTCATGAAATTACGCGTTAGA
CTGCATGAAAATTGGAA

Genotyping primers:

A:169-379lox-fw: GCCACTGCTTACTCTCATCTGC

B: 170-379lox-rev: CCGTATTATCCCATCAAGTAGC

C: 171-410lox-fw: CCAGATGTGCAATGGATGG

D: 173-410lox-rev: AAAGAGAGGTGACCATGCACTG

Antibodies. Mouse anti-Ube3a monoclonal antibody, BD Transduction
Laboratories 611416

Chicken anti-GFP polyclonal antibody, Abcam 13970

Mouse anti-B-actin monoclonal antibody, clone AC-15, Sigma Aldrich
A5441

Rabbit anti-tubulin monoclonal antibody, Cell Signaling 2125

Rabbit anti-GFP monoclonal antibody, Life Technologies G10362

Rabbit anti-Pumilio 2 polyclonal antibody, Novus Biological NB100-387

Mouse anti-CREB monoclonal antibody, Cell Signaling 9104

Mouse anti-LIMK1 monoclonal antibody, clone 42/LIMK1, aa.232-333, BD
Transduction Laboratories 611749

Mouse anti-MAP2 monoclonal antibody, Sigma M9942

Rabbit anti-GFAP polyclonal antibody, DAKO 7033401

Rabbit anti-mouse IgG-HRP, Merck-Millipore 402335

Goat anti-rabbit IgG-HRP, Merck-Millipore 401315
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Donkey anti-mouse IgG-Alexa Fluor 546, Life Technologies A10036
Donkey anti-rabbit IgG (H+L)-Alexa Fluor 488, Life Technologies A-21206
Donkey anti-mouse IgG (H+L)-Alexa Fluor 647, Life Technologies A-31571.
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Supplementary Figure 1

Ube3a1 RNA expression analysis by RNA sequencing.

a) Genomic view (UCSC genome browser) of the murine Ube3a locus including alternative Ube3a transcripts. The region surrounding
the Ube3a1 3'UTR is boxed. Note the presence of sequence reads in the aggregate RNA-seq exon coverage panel at the genomic
location of the Ube3a1 3'UTR. b) Representation of sequence reads at the location of the Ube3a1 3'UTR (boxed region in a) from rat
hippocampal neurons according to ribo-minus RNA sequencing. The position of Ube3a exons 9-11, intron 11 and the UTR1 is
indicated. c) Strand-specific qPCR analysis of 3’'UTR1 or intron11 containing transcripts in either antisense (as) or sense orientation.
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Supplementary Figure 2
Developmental expression of Ube3a1 RNA.

gPCR analysis of Ube3a1 RNA (a), Limk1 mRNA (b) Ube3a2/3 mRNA (c) expression from developing primary rat hippocampal
neurons. Values are presented relative to expression at 3 DIV. N=3-5. *p<0.05, **p<0.01, ***p<0.001 (T-test).

43



a -FUDR +FUDR b

©@ <
3 g
g 2 ‘]
= =
(@] Kt 3 |
0) ||
S |
2 |
v 2 |
(8]
= {
g |
2 b o ) i
5 1 |
2 |
Sl mm
o |
§ é}e’cs @@@@
7 < 4
8 N 3
e < Q
o
c
16 - d
€ 14 WB SY WB SY WB SY
.g 1.2 -
0
c 10-
@
©
£ 08
3 06-
8 -
S 04
g‘ 02
& 02-
0- - — — — i T 1 Ube3a1 Ube3a2/3 Actin

Limk1 FMRP Ube3a1l Ube3a2/3 Tubulin U6 snRNA

Supplementary Figure 3
Subcellular expression of Ube3a1 RNA

a) Representative immunofluorescence analysis of cell body (upper panel) or process (lower panel) compartments from standard (left
panel) or FUDR-treated (right panel) compartmentalized hippocampal neuron cultures, stained with anti-GFAP (green), anti-MAP2 (red)
or Hoechst (blue). Scale bar = 50 um. b) gPCR analysis of Ube3a1 and Ube3a2/3 with RNA from cell bodies and processes of
compartmentalized hippocampal neuron cultures. Bar graphs represent the average ratio of Ube3a1 to Ube3a2/3 RNA levels from three
independent preparations + SD. ¢) gPCR analysis of indicated RNAs in rat P15 forebrain synaptosomes. Values are presented relative
to a whole forebrain control sample. d) Conventional RT-PCR analysis of P15 whole rat forebrain (WB) and synaptosomes (SY) with
primers directed against the indicated transcripts.
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Supplementary Figure 4
Ube3a protein expression and knockdown validation.

