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Summary

The remarkable cognitive capabilities of our brain require a complex and dynamic

network of neurons that is able to quickly and precisely react to changes. Adapting

to an ever-changing environment and the storage of information requires that sensory

information is transformed into long-lasting structural changes. At the molecular level,

highly sophisticated and tightly regulated gene expression programs are necessary to

alter synaptic connections in the brain without disrupting the existing network.

MicroRNAs are important regulators in this neuronal network as they are able to

precisely regulate local gene expression. These small non-coding RNAs bind comple-

mentary sequences in target mRNAs, thereby repressing their translation into protein.

This plays an important role in activity-dependent synapse development, where local

protein synthesis in dendrites is required to implement long-lasting changes in synaptic

strength. The latter serves as the molecular basis for learning and memory processes.

This cumulative dissertation presents two studies that investigate how neuronal micro-

RNAs are regulated at the level of biogenesis and localization. The first publica-

tion "The DEAH-box helicase DHX36 mediates dendritic localization of the neuronal

precursor-microRNA-134" investigates the transport of miRNA-134 to its final desti-

nation in the synapto-dendritic compartment. The study describes that already the

precursor (pre-miRNA) is located at the synapse and identifies DHX36 as a protein

that specifically binds pre-miR-134 and is important for its transport. Knockdown

of DHX36 further shows that the localization of pre-miR-134 to the dendrite is of

functional importance. The absence of DHX36 leads to elevated expression of known

miR-134 targets, accompanied by an increase in dendritic spine volume.
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Summary

The second study presented in this thesis entitled "The nuclear matrix protein Matr3

regulates processing of the synaptic microRNA-138-5p" investigates the expression of

microRNA-138. Two distinct precursor forms are known for miR-138, pre-miR-138-1

and pre-miR-138-2. In our study, we demonstrate that pre-miR-138-2 is the primary

source for mature miR-138 in neurons. Using pulldown assays we identify the nuclear

matrix protein Matrin-3 (Matr3) as a specific interactor of the hairpin structure of both

the primary and precursor form of miR-138-2 (pri-/pre-miR-138-2). Knockdown of its

expression demonstrates an inhibitory function of Matr3 in the nuclear processing of

pri-miR-138-2, resulting in decreased mature miR-138 levels.

In summary, this thesis describes novel post-transcriptional regulatory mechanisms that

control the expression and sub-cellular localization of two neuronal microRNAs, miR-

134 and miR-138. Both microRNAs have important roles in synaptic plasticity and a

precise regulation of their expression is crucial for maintaining a stable and functional

neuronal network. A further understanding of the regulation of these microRNAs

and their downstream processes is an important step to gain insight into the complex

regulatory processes involved in learning and memory, as well as into malfunctions of

these systems that occur in neurological diseases.
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Zusammenfassung

Die bemerkenswerten kognitiven Prozesse, die unser Gehirn bewältigen muss, erfordern

ein komplexes und dynamisches Netzwerk von Neuronen, das in der Lage ist, schnell

und präzise auf Veränderungen zu reagieren. Um sich an veränderte Umwelteinflüsse

anzupassen und Informationen zu speichern, müssen sensorische Informationen als

langanhaltende struturelle Veränderungen in unserem Gehirn verankert werden. Auf

molekularer Ebene sind hierzu hochentwickelte und streng regulierte Genexpressions-

programme erforderlich, die die synaptischen Verbindungen in unserem Gehirn verän-

dern und ausbauen, ohne das bereits bestehende Netzwerk zu stören. MicroRNAs

sind wichtige Regulatoren in diesem neuronalen Netzwerk, da sie in der Lage sind,

Genexpression lokal und präzise zu regulieren. Die kleinen, nicht-kodierenden RNAs

binden dabei an komplementäre Sequenzen in Ziel-mRNAs und unterdrücken deren

Proteinsynthese. Eine Rolle spielt dies bei der aktivitätsabhängigen Synapsenentwick-

lung, bei der neue Proteine lokal benötigt werden, um nachhaltige Änderungen der

Synapsenstärke herbeizuführen, die die molekulare Grundlage für Prozesse wie Lernen

und Gedächtnisbildung sind.

Die vorliegende kumulative Dissertation präsentiert zwei Studien, die sich damit be-

schäftigen, wie neuronale microRNAs in ihrer Expression und Lokalisierung reguliert

werden. Die erste Publikation "The DEAH-box helicase DHX36 mediates dendritic lo-

calization of the neuronal precursor-microRNA-134" untersucht dabei den Transport

von miRNA-134 zu ihrem Wirkungsort an der Synapse. Die Studie beschreibt, dass

bereits die Vorstufe der microRNA (die pre-miRNA) an der Synapse lokalisiert ist und

identifiziert mit DHX36 ein Protein, das pre-miR-134 spezifisch bindet und für den

Transport von Bedeutung ist. Durch Knockdown von DHX36 wird gezeigt, dass die
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Zusammenfassung

Lokalisierung von pre-miR-134 im Dendriten von funktioneller Bedeutung ist. Abwe-

senheit von DHX36 führt so zu einer verstärkten Expression von bekannten miR-134

Zielgenen und einem damit einhergehenden vergrößerten Volumen dendritscher Dorn-

fortsätze, dem postsynaptischen Teil der Synapse.

In der zweiten Studie dieser Arbeit mit dem Titel "The nuclear matrix protein Matr3

regulates processing of the synaptic microRNA-138-5p", wird die Expression der micro-

RNA miR-138 untersucht. Für miR-138 sind zwei verschiedene pre-miRNAs bekannt,

pre-miR-138-1 und pre-miR-138-2. In unserer Studie zeigen wir auf, dass pre-miR-

138-2 die Vorstufe ist, die hauptsächlich für die Expression der reifen miR-138 in Neu-

ronen verantwortlich ist. Mittels eines Pulldown-Assays identifizieren wir außerdem

mit Matr3 ein Protein der nukleären Matrix, das spezifisch an die Haarnadelstruktur

des Primärtranskripts pri-/pre-miRNA-138-2 bindet. Hemmung der Matr3 Expression

zeigt auf, dass Matr3 die Prozessierung der pri-miR-138-2 im Zellkern hemmt und somit

zu einer verminderten Expression von reifer miR-138 führt.

Zusammenfassend beschreibt diese Arbeit neuartige regulatorische Mechanismen für

zwei neuronale microRNAs, miR-134 und miR-138. Beide microRNAs spielen eine

wichtige Rolle für Prozesse der synaptischen Plastiziät und eine präzise Regulation ihrer

Expression ist von großer Bedeutung, um ein stabiles und funktionierendes neuronales

Netzwerk aufrechtzuerhalten. Ein größeres Verständnis der Regulation dieser micro-

RNAs und ihrer nachgeschalteten Prozesse stellt daher einen wichtigen und weiteren

Schritt dar, um komplexe kognitive Prozesse wie Lernen und Gedächtnis zu verstehen

und weitere Einblicke in deren Fehlfunktionen, wie etwa bei neurologischen Erkrankun-

gen, zu erhalten.
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1 Introduction

1.1 Synaptic plasticity

The brain is formed by a complex and dynamic network of neurons and glia cells that

are highly interconnected. In humans ∼100 trillion synapses are formed between the

∼100 billion neurons and it is therefore no surprise that highly sophisticated regulatory

pathways are necessary not only to form this network but also to allow its constant

adaptation to an ever-changing environment.

On the level of individual neurons, synaptic plasticity is one of the fundamental pro-

cesses that controls neuronal network formation and forms the molecular basis of learn-

ing and memory. It is defined as the ability of neurons to strengthen and weaken

individual synapses based on an increase or decrease in their activity and to thereby

modulate their response. A multitude of molecular mechanisms contribute to these

plasticity mechanisms that occur at the presynaptic as well as the postsynaptic part

of the synapse and include changes of neurotransmitter release and efficiency as well

as the responsiveness of the postsynaptic site to these neurotransmitters. To manifest

the longer lasting changes in structure and composition of the synapse, translation of

new proteins is required (Flavell, Greenberg 2008). Ensuring that this protein expres-

sion is occurring not only rapidly in response to changing signaling but also exclusively

at the involved synapses is a demanding task that requires specific and sophisticated

regulation. A class of molecules that has been shown to play an important role in this

regulation of protein expression are microRNAs (miRNAs).
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Introduction

1.2 Biogenesis and function of miRNAs

The ∼22 nucleotide (nt) long miRNAs are non-coding RNAs that bind to comple-

mentary sequences mostly within the 3’ untranslated regions (3’ UTR) of their target

messenger RNAs (mRNAs), thereby repressing their translation and/or facilitating

mRNA degradation (Filipowicz et al. 2008). Over the last years they have emerged as

important post-transcriptional regulators of protein expression in a variety of cellular

processes, including cell proliferation, differentiation and metabolism (Bushati, Cohen

2007).

MiRNAs are transcribed by RNA polymerase II either from individual genes, larger

gene clusters containing multiple miRNAs or introns of host genes (Lee et al. 2004).

These primary transcription products (pri-miRNA) are hundreds to thousands of nu-

cleotides long and fold into at least one hairpin structure that serves as substrate for

the "microprocessor" complex consisting of the nuclear type-III RNase Drosha and the

RNA-binding protein DGCR8 (DiGeorge Syndrome Critical Region 8). This complex

cleaves the pri-miRNA into a ∼70 nt long hairpin with a 2 nt overhang at the 3’ end,

the so-called precursor miRNA (pre-miRNA) (Lee et al. 2004). The characteristic over-

hang is then recognized by Exportin-5 and the pre-miRNA is transported out of the

nucleus into the cytoplasm (Lund et al. 2004). Here, the pre-miRNA is further cleaved

by a complex containing the RNAseIII endonuclease Dicer and TRBP (transactivation-

responsive RNA binding protein) into a ∼22 nt long double stranded miRNA duplex

(Ha, Kim 2014). For most miRNAs, the so-called guide strand of this duplex (the

functional miRNA) is separated from the passenger strand (miRNA*) and loaded into

the miRNA induced silencing complex (miRISC), while for some miRNA species both

strands are loaded and act as functional miRNAs (Okamura et al. 2008). The miRISC

targets sequences complementary to the "seed" (nucleotide 2-7) of the incorporated

miRNA which are often located in the 3’UTR of the effected mRNAs and thereby me-

diates silencing of their translation. The two core components of this complex are one of

the members of the Argonaute (AGO) protein family and GW182 (glycine-tryptophan

protein of 182 kDa), which acts as a scaffolding protein to further recruit factors that

assist in the silencing of translation and the modulation of miRISC activity (Pfaff et al.
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Introduction

2013).

As miRNAs act as important regulators within a complex network, their own expression

is heavily regulated throughout all these stages of their life cycle, including transcription

(Fiore et al. 2009), pri-miRNA processing (Davis et al. 2010), pre-miRNA processing

(Obernosterer et al. 2006), miRISC incorporation (Ashraf et al. 2006, Banerjee et al.

2009) and decay of the mature miRNA (Krol et al. 2010a, Sethi, Lukiw 2009), in-

dicating the importance of their precise spatiotemporal regulation (reviewed by Krol

et al. (2010b), Siomi, Siomi (2010) and Trabucchi et al. (2009b)). Impaired miRNA

expression has increasingly been associated with neurodevelopmental, neuropsychiatric

and neurodegenerative diseases (as reviewed by Bicker, Schratt (2008), Fiore et al.

(2011), Wang et al. (2012)), underscoring the importance of the proper regulation of

the expression of miRNAs and their targets.

1.3 The role of miR-134 and miR-138 in synaptic plasticity

One of the first neuronal miRNAs that has been shown to fulfill an important role in

synaptic plasticity is miR-134. It was found to localize within the dendrites of mature

hippocampal neurons, where it locally controls the translation of the mRNA encoding

LIM domain kinase 1 (Limk1), a regulator of actin filament dynamics. Thus, by re-

pressing LimK1 expression, miR134 is able to restrict spine size at the resting synapse.