a) Different fractions from a rat P15 forebrain synaptosome preparation were used for Western blotting with a monoclonal mouse anti-
Ube3a antibody (Becton Dickinson) which recognizes aa. 501-712 of mouse Ube3a. Marker lane indicates 100 kD. Sup: supernatant;
Pel: pellet; Syn: synaptosomes. b) HEK293 cells were transfected with the indicated constructs and analyzed for the expression of
GFP-Ube3a-fusion proteins by Western blotting using the anti-Ube3a antibody described in a). ¢) Primary rat hippocampal neurons (13-
18 DIV) were co-transfected with GFP-Ube3a-fusion constructs and dsRed and analyzed by confocal microscopy. Scale bar = 50 ym.
d) HEK293 cells were co-transfected with GFP-Ube3a-fusion and indicated shRNA constructs. Expression was assessed by Western
blotting using an anti-GFP antibody and an anti-Actin antibody as a loading control. e€) Primary rat hippocampal neurons (10-18 DIV)
were infected with rAAV expressing the indicated shRNA constructs. Expression of endogenous Ube3a protein was measured by
Western blotting using an anti-Ube3a antibody that recognizes the common Ube3a N-terminus. anti-R-actin Western served as a
loading control. f) qRT-PCR analysis of indicated RNAs from hippocampal neurons infected with rAAV-Ube3a1-shRNA or rAAV-control-
shRNA. Values were normalized to Gapdh expression and are presented as the ratio of Ube3a1 vs. control shRNA infected neurons +
SD. N=4 (ANOVA p=0.015323; *p<0.05 (post-hoc T-test).
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Supplementary Figure 5
Regulation of dendritogenesis by GFP-Ube3a1 and GFP-Ube3a2.

a) gPCR analysis of GFP RNA expression in primary cortical neurons that had been nucleofected with the indicated GFP-Ube3a-fusion
constructs. Values are presented as 40-ct and are representative for multiple independent experiments. b) Representative images of
primary hippocampal neurons (DIV 13 - 18) transfected with the indicated shRNA and Ube3al expression constructs. c) Representative
images of primary hippocampal neurons (DIV 7 - 10) transfected with the indicated expression vectors and treated with BDNF (40
ng/ml) for 48 hours prior to fixation. Scale bar = 50 um. d) Quantification of dendrite complexity in neurons transfected with the indicated
GFP expression plasmids. Values are presented relative to GFP-only transfected neurons. n=3.
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Supplementary Figure 6
The Ube3a1 coding sequence (cds) is not involved in dendritogenesis.

a) anti-GFP Western blot with lysates from HEK293 cells transfected with the indicated GFP-Ube3a-fusion constructs. b) Quantification
of dendrite complexity in neurons transfected with the indicated shRNA and Ube3al expression constructs. Values are presented
relative to control shRNA transfected neurons. N=3. n.s.: not significant.
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Supplementary Figure 7
Full-length blots related to Figure 4a.

a) GFP-Drosha. b) GFP. c) beta-Actin. Boxes indicate regions of the blot presented in Fig. 4a. Additional band in a) represents
overexposed GFP signal.
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Supplementary Figure 8
Ube3a1 ceRNA function.

a) Schematic representation of rat 3’'UTRs for known miR-134 target mRNAs. Putative binding sites predicted by TargetScan
(www.targetscan.org) for miR-134, miR-485 and miR-758 are marked by colored circles. The total number of additional miR379-410
seed matches is indicated. UTRs are not drawn to scale. b) Luciferase assay in primary hippocampal neurons co-transfected with
Crebl-luc reporters and indicated shRNAs. Values are relative to reporter expression under basal conditions. N=7 (Crebl-luc). N=4
(Creb1-m134-luc). **p<0.01 (T-test).
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Supplementary Figure 9

Quantitative PCR of miR-134 target mRNAs in neuronal cell bodies and dendrites.