Upon stimulation with BDNF (brain-derived neurotrophic factor), a neurotrophin that

is released upon synaptic stimulation, the repression is reversed and LimK1 can be

expressed locally, allowing for actin remodeling and growth of the stimulated synapses

(Schratt et al. 2006). Using atomic force microscopy (AFM), a recent study shows

that mir-134 levels actually vary among different types of dendritic spines (Park et al.

2019). More specifically, miR-134 levels are inversely correlated with the maturity of

individual spines and local BDNF stimulation was able to reduce miR-134 expression

in the respective spines. These findings further indicate the role of miR-134 in the local

regulation of individual synapses.
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Introduction

In addition to its function in the regulation of dendritic spine size, miR-134 expression

(together with other miRNAs from the miR-379–410 cluster) is induced by BDNF and

required for activity-dependent dendritogenesis in hippocampal neurons (Fiore et al.

2009). The RNA-binding protein Pumilio 2 (PUM2) was identified as a key target

of miR-134-dependent repression in this context and shown to mediate the effects on

dendritogenesis. The role of miR-134 in dendritogenesis is further supported by a study

investigating a truncated mRNA transcript of the E3 ubiquitin ligase (Ube3a1) (Val-

luy et al. 2015). The dendritically localized Ube3a1 mRNA was shown to sequester

miR-134 and other miRNAs from the miR379-410 cluster and thereby negatively reg-

ulate dendritic outgrowth in neuronal cultures and in the hippocampus of rats in vivo.

Importantly, Ube3a1 function in dendritogenesis was not dependent on its coding func-

tion, but instead required the presence of miR-134, consistent with a role of Ube3a1 as

a competing endogenous RNA (ceRNA) for miR-134 and other miRNAs of the miR379-

410 cluster. The important function of miR-134 in the brain has been further endorsed

by studies describing its role in long-term memory formation (Gao et al. 2010), epilepsy

(Jimenez-Mateos et al. 2012) as well as social and anxiety-related behaviour (Lackinger

et al. 2019).

Another miRNA extensively studied in relation to synaptic plasticity mechanisms is

miR-138. Similar to miR-134, it is located within dendrites and was shown to inhibit

spine size and miniature excitatory synaptic transmission (Siegel et al. 2009). These

effects of miR-138 expression were shown to be mediated by miR-138-dependent re-

pression of its target gene acyl-protein-thioesterase 1 (APT1), an enzyme that, among

other targets, depalmitoylates the Gα13 subunits of G proteins thereby promoting their

dissociation from the membrane. Decreased APT1 expression and function therefore

leads to an increased membrane association of Gα13 subunits and activation of the

downstream RhoA pathway, which induces actomyosin contraction and spine shrink-

age. Additional studies have confirmed these findings and shown that upon NMDA

stimulation the RISC component MOV10 is degraded which in turn leads to the local

translation of APT1 and other known miRNA targets (Banerjee et al. 2009).

Since these findings emerged, other miR-138 functions and targets have been identified,

among these cell migration (Kisliouk, Meiri 2013) and axon regeneration (Liu et al.
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2013). In this context, the extracellular matrix glycoprotein Reelin (RELN) has been

identified as another direct target of miR-138 repression (Liu et al. 2013). RELN is

well-known for its role in neuronal migration in the developing brain and the formation

of cell–cell contacts (Lakatosova, Ostatnikova 2012, Stranahan et al. 2013) and has been

associated with a variety of different neurological diseases such as Alzheimer’s disease

(Herring et al. 2012), Schizophrenia (Verbrugghe et al. 2012) and bipolar disorder (Goes

et al. 2010). Since miR-138 levels have been frequently found to be misregulated in

some of these diseases (Bicker et al. 2014), it is tempting to speculate that perturbed

miR-138 activity might be causally involved in defective RELN expression observed

in these diseases. Further evidence for an important functional role of miR-138 in

the neuronal network is provided by a genome wide screening for single nucleotide

polymorphisms (SNPs) associated with memory performance in humans. The study

identified a SNP leading to alterations in miR-138 expression as well as a SNP in the

miR-138 binding site of the DCP1B 3’UTR, consistent with a role of miR-138 in the

regulation of long-term memory formation (Schröder et al. 2014).

Overall both miRNA have been shown to exhibit important functions in mechanism

of synaptic plasticity and thereby in forming and maintaining a functional and stable

neuronal network that is dynamically regulated. A more comprehensive summary of

miR-134 and miR-138 expression and their implications in brain function and disease

can be found in Bicker et al. (2014).

1.4 Aims of this thesis

The role of miRNAs as regulators of spatiotemporal protein translation in synaptic plas-

ticity has been well established since their initial discovery. More recent studies showing

miRNA misregulation in a variety of neurological diseases further emphasize their im-

portance in neuronal network function and homeostasis. They are highly abundant in

the mammalian brain (McNeill, van Vactor 2012) and due to their mode of function,

each miRNA is able to target a large subset of mRNAs. Each mRNA can in turn be

regulated by a variety of different miRNAs. It is therefore not surprising that miRNAs
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Introduction

themselves are subject to a tight regulation. In this thesis, I present two studies that

both aim to investigate how miRNAs themselves are subject to regulatory processes.

The first project I collaborated in, investigates the enrichment of miR-134 in dendrites.

Data from previous studies has demonstrated that not only the mature form of miR-134

is present at synaptic sites, but also its precursor form, which is located and enriched

along the dendrites. There, it potentially provides a source for mature miRNA that can

be readily made available at specific synaptic sites. This study therefore investigated a

novel mechanism that facilitates dendritic transport of precursor miRNA and its role

in the regulation of synaptic spine size.

For the main study presented in this thesis, I aimed to gain insight into the cell-type

specific biogenesis of miR-138. MiR-138 is a miRNA that originates from two distinct

genomic loci. Whereas one of its precursor forms can be found throughout a variety

of different tissues, the mature form seems to be specific to the brain. I therefore

investigated the role of both precursor forms and their contribution to the pool of

mature miR-138 and how post-transcriptional regulatory mechanisms allow miR-138

to be expressed in neurons, but not other cell types.

6



2 Summary of publications

2.1 The DEAH-box helicase DHX36 mediates dendritic

localization of the neuronal precursor-microRNA-134

2.1.1 Scientific summary

As previously discussed, miR-134 has been shown to be located in the dendritic com-

partment of neurons and to play an important role in processes involved in synaptic

plasticity. The present publication, I collaborated on, aimed to investigate how miR-

134 reaches its destination in the dendrite and performs its function in local protein

synthesis at the synapse.

Interestingly, initial experiments showed that not only the mature miR-134, but also

pre-miR-134, localizes to synaptic sites. Pre-miR-134 is significantly enriched in RNA

derived from synaptosome preparations compared to RNA from whole brain, as shown

by qRT-PCR. Enrichment levels for pre-miR-134 were comparable to the previously

known dendritic RNA BC1 and significantly higher compared to other neuronal pre-

miRNAs, demonstrating the specificity of the effect (Fig.1 A, Bicker et al. (2013)).

Additional experiments using fluorescent in situ hybridization (FISH) with loop-specific

probes (Fig. 1 B, C) and compartmentalized hippocampal cultures (Fig. 1D) further

confirmed that pre-miR-134 is specifically localized to dendrites.

Our study then focused on determining which part of the pre-miR-134 sequence is

responsible for its dendritic localization. Pre-miRNAs were in vitro transcribed and

fluorescently labeled with Cy3, before being transfected into rat hippocampal neurons.

7
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Localization of pre-miR-134 and the control pre-miR-150 resembled the earlier findings

of a specific localization of pre-miR-134 but not pre-miR-150 in dendrites (Fig. 2 A, B,

C). This effect could be reversed when the loop region was exchanged between the two

pre-miRNAs. Carrying the miR-134 loop region, the stem of miR-150 now showed an

increased dendritic presence, while the chimera of a pre-miR-134 stem with the loop of

pre-miR-150 localized mostly within the cell body (Fig. 2 D, E). These results together,

suggested that the loop region of pre-miR-134 is the main determinant of pre-miR-134

localization.

We reasoned that specific RNA binding proteins (RBPs) would recognize the sequence

of the pre-miR-134 loop to promote dendritic transport. To identify these RBPs we

performed pull-down experiments. Therefore, streptavidin beads coated with in vitro

biotin-tagged synthetic pre-miR-134 or control sequences were incubated with whole

brain protein extracts (Fig. 3 A). Analysis of the associated proteins on a coomassie

gel revealed a band around 110 kDa that could be exclusively detected when pre-miR-

134 coupled beads were used (Fig. 3 B). Mass spectrometry identified this protein as

DHX36. The specific interaction of DHX36 with pre-miR-134 was further confirmed by

Western Blot (Fig. 3 C, D, E). To further characterize the interaction between DHX36

and pre-miR-134, in vitro pre-miRNA cleavage assays were preformed that showed

reduced cleavage of synthetic pre-miR-134 by recombinant Dicer in the presence of

DHX36, an effect that could not be observed for cleavage of pre-miR-150 (Fig. 3 F, G).

Since DHX36 binds to the pre-miR-134 loop and interferes with further Dicer-dependent

processing, we next sought to determine the effect of DHX36 on the transport of pre-

miR-134. We performed shRNA-based knockdown of DHX36 (Fig. 4 C) followed by

the visualization of transfected Cy3-labeled pre-miRNAs in hippocampal neurons. The

dendritic localization of pre-miR-134 was significantly reduced in DHX36 knockdown

neurons compared to control-transfected cells (Fig. 4 D), indicating that DHX36 is

necessary for pre-miR-134 localization to dendrites.

Finally, we investigated the impact of DHX36 knockdown on miR-134 function. As

previously described, miR-134 negatively regulates dendritic spine size by repressing

the local synthesis of LIMK1 in dendrites. We therefore assessed luciferase reporter

gene activity of a construct that contains a perfect miR-134-binding site in the context

8
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of the Limk1 3’ UTR. Reporter gene levels were increased significantly upon DHX36

knockdown (Fig. 5 A), suggesting that DHX36 positively controls miR-134 function.

A similar effect was observed using a Pum2 3’UTR reporter gene, another known miR-

134 target gene (Fig. 5 B). Having shown that DHX36 inhibits LIMK1 by promoting

miR-134 activity, we went on to study its role in the regulation of dendritic spine size,

a process known to be regulated by miR-134 mediated repression of LIMK1. Using

confocal microscopy of dendrites from neurons co-transfected with GFP (Fig. 5 C),

we found that DHX36 knockdown significantly increased the average size of dendritic

spines (Fig. 5 D) consistent with our previous results that showed a positive role of

DHX36 in the control of miR-134 function.

Taken together, our study elucidated a novel pathway consisting of DHX36 and pre-

miR-134 that ensures spatiotemporal control of miR-134 activity and dendritic spine

morphogenesis. As miRNAs are important regulators of protein translation, imple-

menting a correct subcellular distribution of pre-miRNAs is important to allow them

to fulfill their role in the precise spatiotemporal regulation of local translation mecha-

nisms that are important for synaptic plasticity.

2.1.2 Description of own contribution

For the described publication, I personally contributed experiments showing the role of

DHX36 in the regulation of miR-134 activity. I performed the analysis of spine shape

and size upon shRNA-mediated knockdown of DHX36 in hippocampal neurons using

confocal microscopy (Fig. 5 C and D).

9
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2.2 The nuclear matrix protein Matr3 regulates processing of

the synaptic microRNA-138-5p

2.2.1 Scientific summary

MiRNA-138 is another neuronal miRNA that has been studied in the context of synaptic

plasticity and that has been implicated in a variety of neuronal processes. Intriguingly,

it has been found that one of the two precursor forms (pre-miR-138-2) that gives rise to

mature miR-138 is ubiquitously expressed in a variety of tissues, despite the fact that

mature miR-138 expression is mostly restricted to the brain. This led to the hypothe-

sis, that miR-138 processing is regulated at the post-transcriptional level (Obernosterer

et al. 2006), possibly involving an inhibitory activity that blocks pre-miR-138-2 pro-

cessing in non-neuronal cells. This study followed up on this hypothesis and tried to

identify post-transcriptional regulatory mechanisms of miR-138 biogenesis and their

potential role in synaptic plasticity.