Bu

a-c) Standard curves with indicated amounts of plasmids containing Pum2 (a), Limk1 (b) and Ube3al (c) sequence. The slope of a
regression curve based on measured Ct-values is indicated in each diagram. d) Calculated RNA molecules per ng total RNA isolated
from either the cell body or dendrite compartment of FUDR-treated hippocampal neurons (DIV 18) cultured on filter insets. Results from

three independent experiments + SD are shown.
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Supplementary Figure 10
Full-length blots related to Figure 5f .

a) Limk1. b) Creb1. c) Pum2. d) Tubulin. Boxes indicate regions of blot presented in Fig. 5f. Membranes were cut after blotting to
simultaneously probe for proteins running at different molecular weights.
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Supplementary Figure 11
Genotyping and validation of miR379-410"" mice.

a) Genotyping PCR of miR379/410™ (KO) and wild-type (WT) mice using the indicated primer pairs. b) qPCR analysis of pre-miR-134
expression in wild-type (wt; n=7) and miR379/410™ mice (ko; n=7). **p<0.01.
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Supplementary Figure 12
Normal cortical layering in miR379-4107"" (ko) mice.
Coronal brain sections (80 mm, single hemisphere) of 8-weeks old wildtype (a), miR379-410"" (b) or miR379-410" (ko; ¢, d) mice

stained with nuclear Hoechst dye. The positions of cortical layers I-VI are indicated in the higher magnification images (right panels). No
differences were observed in the general organization of the cerebral cortex or hippocampus.
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Supplementary Figure 13

Model for the ceRNA function of Ube3a1 during dendritic development.

During normal activity-dependent neuronal development, Ube3a1l RNA levels steadily increase, resulting in the sequestration of
dendritic miRNAs from the miR379-410 cluster, including miR-134 and miR-485. This releases protein-coding targets of these miRNAs,
such as Limk1 and Pum2 mRNA, from translational repression, thereby leading to enhanced local synthesis of Limk1 and Pum2, which
in turn promotes spine growth and inhibits dendrite elaboration, respectively. In conditions of Ube3a1 RNA deficiency, spine growth is
suppressed whereas the brake on dendrite elaboration is loosened.
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Table 1: MMU Ube3a1 3'UTR (mm10, chr.7:59288785-59289818)

GTGTTTAATTCTTAAAAAGGAAGATTTTATTCATCAAACATGTAGATGTGTGCTTT
TGTGTCCTGTATCTGTAGGTACTGGTTACCAAACAAGTAAGCTCAAAAATAGACC
TGTATTAATATTTCCAATTTTCATGCAGTCTAATGCTTTATTTCATGAATTAAATGA
TTTAAGTCTCATATTTTCTCAACCCTTTGCCTTATTTTTGGTCATGTGTAAGATGG
CACATTATTTAGTCTTTAAGATACTTGGGAAGAACCATGTATACTAGTGATTCTGA
ACAATTCTTAGGACAGTATTACCACTAACATCGTTCTCTAGTCAAATGCCCTTATT
TCTACTTCTGTAATATGCTACTATCCAATTCTGAAAGATCTTTCCCCCCATCTTCT
AATGTGACTGATCAAAATGCAGAGTAGTCTTTTTGGCATCCACTATGATGTCATA
GGTATTTAAACAGTTATCTTTTTGTAGATCACTTGAGCTATAAGACTCAAATATGT
TAACAATAGAATGAATATTAACTGTGTCTAGTAATGATACATTATCATTGTTATATT
TATATTACAGTATTACTTTATTCATTTAAGTTTGTAGAAGATTACTCTTGCTTTGCC
CTTTTTTTTTTAATAGAAAAGCAAATATGTTATTTATTCAGCTTTTAGGTAATTAAA
TAACAAAATTCAGAGTAAAGCAAAACAAAAACCATAACATGTCATATGATATATCA
TTTCTAAGCACAATGGCAATTATTAATGAATATAAAAATTTATCATTCATATTTGCT
TCTAACACCAGTCACAAAAGTGGCAACCATTATATTGCTGCTCAGTTTTAAAGGT
AATTCATAACAGGGATAAACATGGTAATACAGAAGCCTTAATGGGAATATCCTAG
TATTATCTCTACAATATGGCAAAATAATGTTTTAGATTGATTATGATTAATGTATG
CATTTTGATTATTATCCTTTTGTTATTGGCAATAGAATTATCATGACAGTGGGGCT
GTTACAAATAAAGTTTTCATTCTTA