Mature miR-138 can be derived from two precursor forms, pri/pre-miR-138-1 and

pri/pre-miR-138-2 which are transcribed from distinct loci in the genome. While both

carry the identical sequence for the mature miR-138, they differ in the sequence and

size of their loops and other surrounding sequences that are relevant for regulated pro-

cessing. I initially determined the expression of both precursors as well as the mature

miR-138 in developing hippocampal neurons in culture by qRT-PCR. Younger neu-

rons show a low expression of mature miR-138 initially, which increases during the

second week of development when synapses are formed in culture (Weiss et al. (2019),

Fig. 1 A), consistent with the role of miR-138 in the regulation of synaptic spine size

(Siegel et al. 2009). At the level of the precursor, pri/pre-miR-138-1 was mostly unde-

tectable throughout development, while pri/pre-miR-138-2 expression could be detected

throughout the developmental time course of the experiment (Fig. 1 B). However, in

contrast to the observed increasing levels of mature miR-138, pri/pre-miR-138-2 ex-

pression decreased during development. To further investigate differential processing

of the two precursors, I in vitro transcribed both pre-miRNAs and transfected them

into cultured neurons of different developmental stages to determine the amount of
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processed mature miR-138 by qRT-PCR. In younger neurons (DIV 0), where endoge-

nous levels of miR-138 are low, transfection of both pre-miRs led to a comparable

increase in mature miR-138 levels, indicating that both precursors are processed with

similar efficiency (Fig. 1 C). However, more mature neurons (DIV 12) preferentially

processed pre-miR-138-2 leading to higher expression of mature miR-138 when the re-

spective pre-miR was transfected compared to pre-miR-138-1 (Fig. 1 D). This finding

is consistent with the fact that pre-miR-138-2 also showed a stronger interaction with

Dicer in pull-down experiments (Fig. 1 E). Overall this set of experiments indicated

that pre-miR-138-2 is the predominant source for mature mir-138 in neurons and that

increased processing efficacy is at least partially responsible for the increased levels of

miR-138 in older neurons.

Next, we sought to determine whether differential processing of precursors also occurs

already at the level of the pri-miRNA. I constructed luciferase reporter constructs

containing a fragment of the respective primary miR-138 transcript, which included

the pre-miRNA hairpin structure and 100-130 nt flanking region on each side. Drosha-

dependent pri-miRNA cleavage would be expected to lead to a loss of the luciferases

3’UTR and polyA-tail, which destabilizes the mRNA and decreases reporter expression.

We found that the pri-miR-138-2 reporter had significantly reduced expression (and

thus an increased processing rate) compared to the pri-miR-138-1 reporter, while a

chimera in which only the loop of pri-miR-138-2 was replaced with the pri-miR-138-

1 loop resembled the expression of pri-miR-138-1 (Fig. 2 A). These findings imply

that, similar to our observations with pre-miR-138-2, pri-miR-138-2 is more efficiently

processed compared to pri-miR-138-1, and that the pri-miR-138-2 loop structure is

primarily responsible for increased processing efficiency.

Having determined the loop of the pri/pri-miRNA hairpin structure as an important

sequence element that plays a role in processing, we wanted to find and characterize

interacting proteins that specifically bind to the loop of pri/pre-miR-138-2. We per-

formed pull-down experiments with the help of streptavidin-coated agarose beads to

which in vitro synthesized pre-miRNAs were attached via biotinylated adapter oligonu-

cleotides and which were incubated with neuronal cell lysates. As previous studies had

already described potential pre-miR-138-2 binding proteins (Treiber et al. 2017), we
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initially investigated two promising candidates from that list, Y box binding protein

1 (YB1) and Matrin3 (Matr3). For both proteins we detected binding to pre-miR-

138-2, but only Matr3 showed specificity for pre-miR-138-2, whereas YB1 associated

with all pre-miRNAs tested (Fig 2 B). Due to the specific nature of Matr3 binding

to the pre-miR-138-2 loop, we decided to investigate its role in miRNA processing in

further detail. Matr3 contains four distinct RNA binding domains, among them two

zinc finger domains (ZnF1 and ZnF2) and two RNA recognition motifs (RRM1 and

RRM2). To assess the binding of Matr3 to the pre-miR-138-2 loop further, we ex-

pressed wildtyp (wt) Matr3 and Matr3 deletion mutants lacking the individual binding

domains in HEK293 cells, prepared protein extracts and used them for pre-miRNA

pull-down assays as described. The deletion of the ZnF2 domain showed the biggest

and most consistent reduction in binding to the pre-miR-138-2 loop, suggesting that

this domain is required for Matr3 pre-miR-138-2 interation. In contrast, both RRM1

and RRM2 deletions showed slightly reduced binding whereas the ZnF1 deletion even

slightly enhanced binding, indicating that these domains are likely not involved in the

Matr3/pre-miR-138-2 interaction (Fig. 3 A).

Based on previous studies from non-neuronal cells, Matr3 is constituent of the nuclear

matrix and functions in the regulation of nucleotide metabolism in the nucleus (Coelho

et al. 2016). However, miRNA processing is a multi-step process that takes place not

only within the nucleus, but also in the cytoplasm. To obtain more insight into pos-

sible roles of Matr3 in neurons, we first determined its spatiotemporal expression in

developing neurons. Using qRT-PCR, we found that Matr3 is expressed throughout

neuronal development with levels increasing over time (Fig. 3 B). Next, we studied the

subcellular localization of Matr3 by immunocytochemistry (Fig. 3 C) and biochemi-

cal fractionations followed by Western Blot (Fig. 3 D). In accordance with previous

studies, we found that Matr3 was expressed exclusively within the nucleus, suggest-

ing that in the context of miRNA biogenesis, Matr3 likely participates in early steps

(processing/nucleo-cytoplasmic shuttling) that involve the nuclear compartment.

To investigate the effect of Matr3 on pri-miR-138-2 processing, I generated specific

shRNAs to knockdown Matr3 expression in cultured rat cortical cells (Fig. 4 A). When

co-transfected with the constructs of the previously described pri-miRNA processing
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assay (Fig. 2 A), we observed that Matr3 knockdown further increased processing

efficiency of the pri-miR-138-2 construct, but not pri-miR-138-1 or the pri-miR-138-

2loop1 chimera (Fig. 4 B). This indicates that binding of Matr3 specifically inhibits

pri-miR-138-2 processing in neurons. However, as shown before (Fig. 2 A), processing

of pri-miR-138-2 in the presence of Matr3 is generally much more efficient in neurons

compared to pri-miR-138-1, suggesting that other factors contribute to the regulation

of pri-miR-138-2 processing.

As described above, cells of various other tissues, while containing pre-miR-138-2 pre-

cursor, lack mature miR-138 expression. We therefore hypothesized that deleting Matr3

from non-neuronal cells should relieve the miR-138 processing block, thereby leading to

ectopic expression of miR-138 in such cells. To test this, we used a stable HEK293 cell

line that lacks the Matr3 open reading frame via CRISPR/Cas9-mediated knockdown

(Matr KO cells). After validating that Matr3 is indeed not expressed in the KO cells

(Fig. 4 C), we compared mature miR-138 levels (Fig. 4 D) and pri/pre-miR-138-2

levels (Fig. 4 E) between Matr3 KO and control (ctr)- cell lines by qRT-PCR. In-

deed, we found highly increased miR-138 levels in HEK293 cells lacking Matr3, while

pre-miR-138-2 levels showed a (non-significant) trend towards a decrease. Lastly, we

transfected previously described pri-miR-138-2 constructs into Matr3 KO and ctr cells

and measured the resulting mature miR-138 expression by qRT-PCR (Fig. 4 F). Here,

we observed a significant increase of mature miR-138 expression in Matr3 KO cells,

an effect that could be reversed by plasmid-based expression of Matr3. This result

indicates that the lack of Matr3 in these cells is responsible for exaggerated miR-138-2

processing. Importantly, this effect was specific to the pri-miR-138-2 construct since

transfection of the pri-miR-138-2loop1 chimera did not cause an increase in miR-138

levels (Fig. 4 G).

Taken together, we could identify a novel regulatory mechanism of miR-138 processing

in neurons involving the nuclear matrix protein Matr3. While further studies will

be necessary to identify the scope of this regulation and its functional importance, the

already established roles of miR-138 and Matr3 in neurons indicate that this mechanism

might be of importance in activity-dependent neuronal development, synaptic plasticity

and memory-related processes.
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2.2.2 Description of own contribution

I am the first author of this publication and performed all the experiments whose results

were included in the paper. The Matr3 KO and control cells used in Fig. 4 C-G were

generated and kindly provided for experiments in the laboratory of our collaborator G.

Meister (University of Regensburg).
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3 Discussion

3.1 Dendritic transport of pre-miR-134 and local miRNA

processing

MiR-134 has been one of the first neuronal miRNAs for which a role in the local trans-

lation of synaptic proteins has been established (Schratt et al. 2006). Our study now

demonstrates that not only mature miR-134 is present at the synapse but also its pre-

cursor pre-miR-134 is localized in the synapto-dendritic compartment. The enrichment

in synaptosome preparations was only observed for pre-miR-134 and a subset of other

pre-miRNAs, while other neuronal pre-miRNAs were depleted from the synaptic com-

partment, indicating that the dendritic localization is achieved by an active transport

mechanism rather than a passive diffusion effect.

Subsequently, the helicase DHX36 was identified to interact specifically with the pre-

miR-134 loop. DHX36 is a RNA helicase that belongs to the DEAH-box protein family.

It contains the evolutionary conserved helicase core region and a unique N-terminus that

has been shown to be critical for mRNA binding and that mediates its re-localization

from the nucleus into stress granules (Chalupníková et al. 2008). In accordance with

this data, we found that binding of DHX36 to pre-miR-134 also occurs via the same

domain as demonstrated by the electrophoretic mobility shift assay (EMSA) using the

isolated N-terminal domain (Supplemental Fig. S8, Bicker et al. (2013)). We further

found that DHX36 binding to pre-miR-134 interferes with Dicer processing, indicating

that they might compete for the same binding site. Previous studies have already shown

the presence of DHX36 in AGO-2-containing protein complexes and importantly have

demonstrated that DHX36 is present in a subset of complexes that do not contain Dicer
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(Höck et al. 2007). It can therefore be hypothesized that DHX36 binding protects pre-

miR-134 from premature Dicer processing in the cell body and during transport to the

synapto-dendritic compartment.

The presence of unprocessed and thus inactive pre-miRNA at the synapse suggests

that this pool of pre-miRNA can be made available locally at specific synapses upon

activation of pre-miRNA processing. This of course requires that, in addition to the pre-

miRNA(s), also the miRNA biogenesis machinery responsible for pre-miRNA processing

is located at synaptic sites. Dicer has previously been found to be present at the synapse

(Lugli et al. 2005) and a more recent study actually demonstrated that pre-miRNA

processing into mature miRNA can indeed occur locally at stimulated synapses and

thereby lead to the spatially restricted inhibition of target protein translation at these

activated synapses (Sambandan et al. 2017). These findings are consistent with our

observation that knockdown of DHX36 and the resulting reduced dendritic localization

of pre-miR-134 leads to a decrease in miR-134 activity, as demonstrated by an increase

in target gene expression and the effect on spine volume that mimics miR-134 loss of

function (Fig. 5, Bicker et al. (2013)).

Since changes in synapse morphology are often required in response to changes in activ-

ity, it is not surprising that miRNAs which are involved in synaptic plasticity processes

are themselves subject to activity-dependent regulation. For miR-134 it has previously

been shown that the transcriptional activation of the miR379-410 cluster, which among

38 other miRNAs contains miR-134, is regulated by BDNF signaling via the tran-

scription factor Mef2 (Myocyte enhancing factor 2). In the context of Mef2-induced

miR-134 expression, the miRNA has been shown to promote activity-dependent den-

dritogenesis by regulation the translation of the RNA-binding protein PUM2 (Fiore

et al. 2009). In addition, in the study that first described a function of miR-134 in

the translational repression of LIMK1 at the synapse, it was further demonstrated that

the miR-134-mediated repression of translation can be relieved upon BDNF stimula-

tion (Schratt et al. 2006). Since the publication of this study, it has therefore also

been investigated whether the DHX36-mediated transport of pre-miR-134 is subject

to an activity-dependent regulation. Zampa et al. (2018) found that BDNF promotes

the dendritic localization of pre-miR-134 and demonstrated that activation of NMDA
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receptors (NMDAR) is required in this process. Notably, application of the NMDAR

antagonist APV reduced pre-miR-134 localization in the dendrite without altering pre-

miR-134 transcription, indicating that NMDAR activation is specifically required for

pre-miR-134 transport. Additionally, APV treatment and DHX36 knockdown both

antagonized the BDNF- and miR-134-mediated repression of the dendritically local-

ized Pum2 and dendritic outgrowth. This effect was likely due to reduced pre-miR-134

dendritic localization, since elevating dendritic miR-134 levels either via transfection

of miR-134 duplex RNA or a pre-miR-134 RNA that could bypass DHX36 mediated

transport, alleviated the repression of dendritic outgrowth (Zampa et al. 2018).

Taken together, the DHX36-mediated localization of pre-miR-134 that we identified in

our publication, has important implications for miR-134 function in the larger picture

of activity-dependent regulation of synaptic plasticity.

3.2 Regulation of nuclear pri-/pre-miR-138 processing

MiR-138 has two distinct precursor forms (miR-138-1 and miR-138-2) that are tran-

scribed from different loci in the genome. In our study we investigated the contribution

of both pri- and pre-miRNAs to miR-138 expression and found that precursors originat-

ing from the miR-138-2 gene are the main source of miR-138 expression in rat cortical

neurons. This is in agreement with a previous study that performed Northern blots

on brain tissues and was able to detect a robust expression of pre-miR-138-2, whereas

pre-miR-138-1 was undetectable (Obernosterer et al. 2006). However, expression of

pre-miR-138-1 has been reported in other studies that focused on oligodendrocyte dif-

ferentiation (Dugas et al. 2010) or axon regeneration in young mouse cortical neurons

(Liu et al. 2013). The latter study further demonstrated that miR-138-1 transcription

is regulated via a negative feedback loop involving its own target Sirtuin-1 (SIRT1).

Together, these results suggest that the different miR-138 precursors can be utilized

for miR-138 production in a developmental stage- and cell-type-specific manner.

We observed not only differences in the transcription of miR-138-1 and -2, but also

found differential processing of the two pri-miRNAs that seemed mostly dependent
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on their terminal loop. The importance of various structure and sequence elements

of pri-miRNAs for their subsequent processing into pre-miRNA has been described in

several studies. Multiple features have been identified that enhance cleavage by the

microprocessor complex. These features include the hairpin stem length and bulge

positions within the stem (Roden et al. 2017), as well as sequence motifs near the

Drosha cleavage sites (Rouleau et al. 2018) and downstream of the hairpin (Auyeung

et al. 2013), among others. In addition, RBPs have been identified that can either

enhance or inhibit the processing of specific miRNAs. Binding of Lin-28 to the loop

region of pri-let7 was found to inhibit Drosha processing (Viswanathan, Daley 2010),

whereas KSRP binding to the same loop of let-7 leads to an increase in processing

(Trabucchi et al. 2009a), allowing for a precise regulation of miRNA expression.

Our study identified Matr3 as a negative regulator of miR-138-2 processing. Matr3 is

an RBP located in the nuclear matrix and is part of the SFPQ-NONO complex (Salton

et al. 2010). It is involved in mRNA quality control by retaining defective RNAs in

the nuceleus (DeCerbo, Carmichael 2005). Furthermore, it functions as a co-factor of

Rev, a protein that controls the export of partially spliced and unspliced viral RNAs

from the nucleus in the context of HIV-1 (Kula et al. 2011). Given the described roles

of Matr3 in export mechanisms, we aimed to understand whether Matr3’s repressive

effect on miR-138 processing might be mediated by pre-miR-138-2 retention in the

nucleus. We conducted some initial experiments comparing the efficiency of export of

pre-miR-138-1 and pre-miR-138-2 in a Xenopus laevis oocyte export assays, but could

not observe a significant difference (in collaboration with T. Ziegenhals and U. Fischer,

unpublished). Nevertheless it is tempting to speculate that the retention of pre-miRNA

in the nucleus by Matr3 could be a potential mechanism to regulate miRNA expression

under more specific conditions. While data from several publications and this thesis

argue for a nuclear function of Matr3, a C-terminally truncated isoform of Matr3 that

localizes to mRNA processing bodies in the cytoplasm has been described (Rajgor et al.

2016). Interestingly, this cytoplasmic form of Matr3 was shown to be involved in the

regulation of miRISC function, raising the possibility that regulation of miR-138 via

Matr3 might also occur at later stages of miR-138 maturation which take place in the

cytoplasm.
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Consistent with the established role of miR-138 as a repressor of dendritic spine growth,

mir-138 has been shown to be negatively regulated by neuronal activity. For exam-

ple, KCl-mediated depolarization of hippocampal cultures reduces miR-138 expression

(Siegel et al. 2009). Similarly, electroconvulsive shock treatment led to a decrease of

miR-138 levels in the hippocampus of mice (Eacker et al. 2011). Reduced miR-138

levels in the dorsal hippocampus have also been described after contextual fear condi-

tioning (CFC) (Li et al. 2018). In addition, the same study showed that manipulating

miR-138 expression using knockdown and overexpression approaches enhanced or im-

paired memory formation in CFC, respectively, emphasizing that that the regulation

of miR-138 expression is functionally important in synaptic plasticity. It is therefore

noteworthy that also Matr3 has been shown to be degraded in neurons in response to

NMDAR activation in a PKA-dependent fashion (Giordano et al. 2005). Degradation

of Matr3 could thereby also lead to a relief of the repression of miR-138 processing and

thus enable the synthesis of more mature miR-138. Although these observations seem

contradictory at first glance, activity-dependent inhibition and promotion of miR-138

activity could operate at different time scales, e.g. those related to Hebbian (few hours)

and homeostatic (several hours to days) forms of synaptic plasticity. Thus, future stud-

ies will have to investigate if and how Matr3-mediated repression of miR-138 processing

is regulated by neuronal activity, and what might be the functional implications.

Our study found that the ZnF2 domain is particularly important for the binding of

Matr3 to the terminal loop structure of pri-/pre-miR-138-2. Notably, the effect of

the different Matr3 RNA binding domains has recently been studied regarding Matr3-

mediated neurotoxicity in the context of amyotrophic lateral sclerosis (ALS), and it was

shown that the ZnF2 domain modulates Matr3-overexpression-related toxicity (Malik

et al. 2018). This correlation of miR-138-2 binding capacity and the involvement of the

domain in neurotoxicity raises the possibility that dysregulation of mir-138 maturation

might play a role in ALS. In the context of ALS, Matr3 has also been shown to interact

with TDP-43 (Johnson et al. 2014). TDP-43 was identified as a major disease protein in

ALS and has been extensively studied in this context (Prasad et al. 2019). Interestingly,

TDP-43 has also been reported to play a role in miRNA biogenesis, binding to the loops

of several miRNAs and regulating their nuclear and cytoplasmic processing by Drosha
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and Dicer, respectively (Kawahara, Mieda-Sato 2012). A connection of miR-138 to ALS

might be further supported by miR-138’s antagonizing role in axon regeneration (Liu

et al. 2013) and miR-138 being the second most abundant miRNA in motor neurons

(Amin et al. 2015). Further studies will however be necessary to investigate a potential

involvement of the Matr3-miR-138 interaction in ALS. A first step could be to test

whether any of the ALS-associated Matr3 point mutations (Johnson et al. 2014) affect

the association between Matr3 and pri-miR-138-2.

In conclusion, the presented study provides insight into miR-138 biogenesis and iden-

tifies Matr3 as a novel regulator of miRNA processing. Since both miR-138 and Matr3

emerge as important factors in cognition and neurological diseases, a more detailed un-

derstanding of this regulatory mechanism could provide important insight into learning,

memory and neurodegeneration.
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The DEAH-box helicase
DHX36 mediates dendritic
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Specific microRNAs (miRNAs), including miR-134, localize
to neuronal dendrites, where they control synaptic protein
synthesis and plasticity. However, the mechanism of
miRNA transport is unknown. We found that the neuronal
precursor-miRNA-134 (pre-miR-134) accumulates in den-
drites of hippocampal neurons and at synapses in vivo.
Dendritic localization of pre-miR-134 is mediated by the
DEAH-box helicase DHX36, which directly associates
with the pre-miR-134 terminal loop. DHX36 function is
required for miR-134-dependent inhibition of target gene
expression and the control of dendritic spine size. Den-
dritically localized pre-miR-134 could provide a local
source of miR-134 that can be mobilized in an activity-
dependent manner during plasticity.

Supplemental material is available for this article.
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MicroRNAs (miRNAs) are important regulators of mor-
phological and functional plasticity in the developing and
mature nervous system (Ashraf et al. 2006; Schratt et al.
2006; Rajasethupathy et al. 2009; Gao et al. 2010). Specific
miRNAs control plasticity by binding to dendritic mRNAs
(Schuman et al. 2006; Bramham and Wells 2007; Martin
and Ephrussi 2009), thereby modulating the local syn-
thesis of the respective proteins at synapses in an activity-
dependent manner (Schratt et al. 2006; Banerjee et al. 2009;
Fiore et al. 2009; Muddashetty et al. 2011). The biogenesis
of miRNAs involves two subsequent RNase-dependent
cleavage steps: Drosha-mediated processing of primary
miRNA transcripts (pri-miRNAs) in the nucleus followed
by Dicer-mediated processing of 70- to 100-nucleotide (nt)
stem–loop precursors (precursor-miRNAs [pre-miRNAs])
in the cytoplasm (Kim 2005; Krol et al. 2010). miRNA
biogenesis can be regulated by sequence-specific RNA-
binding proteins (RBPs) that preferentially interact with

the terminal loop structure of pri- and pre-miRNAs (Krol
et al. 2010; Newman and Hammond 2010). Interestingly,
miR-29b contains a sequence element at the 39 end of
the mature miRNA that directs its nuclear localization
(Hwang et al. 2007), but nothing is known about miRNA
sequence determinants responsible for localization to
specific cytoplasmic compartments, such as the synapto-
dendritic compartment of neurons.

We speculated that dendritic localization of specific
miRNAs could occur at the pre-miRNA stage, possibly by
the presence of sequence elements within pre-miRNA
terminal loops that serve as binding sites for RBPs, which
are in turn part of transport complexes. Dendritic local-
ization of specific pre-miRNAs would offer the advantage
of a local source of miRNAs that could be mobilized, for
example, in response to synaptic activity.