miRNA SEED Sequence on DNA Start
>mmu-miR-1197-3p.MIMAT0005858 | TGTCCT 59
>mmu-miR-544-5p.MIMAT0017282 AACAAG 88
>mmu-miR-539-5p.MIMAT0003169 TTTCTC 183
>mmu-miR-758-5p.MIMAT0017235 TCAACC 187
>mmu-miR-1197-5p.MIMAT0017331 | TCAACC 187
>mmu-miR-411-5p.MIMAT0004747 TCTACT 337
>mmu-miR-376b-5p.MIMAT0003388 | TATCCA 358
>mmu-miR-376¢-5p.MIMAT0005295 | TATCCA 358
>mmu-miR-323-3p.MIMAT0000551 TAATGT 392
>mmu-miR-376b-3p.MIMAT0001092 | CTATGA 435
>mmu-miR-154-3p.MIMAT0004537 TATGAT 436
>mmu-miR-410-3p.MIMAT0001091 TTATAT 554
>mmu-miR-410-3p.MIMAT0001091 TTATAT 560
>mmu-miR-154-3p.MIMAT0004537 TATGAT 719
>mmu-miR-134-5p.MIMAT0000146 AGTCAC 797
>mmu-miR-758-3p.MIMAT0003889 TCACAA 799
>mmu-miR-496a-5p.MIMAT0017244 | GCAACC 810
>mmu-miR-453-3p.MIMAT0004870 GCAACC 810
>mmu-miR-380-5p.MIMAT0000744 CAACCA 811
>mmu-miR-410-3p.MIMAT0001091 TTATAT 817
>mmu-miR-369-3p.MIMAT0003186 TATTAT 898
>mmu-miR-323-3p.MIMAT0000551 TAATGT 922
>mmu-miR-543-3p.MIMAT0003168 AATGTT 923
>mmu-miR-154-3p.MIMAT0004537 TATGAT 939
>mmu-miR-323-3p.MIMAT0000551 TAATGT 945
>mmu-miR-369-3p.MIMAT0003186 TATTAT 963
>mmu-miR-495-3p.MIMAT0003456 TTTGTT 972

* putative polyA sites in bold
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Table 2: RNO Ube3a1 3'UTR (rn6, chr.1, 116660510-116661593)

GTGAGGTGTTTAATTCTTAAAAAGGAAGACTTTTCATCAAAGAAGTGCATGTGTG
CTTTTGTGTCATGTATCTGTTGGTACTGGTTACCGAACAAGTAAGCTCAAAAGTA
GGCTCGTATTAATATTACTAATTTTCATGCAGTCTAATGCTTTATTTCATGAATTA
AATGATTTATGTCTCCTATTTTCTCTTGCCTTTGGTTTATTTTTGGTAATATATAAA
TGGTAGATTATTTAGTCTTTAAGATACTTGGGAAGAACCATGTGTACTTGTGATT
CTGAACAGTTCTTGGGACAGTATTACCACTAATATTGTTCTCTAGTCAAATGCCC
TTGTTTTCTACTTCTCTGTAATATGCTACTATCCAACTCTGAAAGATCTTTTTCCC
TTGTCTTATAATCTGAATGGTCAAAATGCCCTTTTGGCATCCACTGTGATGTCAG
GGGCATTTAATCAGATATTTTTCTGGAAGATCGTTTGAGCTATAAGACTCAAGTA
TGTGGACAATAGAATGAATATTAACTATGTCTAGTAATGATAAATTACCATTATAT
TTATATCATAGTATTATTTTATTATTCATTTCAGTTTGTAGAGACTACTCTTGCTTT
GCACTTTCTAATACCAGTCACAAAGGTGTTTTCTCATGGCAGCCATTATATTGCT
GTTCATTTTTTCTTTTTTTTCTTTTTGAGTGAATAGAAGGAACATATACTTAATTTT
[TTTTGTTTTTTTTCTTGGATATTTTATGTATTTACATTTCAAATGTTATCCACTTCC
CCCACTCTCCCATACTCCATCCCACTGTTTCTATGAGGATACTTTCACTCTCACC
CATCCACTCCATCCTCAGGGACCTGGCATCACCCTACATTGGGGAAACAAGCC
GCTGCTCAGTTTGTAAGTTGATTCATAACAGGGATCAACATGGTAATAGGAAAG
CCTCAATGGGAATATCCTAGCATTATCTCTACAATATGGCAAAGTAATATTTTAGA
TTAATGTATGCGATTTGCTTATTTATTCTCTTATTATTGGCAATAGGATTATCATG
AGATTAGAGCTATTAAAAATAAAATTTT