Results and Discussion

To interrogate synapto-dendritic localization of pre-miRNAs,
we selected 16 previously identified dendritic miRNAs
(Schratt et al. 2006; Siegel et al. 2009) and determined
corresponding pre-miRNA levels in synaptosomes by
quantitative RT–PCR (qRT–PCR). We found that for two
of these candidates (pre-miR-7a-2 and pre-miR-134), the
degree of synaptic enrichment was significantly higher
compared with the nuclear U6 snRNA and at least equal
to the known dendritic noncoding RNA BC1 (Brosius
and Tiedge 2001), suggesting that these pre-miRNAs are
actively transported into the synapto-dendritic compart-
ment (Fig. 1A). Due to the well-documented synaptic
functions of miR-134 (Schratt et al. 2006; Fiore et al.
2009; Gao et al. 2010), we decided to focus on pre-miR-134.
Synaptic enrichment of pre-miR-134 was validated by
Northern blot of synaptosomal and whole-brain RNA
preparations (Supplemental Fig. S1; Siegel et al. 2009). Since
synaptosomes contain both pre- and postsynaptic compart-
ments, we performed locked nucleic acid (LNA)-based
fluorescent in situ hybridization (FISH) in rat hippocampal
neurons (7 d in vitro [DIV]) (Fig. 1B) to determine the
subcellular localization of pre-miR-134. BDNF (brain-de-
rived neurotrophic factor) treatment of neurons was used to
increase pre-miR-134 expression (Fiore et al. 2009). Using
a FISH probe specifically recognizing the loop sequence of
pre-miR-134 (Supplemental Fig. S2), we detected a specific
signal in the neuronal cell body as well as discrete punctate
staining in proximal and distal parts of MAP2-positive
dendrites (Fig. 1B, top panel, insert at higher magnification).
In contrast, expression of pre-miR-137, which was not
enriched in synaptosomes, was restricted to the cell body
compartment (Fig. 1B, bottom panel). Quantification of
FISH signals along the entire length of multiple dendrites
confirms the specific dendritic localization of pre-miR-134
(Fig. 1C). The specificity of our FISH protocol was validated
with negative (scrambled LNA oligonucleotide) and posi-
tive (LNA oligonucleotide recognizing mature miR-134)
(Schratt et al. 2006) control probes (Supplemental Fig. S3).
The presence of pre-miR-134 and pre-miR-7a-2, but not
pre-miR-137, in processes of rat hippocampal neurons was
further confirmed using a compartmentalized culture
system (Fig. 1D; Supplemental Fig. S4a,b). This system also
faithfully recapitulated process enrichment of mature miR-
134 but not of the nondendritic miR-133b (Supplemental

[Keywords: dendritic transport; DHX36; precursor-microRNA; protein
synthesis; synaptic plasticity]
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Fig. S4c). Together, our data obtained with synaptosomes,
FISH, and compartmentalized neuron cultures support a
specific localization of endogenous pre-miR-134 in dendrites
of primary hippocampal neurons and at synapses in vivo.

We next sought to determine the specific sequence
elements required for dendritic localization of pre-miR-134
in hippocampal neurons. We transfected in vitro transcribed,
fluorescently (Cy3) labeled pre-miRNAs into hippocampal
neurons and analyzed dendritic localization by fluorescence
confocal microscopy. All synthetic pre-miRNAs contain
a 2-nt 39 overhang, thereby resembling endogenous Drosha
cleavage products (Fig. 2A). The majority of puncta formed
by wild-type Cy3-pre-miR-134 localized to dendrites (Fig. 2B,
top panel, arrows), demonstrating that exogenous pre-miR-
134 recapitulates dendritic localization of the endogenous
counterpart. The subcellular localization of Cy3-pre-miR-
134 puncta was specific, since the majority of a nondendritic
pre-miRNA, Cy3-pre-miR-150, localized to the neuronal cell
body (Fig. 2B, bottom panel, arrowheads). Quantification of
Cy3-positive puncta from at least 60 neurons for each
experimental condition confirmed the specific dendritic

localization of Cy3-pre-miR-134 (Fig. 2C). Only Cy3-positive
puncta that were intracellularly localized were considered,
as judged by the overlap with the dendritic marker protein
MAP2 along the entire confocal Z-stack (Supplemental Fig.
S5a). In contrast, we did not observe localization of Cy3-pre-
miR-134 to TAU-1-positive axons (Supplemental Fig. S5b).
Importantly, the vast majority of pre-miR-134 within these
puncta was not yet processed at the time of analysis (2.5 h
after transfection), as shown by FISH (Supplemental Fig. S6).
The loop region is the most accessible structure within pre-
miRNAs and often serves as a binding platform for regula-
tory protein complexes (Krol et al. 2010; Newman and
Hammond 2010). Replacing the loop sequence of pre-miR-
134 with the loop of the nondendritic pre-miR-150 (pre-miR-
134L150) abolished dendritic accumulation of pre-miR-134
puncta (Fig. 2D; Supplemental Fig. S7a). Conversely, putting
the pre-miR-134 loop sequence within the context of the
pre-miR-150 stem (pre-miR-150L134) completely restored
dendritic localization (Fig. 2D; Supplemental Fig. S7a).
Further mutagenesis analysis revealed that exchanging
the five central loop nucleotides (Fig. 2A, bold letters)
within the context of pre-miR-134 (pre-miR-134C150)
abolished dendritic enrichment, whereas a pre-miR-150
mutant containing the central loop nucleotides of pre-

Figure 1. pre-miR-134 localizes to neuronal dendrites and synapses.
(A) Levels of the indicated pre-miRNAs, BC1, and U6 snRNA in rat
postnatal day 15 (P15) synaptosomes relative to whole forebrain
measured by qRT–PCR (mean 6 SD, n = 3). (*) P < 0.05; (**) P <
0.01; (***) P < 0.001). BC1 was set to one. (B, left) Representative
images from FISH on BDNF-treated hippocampal neurons (7 DIV)
using LNA probes directed against the terminal loop of either pre-miR-
134 (top) or pre-miR-137 (bottom). (Middle) MAP2 immunostaining.
(Right) Merge. Inserts at higher magnification illustrate the presence
of pre-miR-134 puncta and the absence of pre-miR-137 puncta in distal
dendrites. Bar, 10 mm. (C) Quantification of FISH analysis performed
in B. Relative signal intensities of dendritic segments derived from 20
neurons of each condition 6SD. (D) Levels of indicated pre-miRNAs in
the process compartment of hippocampal neurons relative to cell
bodies measured by qRT–PCR (mean 6 SD, n = 3).

Figure 2. The pre-miR-134 terminal loop is necessary and sufficient
for dendritic targeting. (A) Sequences of in vitro transcribed pre-miR-
134 (blue) and pre-miR-150 (gray). The five central nucleotides of the
terminal loop are shown in bold. Sequence changes required for
efficient in vitro transcription (G at position +1) and for correct
39 termini (2-nt overhang) are indicated in black. (B) Representative
images of hippocampal neurons transfected with indicated Cy3-pre-
miRNAs. (Left) Cy3-pre-miRNA (red) and Hoechst (blue). (Middle)
MAP2 (green). (Right) Merge. Arrows and arrowheads indicate pre-
miRNA puncta localized in dendrites or the cell body, respectively.
Bar, 10 mm. (C–E) Percentage of dendritic puncta for the indicated pre-
miRNAs or mutants (mean 6 SD, n = 4, 64 neurons per condition).
(L) Loop; (C) central loop.
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miR-134 (pre-miR-150C134) largely regained the capacity
to localize to dendrites (Fig. 2E; Supplemental Fig. S7b).
Together, these experiments suggest that the pre-miR-134
loop sequence is an important determinant of pre-miR-134
dendritic localization.

We speculated that specific RBPs that interact with the
pre-miR-134 loop might be responsible for directed trans-
port to the synapto-dendritic compartment. To identify
proteins that selectively interact with the pre-miR-134
loop, we performed pull-down experiments by incubating
rat forebrain protein extract with biotin-tagged pre-miR-
134 or respective mutants coupled to streptavidin beads
(Fig. 3A; Heo et al. 2008, 2009). Thereby, we identified one
band above 100 kDa that was specifically present in
eluates from pull-downs with wild-type pre-miR-134 but
not with pre-miR-150 or pre-miR-134C150 (Fig. 3B, arrow).
We identified this protein as DHX36 by mass spectrometry

(Supplemental Table T1). In addition, we identified DHX9
(Fig. 3B, arrow) as a protein that interacts with all tested
pre-miRNAs, in accordance with a described function of
DHX9 within RNA-induced silencing complex (RISC)
(Robb and Rana 2007). The specific interaction of pre-
miR-134 with DHX36 could be confirmed by Western blot
using an anti-DHX36 antibody (Fig. 3C, top panel). Impor-
tantly, Dicer interacted with all three pre-miRNAs (Fig.
3C, middle panel), demonstrating that all of them were per
se competent in protein binding. An unrelated protein,
eIF3h, did not specifically interact with any of the tested
pre-miRNAs (Fig. 3C, bottom panel). In the case of other
dendritically localized pre-miRNAs, the interaction with
DHX36 was strongly reduced (Fig. 3D,E), suggesting that
DHX36 preferentially interacts with pre-miR-134. Affin-
ity-purified full-length DHX36 and the isolated DHX36
N-terminal domain, which contains an RNA-binding motif
(Chalupnikova et al. 2008), both associated with radio-
labeled pre-miR-134 in electrophoretic mobility shift assay
(EMSA) in vitro (Supplemental Fig. S8), demonstrating a
direct interaction between DHX36 and pre-miR-134. Us-
ing in vitro pre-miRNA cleavage assays (Leuschner and
Martinez 2007), we found that DHX36 interfered with
cleavage of synthetic pre-miR-134 by recombinant Dicer
but not with Dicer-mediated pre-miR-150 cleavage (Fig.
3F,G). Together, our experiments demonstrate that DHX36
directly interacts with pre-miR-134 and reduces Dicer-
mediated pre-miR-134 cleavage in vitro.

We next addressed whether DHX36 functions in den-
dritic localization of pre-miR-134. DHX36 was shown to
resolve secondary nucleic acid structures in the nucleus
(Vaughn et al. 2005) and regulate RNA metabolism in
the cytoplasm in nonneuronal cells (Tran et al. 2004;
Chalupnikova et al. 2008; Zhang et al. 2011). However,
DHX36 has not yet been studied in neurons. Using com-
partmentalized primary rat hippocampal neuron cultures,
we detected DHX36 expression in both the cell body and,
to a lesser extent, the process compartment (Fig. 4A). In
further support of a function of DHX36 in neuronal
processes, ectopically expressed GFP-DHX36 fusion pro-
tein localized to dendrites and axons (Supplemental Fig.
S9). To test whether pre-miR-134 interacts with DHX36
in neurons, we transfected cortical neurons at 6 DIV with
either pre-miR-134 or pre-miR-150 and performed an RNA
immunoprecipitation (RNA-IP) assay. We found that trans-
fected pre-miR-134, in contrast to pre-miR-150, was spe-
cifically enriched in anti-DHX36 compared with IgG
immunoprecipitates, as judged by qRT–PCR (Fig. 4B). This
finding suggests that endogenous DHX36 and synthetic
pre-miR-134 interact in neurons. To investigate the func-
tion of DHX36, we designed shRNA expression constructs
targeting different regions of the rat DHX36 mRNA and
assessed their efficiency by nucleofection (Fig. 4C). To
assess the role of DHX36 in dendritic transport of pre-miR-
134, we combined plasmid-based knockdown of DHX36
(3 d of expression) with short-term transfection of Cy3-
labeled pre-miRNAs. To rule out potential effects of
DHX36 knockdown on miR-134 processing, we decided
to study subcellular distribution of synthetic Cy3-pre-
miR-134 shortly after transfection. At 2.5 h after trans-
fection, Cy3-pre-miR-134 was found to be excluded from
the nucleus, and the vast majority of Cy3-pre-miR-134
was still not processed (Supplemental Fig. S6). Neurons
transfected with the two most effective DHX36 shRNAs
displayed a significant reduction in the percentage of

Figure 3. DHX36 interacts with the pre-miR-134 terminal loop. (A)
Scheme of the purification strategy used to isolate pre-miR-134-
interacting proteins from P15 rat brain extract. (B) Coomassie gel of
pull-downs using rat P15 brain extract and the indicated pre-miRNAs.
Arrows point to bands that were identified by mass spectrometry as
DHX9 (;140 kDa) and DHX36 (;110 kDa). (C) Western blot against
the indicated proteins with extracts from pull-downs shown in B.
(D) Western blot against DHX36 with extracts from the indicated pre-
miRNA pull-downs. (E) Quantification of DHX36 binding in pre-
miRNA pull-down experiments (pre-miR-134 = 1; mean 6 SD, n = 3).
(F) In vitro pre-miRNA cleavage assay. pre-miRNAs were incubated
with recombinant Dicer for the indicated time in either the presence
or absence of GST-DHX36. The position of pre-miRNAs and mature
miRNAs is indicated. (G) Ratio of mature miRNA to pre-miRNA as
an index for Dicer cleavage activity (mean 6 SD, n = 4–5; conditions
without DHX36 were set to 1 for both time points).
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dendritic Cy3-pre-miR-134 puncta (Fig. 4D; Supplemental
Fig. S10a). DHX36 knockdown did not affect global levels of
pre-miR-134 and mature miR-134 (Supplemental Fig. S10b,c).
These results suggest that DHX36 is specifically required
for the accumulation of pre-miR-134 in neuronal dendrites.