miRNA SEED Sequence on DNA Start Norm. Read count
>rno-miR-382-3p.MIMAT0003202 AATGAT 166 27168
>rno-miR-539-5p.MIMAT0003176 TTTCTC 185 1241
>rno-miR-377-3p.MIMAT0003123 TGATTC 273 1099
>rno-miR-1193-5p.MIMAT0017858 TTACCA 300 n.d.
>rno-miR-411-5p.MIMAT0005312 TCTACT 339 29353
>rno-miR-376b-5p.MIMAT0003195 TATCCA 362 1504
>rno-miR-376¢-5p.MIMAT0017219 TATCCA 362 n.d.
>rno-miR-376¢-3p.MIMAT0003194 CTATGT 523 1455
>rno-miR-382-3p.MIMAT0003202 AATGAT 534 27168
>rno-miR-1193-5p.MIMAT0017858 TTACCA 543 n.d.
>rno-miR-410-3p.MIMAT0005311 TTATAT 549 50701
>rno-miR-410-3p.MIMAT0005311 TTATAT 555 50701
>rno-miR-369-3p.MIMAT0003207 TATTAT 566 21740
>rno-miR-369-3p.MIMAT0003207 TATTAT 574 21740
>rno-miR-496-3p.MIMAT0012860 TAATAC 620 3812
>rno-miR-134-5p.MIMAT0000840 AGTCAC 627 26284
>rno-miR-758-3p.MIMAT0005335 TCACAA 629 2259
>rno-miR-539-5p.MIMAT0003176 TTTCTC 641 1241
>rno-miR-410-3p.MIMAT0005311 TTATAT 657 50701
>rno-miR-495-3p.MIMAT0005320 TTTGTT 726 14109
>rno-miR-411-3p.MIMAT0017304 TTACAT 756 10822
>rno-miR-543-3p.MIMAT0003175 AATGTT 766 8416
>rno-miR-376b-5p.MIMAT0003195 TATCCA 771 1504
>rno-miR-376¢-5p.MIMAT0017219 TATCCA 771 n.d.
>rno-miR-494-3p.MIMAT0003193 TGTTTC 807 2868
>rno-miR-376b-3p.MIMAT0003196 CTATGA 812 22584
>rno-miR-380-3p.MIMAT0017302 CTACAT 870 10219
>rno-miR-377-3p.MIMAT0003123 TGATTC 908 1099
>rno-miR-409a-3p.MIMAT0003205 CAACAT 925 3358
>rno-miR-485-5p.MIMAT0003203 AGCCTC 942 5037
>rno-miR-323-3p.MIMAT0000550 TAATGT 1001 41164

* putative polyA site in bold
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Table 3: HSA Ube3a-005 3’UTR (hg38, chr.15, 25353033-25354353)

GGTGAGGTACTTAGTTCTTCAGAGGAAGATTTGATTCACCAAAGGGGTGTGTGA
TTTTGCTTCAGACCTTTATCTCTAGGTACTAATTCCCAAATAAGCAAACTCACAAA
TTGTCATCTATATACTTAGATTTGTATTTGTAATATAATCACCATTTTTCGAGCTAA
TCTTGTGATTTATTTCATGAATGAAGTGTTGTTATATATAAGTCTCATGTAATCTC
CTGCATTTGGCGTATGGATTATCTAGTATTCCTCACTGGTTAGAGTATGCTTACT
GCTGGTTAGAAGATAATTAAAATAAGGCTACCATGTCTGCAATTTTCCTTTCTTTT
GAACTCTGCATTTGTGAACTGTTACATGGCTTCCCAGGATCAAGCACTTTTTGAG
TGAAATGGTAGTCTTTTATTTAATTCTTAAGATAATATGTCCAGATACATACTAGT
ATTTCCATTTTACACCCTAAAAAACTAAGCCCTGAATTCTCACAGAAAGATGTAG
AGGTTCCCAGTTCTATCTGCTTTTAAGCAAATGCCCTTACTACTCTACTGTCTAC
TTCTGTGTACTACATCATCCAATTCTGAAAGACATAGGCTTCCCCATCCCCTGCT
AAGACTGGTTCAAGTGGCAGCTACTGATGGATTGGTGAGAAGGCATGCAAACAC
GTACCTTCCTGGAAGTTGTCTCCAAAGGCTATTGCTCTAAGACTCAAGTATATAA
ACACTAGAATGAATATCAACTCTATCTAGCAATAAATGTTATTTTTATATTACAGT
TGACCCTTGAACAACACAGCTGTGAACTTCATGGGCCCTCTGACATGCAGATTT
TTTTTCTCAACTAAGAGCAGATTCAGTGGGACTCAGAACCTGCATATCAGAGGG
CTGACTTTCATACATGCCAGTTTCACAGGGCCAACTGCAGAACTTGAGCGTGCA
TGGATTTTGGTATACACACGTGGTCCTGGAACCAATCCCTGTCACATATACCAA
GGGATGGCTGTATGTTACTTTATATTCATTTGTTCTGTTATTTTATAAGGTTGTTC
GTCGTGGTATGTGGGAATTCACCAGTATTTCTTCTTTCTGGTGCACCGTTGGTCA
TTTCTGGCAGCAGTGGTGAATGTATTTACTCTTAGCAACCTCTGTGCTGCTACCT
GTTCTGAGTTTCAAAGGTGATTCATTAAAGGGTTGGGATAACATGGTGATAGGA
AAAACCCCCCTCATCAGTCACAAGGAGTATAACAGCAATATCTCTGTAATATGAT
TGATCATAGATATAATTTCTAGTAGGAAAAAAAGTCATATCTTG

miRNA SEED Sequence on DNA Start
>hsa-miR-329-3p. MI0001725 GTGTGT 47
>hsa-miR-758-3p. MI0003757 TCACAA 104
>hsa-miR-381-3p. MIO000789 TTGTAT 132
>hsa-miR-656-3p. MI0003678 TAATAT 141
>hsa-miR-410-3p. MI0002465 TTATAT 199
>hsa-miR-411-3p. MIO003675 TTACAT 356
>hsa-miR-379-3p. MIO000787 TTACAT 356
>hsa-miR-656-3p. MI0003678 TAATAT 422
>hsa-miR-411-5p. MI0003675 TCTACT 544
>hsa-miR-411-5p. MI0003675 TCTACT 551
>hsa-miR-654-3p. MI0003676 AGACAT 585
>hsa-miR-1193 M10014205 CCATCC 599
>hsa-miR-543 MI0005565 AATGTT 754
>hsa-miR-410-3p. MI0002465 TTATAT 764
>hsa-miR-889-3p. MI0005540 ATATTA 766
>hsa-miR-539-5p. MI0003514 TTTCTC 832
>hsa-miR-544a. MI0003515 GCAGAA 920
>hsa-miR-410-3p. MI0002465 TTATAT 1011
>hsa-miR-495-3p. MI0003135 TTTGTT 1020
>hsa-miR-134-5p. MI0000474 AGTCAC 1227
>hsa-miR-758-3p. MI0003757 TCACAA 1229
>hsa-miR-656-3p. MI0003678 TAATAT 1258

* putative polyA sites in bold
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