Finally, we addressed whether DHX36-dependent local-
ization of pre-miR-134 might contribute to the activity of
miR-134 in dendrites. For these experiments, we first used
a luciferase reporter gene that contains a perfect miR-134-
binding site in the context of the Limk1 39 untranslated
region (UTR; Limk1 134pbds) (Christensen et al. 2010).
The Limk1 39 UTR confers dendritic localization of the
reporter (Schratt et al. 2006), allowing us to study the role
of DHX36 in local translation. Upon DHX36 knockdown,
expression of the Limk1 134pbds reporter gene was signifi-
cantly increased compared with control conditions, whereas
expression of a reporter gene containing a mutated miR-134-
binding site was unaffected (Fig. 5A). In addition, both a
Pum2 luciferase reporter gene containing a single miR-
134-binding site (Fiore et al. 2009) and endogenous Limk1
protein expression were similarly induced by DHX36
knockdown in neurons (Fig. 5B; Supplemental Fig. S10d).
Together, these results demonstrate that DHX36 knock-
down results in an increased expression of known dendritic
miR-134 target genes, possibly due to reduced dendritic pre-
miR-134 accumulation. Nevertheless, based on our data,
we cannot rule out that derepression of miR-134 targets in
the cell body might also contribute to the observed effects
of DHX36 knockdown. Finally, we interrogated whether
DHX36 knockdown had an impact on neuronal function,
possibly via regulation of miR-134 activity. Toward this
end, we analyzed dendritic spine morphology, since we
previously found that treatment of hippocampal neurons
with miR-134 function-blocking antisense oligonucleotides

led to elevated spine size (Schratt et al. 2006). Consistent
with reduced dendritic miR-134 activity upon DHX36
knockdown, we found that neurons transfected with
a DHX36 shRNA construct contained a higher fraction
of large mushroom-shaped spines compared with neurons
transfected with a control shRNA (Fig. 5C; Supplemental
Fig. S11). Accordingly, the average spine volume of neu-
rons transfected with two independent DHX36 shRNA
constructs was significantly higher compared with control
conditions (Fig. 5D). This result demonstrates that DHX36
negatively regulates dendritic spine morphogenesis in
hippocampal neurons. It is further consistent with the
idea that DHX36-dependent pre-miR-134 accumulation
in dendrites could be important for neuronal function.

Taken together, our results show that DHX36 plays a
role in dendritic localization of pre-miR-134 and spine

Figure 5. DHX36 is required for miR-134-regulated neuronal func-
tions. (A,B) Reporter gene activity in primary neurons transfected
with the indicated shRNA constructs and firefly luciferase reporters
containing Limk1 (A; 15 DIV hippocampal neurons) and Pum2 (B; 15
DIV cortical neurons) 39 UTRs. Cotransfection of empty Renilla
reporter served as transfection control. Relative luciferase activity
represents the ratio of firefly to Renilla activity; basal condition was
set to 1 (mean 6 SD, n = 3, each experimental condition measured
in duplicates within one experiment). (C) Representative images of
hippocampal neurons transfected with either shDHX36(3) (left) or
shControl (right) shRNAs. Inserts at higher magnification illus-
trate increased proportion of large, mushroom-shaped spines in the
shDHX36 condition compared with shControl. Bars: main panels,
20 mm; inserts, 5 mm. (D) Quantification of average normalized
spine volume as determined by the ratio of GFP signal in dendritic
spines to total cell intensity. GFP-only condition was set to 1 (mean 6

SD, n = 3; ANOVA: F(3;8) = 15,921, P = 0.001; 18 neurons per
condition; 150–200 spines per neuron). (E) Working model for the
role of DHX36 in pre-miR-134 dendritic transport and processing.
The pre-miR-134 loop contains a cis-acting dendritic targeting
element that is recognized by DHX36, resulting in pre-miR-134
transport to the dendrite. In the postsynaptic compartment, stimu-
lation of specific dendritic spines (flash) may trigger Dicer-dependent
pre-miRNA processing (possibly involving release of DHX36),
thereby enabling an enhanced production of mature miR-134 and
repression of miR-134 target mRNAs.

Figure 4. DHX36 is required for dendritic localization of pre-miR-
134 in hippocampal neurons. (A) Western blot against the indicated
proteins with extracts from process or cell body fractions of hip-
pocampal neurons. Quantification of band intensities is indicated
below (mean 6 SD, n = 3). (B) RNA-IP of cortical neurons transfected
with the indicated pre-miRNAs using a DHX36 or control IgG
antibody. Ratio of RNA amounts from DHX36 immunoprecipitates
to control IgG immunoprecipitates as determined by qRT–PCR is
shown (mean 6 SD, n = 3) (C) Western blot against the indicated
proteins with extracts from hippocampal neurons nucleofected with
the indicated shRNA-expressing constructs. Quantification of band
intensities is indicated below (mean 6 SD, n = 2). (D) Percentage of
dendritic Cy3-pre-miR-134 puncta observed in hippocampal neurons
transfected with the indicated constructs (mean 6 SD, n = 3,
ANOVA: F(4;10) = 84, P < 0.001; 30 neurons per condition).
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morphogenesis, a process regulated by miR-134 (Fig. 5E).
This adds subcellular localization to the growing list of
functions for proteins that associate with the terminal
loop of specific pre-miRNAs (Krol et al. 2010). The pre-
sumptive DHX36-binding site within the pre-miR-134
central loop is not present in the loop of other dendritic
pre-miRNAs, which, together with our in vitro binding
assays, suggests that distinct localization mechanisms
are used by specific dendritic pre-miRNAs. Previously, we
found that mature miR-134 is delivered to dendrites when
transfected into neurons (Schratt et al. 2006). The underly-
ing mechanism is unknown but could involve cotransport of
miR-134 with its dendritic target mRNAs, such as Limk1.
We speculate that dendritically localized pre-miR-134
might, in parallel, provide a pool of miR-134 that can be
rapidly mobilized in response to activity. This local pool
could be important to reinforce miR-134-mediated re-
pression of gene expression, for example, in conditions
of chronically elevated activity that are known to induce
homeostatic synaptic scaling (Turrigiano 2008). The mo-
lecular mechanisms involved in a possible local control
of miR-134 production in dendrites are currently unknown.
Dicer has been detected in synaptosomes (Lugli et al. 2005),
suggesting that pre-miR-134 could undergo local Dicer-
dependent processing at synapses. Since DHX36 competes
with Dicer in vitro (Fig. 3F) and Argonaute complexes that
contain DHX36 are devoid of Dicer activity (Hock et al.
2007), we speculate that pre-miR-134 has to be released
from DHX36 upon activity to allow efficient pre-miR-134
processing at the synapse (Fig. 5E). Future work will address
the mechanism of activity-dependent local processing of
pre-miR-134 and its significance for dendritic protein
synthesis and synaptic plasticity.

Materials and methods

Cell culture

Primary hippocampal and cortical embryonic (embryonic day 18) neuron

cultures were prepared and cultured as described (Schratt et al. 2006). For

compartmentalized neuron cultures, dissociated hippocampal neurons

were plated onto 1-mm pore and 30-mm diameter polyethylene tetra-

phthalate (PET) membrane filter inserts (Millipore) that were matrix-

coated with poly-L-lysine (Sigma-Aldrich) and Laminin (BD Biosciences)

on the top and bottom (Poon et al. 2006).

Transfections

Transfections of primary neurons using Lipofectamine 2000 (Invitrogen)

were performed as described (Siegel et al. 2009). For validation of shRNA

efficacy, primary cortical neurons of rat embryos (E18) were nucleofected

using the P3 Primary Cell 4D-Nucleofector kit (Lonza), program DC-104,

according to the manufacturer’s instructions. Transfections of primary

hippocampal or cortical neurons with in vitro transcribed pre-miRNAs

(25–75 nM) were performed using siPORT NeoFX transfection agent

(Ambion).

Preparation of synaptosomes

Synaptosomes were prepared from postnatal day 15 (P15) Sprague-Dawley

rat pups as previously described (Schratt et al. 2004).

In vitro transcription of pre-miRNAs

Pre-miRNAs were in vitro transcribed from dsDNA templates (Supple-

mental Material) using the MEGAshortscript T7 kit (Ambion) according to

the manufacturer’s instructions, with a template concentration of 150 nM

and an incubation time of 4 h at 37°C. pre-miRNAs were purified using

illustra MicroSpin G-25 columns (GE Healthcare).

RNA labeling

Labeling of pre-miRNAs by Cy3 was performed using the Label IT nucleic

acid labeling kit (Mirus) according to the manufacturer’s instructions.

For Dicer assays, pre-miRNAs were 59 end-labeled using [g-32P] ATP

(PerkinElmer) as previously described (Leuschner and Martinez 2007).

Subcellular localization of in vitro transcribed pre-miRNAs

Rat hippocampal neurons were transfected at 6 DIV with 30 nM Cy3-labeled

precursors using siPORT NeoFX transfection agent (Ambion) for 2 h.

Fifteen minutes post-transfection, cells were treated with Cell Scrub buffer

(Genlantis) for 5 min to remove extracellular Cy3 complexes, fixed, and

stained for MAP2 to visualize dendrites. Nuclei were counterstained with

Hoechst (Invitrogen). Data sets were blinded to the experimental conditions,

and Z-stack images (seven consecutive optical sections per stack) were taken

with an LSM 5 Pascal confocal microscope (Zeiss). ImageJ software (‘‘analyze

particles’’ option) was used for subsequent analysis of intracellular Cy3

puncta distribution. For quantification, the average percentage of dendritic

puncta compared with the total number of intracellular puncta was deter-

mined for each pre-miRNA.

RNA pull-down

The RNA pull-down approach used in this study was based on a previously

described protocol for isolation of pre-let-7-binding proteins concerning

the general procedure (Heo et al. 2008) and on a protocol for FMRP

immunoprecipitation concerning brain lysate preparation (Edbauer et al.

2010). See the Supplemental Material for further details.

RNA-IP

For RNA-IP, cortical neurons were transfected with in vitro transcribed

pre-miRNAs and immunoprecipitated using rabbit anti-DHX36 antibody

(Novus Biologicals). RNA-IP was performed using the same buffer system

as described for the RNA pull-down approach. A detailed protocol can be

found in the Supplemental Material.

FISH

Dissociated hippocampal neurons were treated with BDNF (PeproTech,

50 ng/mL) for 2 h before fixation. FISH was performed as previously

described (Fiore et al. 2009) using FITC-labeled LNA probes (5 pmol per

well in the 24-well format; Exiqon) directed against the pre-miR-134 loop,

the pre-miR-137 loop, the mature miR-134 sequence, and a control probe of

unrelated sequence (scramble). Signals were further amplified by a two-step

antibody procedure. Neurons were costained for the dendritic protein MAP2.

Luciferase assay

Primary neurons were transfected in duplicates with 50 ng of pGL3 firefly

reporter constructs and equal amounts of empty Renilla reporter as trans-

fection control. For DHX36 knockdown, neurons were cotransfected with

20 ng of the respective pSuper construct. Luciferase assays were performed

after 3 d of expression using the Dual-Luciferase reporter assay system

(Promega) on the GloMax R96 Microplate Luminometer (Promega).

Spine analysis

For spine analysis, images were taken on an LSM5 Zeiss Pascal confocal

microscope and analyzed with ImageJ software as previously described

(Siegel et al. 2009). For each condition, spines from 18 representative

hippocampal neurons (150–200 spines per neuron) derived from three

independent experiments were measured.

Antibodies

Primary antibodies used in this study were as follows: mouse anti-b-actin

antibody (Sigma), rabbit anti-DHX36 antibody (Novus Biologicals; immuno-

precipitation, Western), goat anti-DHX36 antibody (Santa Cruz Biotechnol-

ogy; Western), rabbit anti-Dicer antibody (D-349; provided by Witold

Filipowicz, FMI Basel), goat anti-eIF3h antibody (Santa Cruz Biotech-

nology), Alexa488 rabbit anti-FITC antibody (Molecular Probes), rabbit
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anti-GFAP antibody (DAKO), mouse anti-MAP2 antibody (Sigma), and

rabbit anti-NUP153 antibody (Abcam).

Plasmids

shRNA sequences (summarized in the Supplemental Material) were designed

using the online available Dharmacon siRNA design center and cloned into

pSuper (Oligoengine). Reporter plasmids pGL3 Limk 134pbds (Christensen

et al. 2010), pGL3 Limk1 134mut (Schratt et al. 2006), and pGL3 Pum2(long)

(Fiore et al. 2009) have been described. pAcG3XE-RHAU-His6, pGEX-2T-

GST-Nter, and pEGFP-C1-DHX36 were provided by Yoshikuni Nagamine

(Friedrich Miescher Institute, Basel, Switzerland).

Dicer assay

[32P] 59 end-labeled pre-miRNAs (20,000 counts per minute [cpm]) were

incubated in a processing reaction with 1 U of recombinant Dicer

(Recombinant Dicer Enzyme kit, Genlantis) for 10–30 min at 37°C in

either the absence or presence (preincubation for 1 h at room temperature)

of 30 nM GST-DHX36 (full-length). Reaction products were resolved on

a 15% denaturing PAGE and visualized by autoradiography.

Mass spectrometry analysis

MALDI was performed using an Autoflex Bruker Daltonics mass spec-

trometer. Data analysis was done with the MASCOT program (Matrix

Science). A detailed protocol can be found in the Supplemental Material.

Statistics

For each data set, three independent biological experiments were per-

formed if not stated otherwise. Error bars represent standard deviation.

P-values were calculated with Student’s t-test (two-tailed, type 2) for one-

way comparisons and with ANOVA followed by post-hoc test (Student’s

t-test with Bonferroni correction) for multi-way comparisons.
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A B S T R A C T

microRNA-dependent post-transcriptional control represents an important gene-regulatory layer in post-mitotic
neuronal development and synaptic plasticity. We recently identified the brain-enriched miR-138 as a negative
regulator of dendritic spine morphogenesis in rat hippocampal neurons. A potential involvement of miR-138 in
cognition is further supported by a recent GWAS study on memory performance in a cohort of aged (> 60 years)
individuals. The expression of miR-138, which is encoded in two independent genomic loci (miR-138-1 and -2), is
subject to both cell-type and developmental stage-specific regulation, the underlying molecular mechanisms
however are poorly understood. Here, we show that miR-138-2 is the primary source of mature miR-138 in
developing rat hippocampal neurons. Furthermore, we obtained evidence for the regulation of miR-138-2 bio-
genesis at the level of primary miRNA processing. Using biochemical pull-down assays, we identified the nuclear
matrix protein Matrin-3 as pri/pre-miR-138 interacting protein and mapped the interaction to the pri/pre-miR-
138-2 loop region. Matrin-3 loss-of-function experiments in HEK293 cells and primary neurons together with
protein localization studies suggest an inhibitory function of Matrin-3 in nuclear pri-miR-138-2 processing.
Together, our experiments unravel a new mechanism of miR-138 regulation in neurons, with important im-
plications for miR-138 regulation during neuronal development, synaptic plasticity and memory-related pro-
cesses.

1. Introduction

Synaptic plasticity, experience-dependent modifications of chemical
synapses in response to changes in neuronal activity, is one of the major
cellular substrates of learning and memory-related processes. Synaptic
plasticity encompasses both changes in the pre- and postsynaptic effi-
cacy. The latter in particular involve morphological and functional
changes at the level of dendritic spines, the major sites of postsynaptic
contact on neuronal dendrites. For example, the storage of memory
traces is accompanied by a long-lasting enhancement of excitatory sy-
naptic transmission, which in turn correlates with spine enlargement
and increased surface expression of ionotropic glutamate receptor
complexes. Mechanistically, long-lasting forms of synaptic plasticity
require the de novo synthesis of plasticity-related proteins, e.g. struc-
tural proteins of the postsynaptic density and neurotransmitter re-
ceptors, in response to synaptic stimulation.

We have recently uncovered an important role of microRNA
(miRNA)-dependent control of synaptic protein synthesis in dendritic

spine morphogenesis related to learning and memory. miRNAs are a
large group (about 1000 different species in mammals) of small (21–24
nt) non-coding RNAs that act as negative regulators of protein synthesis
by inhibiting mRNA translation and/or promoting mRNA decay. In
order to associate with cellular mRNAs, the miRNA sequence has to
display a certain degree of complementarity to the so-called target
mRNA, which is particularly pronounced with the miRNA seed region
(nt 2–8). Thereby, miRNAs control the expression of a specific subset
(up to a few hundred) of target mRNAs. The miRNA target spectrum in
a given cell type ultimately dictates the functional outcome of miRNA-
dependent gene expression control. Using microarray-based microRNA
profiling, we recently identified 10 mature miRNAs that are highly
enriched in rat forebrain synaptosomes, a biochemical preparation that
mostly contains re-sealed excitatory pre- and postsynaptic membranes.
One of the synaptic candidate miRNAs was miR-138-5p, a miRNA that
is highly expressed in the central and peripheral nervous system, as well
as in other tissues (e.g. muscle). In the rodent brain, miR-138-5p was
shown to negatively regulate the formation of fear memories (Li et al.,
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2018) and to have a pro-oncogenic role in glioblastoma (Chan et al.,
2012). At the cellular level, brain miR-138-5p appears to be expressed
in both neurons and glia cells, with particularly high expression in
cortical and hippocampal pyramidal neurons (Siegel et al., 2009),
motor neurons (Amin et al., 2015) and oligodendrocytes (Dugas et al.,
2010). In mature hippocampal pyramidal neurons, miR-138-5p nega-
tively regulates dendritic spine growth by targeting the depalmitoylase
APT-1 (Lypla1) (Siegel et al., 2009). The repressive effect of miR-138-
5p can be reversed by activity-dependent decay of Mov10, a component
of the miRNA-associated gene regulatory complex (Banerjee, Neveu, &
Kosik, 2009). In addition to this postsynaptic function, miR-138-5p also
plays a role in axon regeneration via its interaction with the mRNA
encoding the histone deacetylase SIRT1 (Liu, Wang, Saijilafu, Zhang, &
Zhou, 2013). Intriguingly, higher levels of miR-138-5p in the hippo-
campus correlated with better memory performance in mice (Tatro
et al., 2013) and humans (Schröder et al., 2014), suggesting an im-
portant role of miR-138-5p-dependent regulation of synaptic plasticity
in cognition.

In addition to a regulation at the level of transcription, a number of
studies have now provided robust evidence for the relevance of post-
transcriptional regulatory mechanisms in the control of miRNA ex-
pression. In this regard, miRNA processing of miRNA precursor mole-
cules, either the nuclear-localized primary miRNA transcript (pri-
miRNA) or the cytoplasm-localized precursor miRNA (pre-miRNA),
appear to play a particularly important role. In addition to the core
processing enzymes Drosha and Dicer, a number of auxiliary proteins
that either positively or negatively affect miRNA processing in different
cellular contexts have been identified. Furthermore, these processing
complexes are subject to intense post-translational modifications in
response to extracellular stimuli. In the case of miR-138-5p, a role for
precursor processing in the regulation of miR-138 expression was sug-
gested by an earlier study by Obernosterer et al. The authors showed
that miR-138-5p was expressed ubiquitously in the fetus, but was re-
stricted to the brain in adult mice. In contrast, pre-miR-138-2, the
predominant miR-138-5p precursor form during mouse development,
was widely expressed in different tissues even at the adult stage.
Further biochemical experiments using cellular extracts suggested that
the processing of pre-miR-138-2 is blocked in tissues of non-neuronal
origin, although the identity of this inhibitory activity was not further
explored. In contrast, studies in the oligondendrocyte lineage suggested
that miR-138-5p is mostly generated from miR-138-1 precursors in this
specific cell type (Obernosterer, Leuschner, Alenius, & Martinez, 2006).
Altogether, these reports indicate intricate cell-type and develop-
mental-stage specific regulation of miR-138-5p expression at the level
of precursor processing.

In this study, we attempted to explore regulatory mechanisms of
miR-138-5p processing in differentiating rat hippocampal neurons with
potential relevance for the control of dendritic spine development and
synaptic plasticity. Using a combination of biochemical and cell bio-
logical assays, we identified the nuclear matrix protein Matrin-3
(Matr3) as novel regulator of miR-138-5p biogenesis in vitro and in vivo.
Our findings have implications for our understanding of processes in
which miR-138-5p plays an important role, including learning and
memory, brain tumorigenesis and neurodegeneration.

2. Materials and methods

2.1. Primary neuronal and HEK293 cell culture

Primary neuron cultures of hippocampal and cortical cells were
prepared from embryonic day 18 (E18) Sprague-Dawley rats (Charles
River Laboratories) and cultured as previously described (Schratt, Nigh,
Chen, Hu, & Greenberg, 2004).

Matr3 KO and control HEK293 cells were generated by gene editing
using CRISPR/Cas9 technology as previously described (Treiber et al.,
2017). The control is a non-edited HEK293 cell clone from the same

experiment that was used to generate the Matr3 CRISPR knockout cell
line. The sequence of the gRNA for the deletion of Matr3 gene is as
follows: 5′-GATCTCTCTTGTAAGGGGCC. HEK293 cells were cultivated
in minimum essential medium (MEM) supplemented with 10% FBS,
2 mM L-Glutamine and Penicillin/Streptomycin (Gibco) at subconfluent
density.

2.2. Transfections of primary neurons and HEK293 cells

For luciferase reporter assays primary neurons were transfected
using Lipofectamine 2000 (Invitrogen) as previously described (Siegel
et al., 2009). The validation of shRNA efficacy and the transfection of in
vitro transcribed pre-miRNAs for DIV 0 cortical neurons was performed
on primary cortical neurons (E18) with the P3 Primary Cell 4D-Nu-
cleofector kit (Lonza) using program DC-104, according to manu-
facturer’s instruction. Transfection of DIV 12 cortical neurons with in
vitro transcribed pre-miRNAs was performed using the siPORT NeoFX
transfection agent (Ambion) according to manufacturer’s instructions.

HEK293 cells were transfected using the calcium phosphate method
as previously described (Christensen, Larsen, Kauppinen, & Schratt,
2010).

3. RNA extraction and real-time qRT-PCR

RNA extraction was performed with the mirVana miRNA isolation
kit (Ambion) following the manufacturer’s instructions. RNA samples
were then treated with TURBO DNase (Ambion) according to manu-
facturer’s instructions and quantity and quality of the RNA was de-
termined using the NanoDrop 2000c spectrophotometer (Thermo
Scientific). Reverse transcription was performed using the iScript cDNA
synthesis kit (Bio-Rad) according to manufacturer's instructions. For
detection of mature miR-138 the respective TaqMan MicroRNA Assay
kit (Applied Biosystems) was used, while pre-miRNAs were detected
using iTaq SYBR Green Supermix with ROX (Bio-Rad). Primer se-
quences are summarized below. All real-time PCRs were performed on
the StepOnePlus Real-Time PCR System (Applied Biosystems).

3.1. Dual luciferase reporter assay

Luciferase assay in primary rat cortical neurons was performed with
the Dual-Luciferase Reporter Assay System (Promega). DIV 12 primary
cortical neurons were transfected with 50 ng of the respective pGL4
Firefly reporter and equal amount of Renilla reporter as a transfection
control. Lysis was performed 2 days after transfection (DIV 14) and
luciferase activity of both Firefly and Renilla was measured on a
GloMax R96 Microplate Luminometer (Promega). Relative luciferase
activity was then calculated as a ratio of Firefly to Renilla signal.

3.2. In vitro transcription of pre-miRNAs

Pre-miRNA for processing and pulldown experiments were in vitro
transcribed using the MEGAshortscript T7 kit (Ambion) according to
the manufacturer’s instructions. The template sequences are summar-
ized below. A concentration of 150 nM of the dsDNA templates was
used with an incubation time of 4 h at 37 °C before RNA was purified
using Illustra MicroSpin G-25 columns (GE Healthcare). Quantity and
quality of the RNA was determined using the NanoDrop 2000c spec-
trophotometer (Thermo Scientific).

3.3. RNA pulldown

RNA pulldown experiments were performed as previously described
(Bicker et al., 2013). For the identification of pre-miR-138-2 specific
binding proteins the pulldown was performed with lysate from DIV5
primary cortical neurons. Pulldown with Matr3 deletion constructs was
performed with lysate from HEK293 cells transfected with 1 µg/10 cm2
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dish of the respective Flag-Matr3 deletion constructs. Plasmids of Flag-
Matr3 deletions were a gift from Yossi Shiloh (Addgene plasmids
#32880, #32881, #32882, #32883 and #32884).

3.4. Western Blot

All Western Blots were performed as previously described (Siegel
et al., 2009). All antibodies that have been used are summarized below.
Subcellular fractionation was performed as previously described
(Störchel et al., 2015).

3.5. Immunohistochemistry

Immunocytochemistry was performed as previously described
(Siegel et al., 2009) and images were acquired with a LSM 5 Pascal
(Zeiss) microscope. Antibodies that have been used are summarized
below.

3.6. Plasmids and cloning

The pGL4 pri-miRNA processing sensors were created by amplifying
a sequence spanning at least 100 bp on either side of the pre-miRNA-
138-1 and pre-miRNA-138-2 location of the rat genome and inserting it
into the 3′UTR of the pGL4.13 firefly luciferase vector (Promega) using
its XbaI restriction sides. To create the pri-miR-138-2L1 construct with
an exchanged loop, overlapping primers of the loop region of pri-miR-
138-1 were designed and used in combination with pri-miR-138-2
amplification primers. The resulting construct was cloned into pGL4.13
as described above. All primers are summarized below.

The shRNA sequences for the knockdown of Matr3 have been de-
signed using the Dharmacon siRNA design center (available online) and
the sequences of the utilized oligonucleotides are summarized below.
The annealed oligonucleotides were inserted into pSuper vector
(Oligoengine), according to manufacturer’s instructions.

3.7. Oligonucleotides

All sequences are given in 5′ to 3′ direction. Oligonucleotides were
purchased lyophilized from Invitrogen and diluted to a stock con-
centration of 100 μM with nuclease-free ddH2O.

qRT-PCR:

pre-miR-138-1/2 fw AGCTGGTGTTGTGAATCAGGC
pre-miR-138-1 rev TGTTGTGAAGTAGCCGTTCTCTGA
pre-miR-138-2 rev GTGAAATAGCCGGGTAAGAGGAT

templates for in vitro transcription:

pre-miR-138-
1/2 pro-
moter fw

AATTTAATACGACTCACTATAGGCTGGTGTTGTGAATCAGGCCG

pre-miR-138-
1/2 pro-
moter rev

CTGATTCACAACACCAGCCTATAGTGAGTCGTATTAAATT

pre-miR-138-1
fw

TTGCCAATCAGAGAACGGCTACTTCACAACACCAGGG

pre-miR-138-1
rev

CCCTGGTGTTGTGAAGTAGCCGTTCTCTGATTGGCAACGGC

pre-miR-138-2
fw

ACGAGCAACGCATCCTCTTACCCGGCTATTTCACGACACCAGGGT

pre-miR-138-2
rev

ACCCTGGTGTCGTGAAATAGCCGGGTAAGAGGATGCGTTGCTCGTCGGC

TAG-promoter-
adapter fw

AATTTAATACGACTCACTATAGGGAGAATAGATAGT

TAG promoter-
adapter r-
ev

TCTATTCTCCCTATAGTGAGTCGTATTAAATT

TAG-pre-miR-
138-1 fw
1

AGCTGGTGTTGTGAATCAGGCCGTTGCCAA

TCAGAGAACGGCTACTTCACAACACCAGGGT

TAG-pre-miR-
138-1 fw
2

TAG-pre-miR-
138-1 rev
1

CAACGGCCTGATTCACAACACCAGCTACTA

TAG-pre-miR-
138-1 rev
2

ACCCTGGTGTTGTGAAGTAGCCGTTCTCTGATTGG

TAG-pre-miR-
138-2 fw
1

AGCTGGTGTTGTGAATCAGGCCGACGAGCAACGC

TAG-pre-miR-
138-2 fw
2

ATCCTCTTACCCGGCTATTTCACGACACCAGGGT

TAG-pre-miR-
138-2 rev
1

GCGTTGCTCGTCGGCCTGATTCACAACACCAGCTACTA

TAG-pre-miR-
138-2 rev
2

ACCCTGGTGTCGTGAAATAGCCGGGTAAGAGGATTTGG

TAG-pre-miR-
150 fw 1

TCTCCCAACCCTTGTACCAGTGCT

TAG-pre-miR-
150 fw 2

GTGCCTCAGACCCTGGTACAGGCCTGGGGGACA

TAG-pre-miR-
150 rev 1

CTGGTACAAGGGTTGGGAGAACTA

TAG-pre-miR-
150 rev 2

TGTCCCCCAGGCCTGTACCAGGGTCTGAGGCACAGCA

Matr3 shRNAs:

shRNA#1 fw 1 GATCCCCGGAAGAAGCTGCAGCACTATTCAAGAGA
shRNA#1 fw 2 TAGTGCTGCAGCTTCTTCCTTTTTA
shRNA#1 rev 1 GGGCCTTCTTCGACGTCGTGAT
shRNA#1 rev 2 AAGTTCTCTATCACGACGTCGAAGAAGGAAAAATTCGA
shRNA#2 fw 1 GATCCCCGAAGGAAACTTAAGATGTATTCAAGAGA
shRNA#2 fw 2 TACATCTTAAGTTTCCTTCTTTTTA
shRNA#2 rev 1 GGGCTTCCTTTGAATTCTACAT
shRNA#2 rev 2 AAGTTCTCTATGTAGAATTCAAAGGAAGAAAAATTCGA

Amplification primers for cloning of pri-miRNA processing constructs:

pri-138-1 fw CGATTCTAGAAGCTCTGCAGAGCCACCTTTGGAT
pri-138-1 rev GATAGCTAGCTGGTGTGGGGTAGGGTGGGATAAT
pri-138-2 fw ATGCTCTAGAGGCTCCTGGTTTGGCAATCCTAGA
pri-138-2 rev ATACGCTAGCCCCAGGTGACTATGAGGTGAGGTA
loop1 fw ATGCCTCGAGGGCTCCTGGTTTGGCAATCCTAGA
loop1 rev ATACGTCGACCCCAGGTGACTATGAGGTGAGGTA

3.8. Antibodies

Primary antibodies used in this study and their dilutions for Western
Blot (WB) and Immunocytochemistry (IC): rabbit anti-Dicer (Sigma-
Aldrich, WB 1:1000), mouse anti-Flag (Sigma-Aldrich, WB: 1:1000),
chicken anti-GFP (Abcam, WB: 1:10000), rabbit anti-Matrin3 (Abcam,
IC: 1:500, WB: 1:5000), mouse anti-MAP2 (Sigma-Aldrich, IC: 1:2000),
rabbit anti-α-Tubulin (Cell Signaling, WB: 1:10000), rabbit anti-YBX1
(Novus Biologicals, WB: 1:5000).

Secondary antibodies for WB were species-specific, HRP-conjugated
(Calbiochem) and applied at 1:20,000 dilutions.

3.9. Statistics

For each data set, three independent biological experiments were
performed if not stated otherwise. Error bars represent standard de-
viation. P-values were calculated with Student’s t-test (two-tailed, type
2).

4. Results

Mature miR-138-5p plays an important regulatory role in dendritic
spine morphogenesis in developing rat hippocampal neurons (Siegel
et al., 2009). To obtain first insight into a potential stage-specific reg-
ulation of miR-138-5p biogenesis during neuronal development, we
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monitored the expression of mature and precursor (pre-)miR-138-1/2
expression by qPCR. We used either a stem-loop primer that is specific
for mature miR-138-5p, the major product of miR-138 biogenesis based
on RNAseq data, or conventional primer pairs that selectively amplify
both the pre- and pri-miRNA forms (pri/pre) of miR-138-1 or miR-138-
2, respectively. We observed a gradual increase of mature miR-138-5p
expression in hippocampal neuron cultures, consistent with the re-
ported function of miR-138-5p in dendritic spine development. Based
on our previous fluorescent in situ hybridization experiments, miR-138-
5p expression is restricted to neurons and not detectable in GFAP-

positive glial cells (Siegel et al., 2009). At the level of pri/pre-miR-138,
we readily detected pri/pre-miR-138-2, while pri/pre-miR-138-1 was
basically undetectable (Fig. 1B). Consistent with these results, rare
reads of miR-138-3p observed in RNAseq exclusively mapped to the
miR-138-2, but not to the miR-138-1 gene (unpublished RNAseq ex-
periments). We conclude that miR-138-2 is the predominant, if not
exclusive source of miR-138-5p in developing rat hippocampal neurons.
In contrast to mature miR-138-5p, expression of pre-miR-138-2 gra-
dually declined during neuron development (Fig. 1A, B), consistent
with enhanced processing of miR-138-2 in more mature neurons.

Fig. 1. pri/pre-miR-138-2 is the main source of mature miRNA-138 in mature neurons. (A, B) Expression of mature miR-138-5p (A) and pre-miR-138-2 (B) in primary
cortical neurons at the indicated days in vitro (DIV) as measured by quantitative real-time PCR (qRT-PCR). Relative expression levels were calculated as a ratio of
miR-138 and pre-miR-138-2 to the endogenous control U6 snRNA. N = 3 independent experiments (C) Expression levels of mature miR-138-5p in DIV 0 cortical
neurons 7 h after the nucleofection of in vitro transcribed miR-138 precursors (100 nM) as measured by qRT-PCR. Relative expression was calculated as a ratio to the
endogenous control U6 snRNA. (D) Expression levels of mature miR-138-5p in DIV 12 cortical neurons 7 h after in vitro transcribed miR-138 precursors (100 nM)
were transfected with the siPORT NeoFX Transfection Agent (Ambion). MiR-138 levels were measured by qRT-PCR and relative expression was calculated as a ratio
to the endogenous control U6 snRNA. In (C) and (D), values represent averages + standard deviations from three independent experiments. Student’s t-test:
*p < 0.05, ***p < 0.0001. (E) Pull-down was performed with tagged in vitro transcribed pre-miR-138-1 and pre-miR-138-2 as illustrated in Fig. 2B. The Western
Blot shows the binding affinity of Dicer (upper panel) and TRBP (lower panel) towards the two pre-miRNAs.

K. Weiss, et al. Neurobiology of Learning and Memory 159 (2019) 36–45

39

Weiss et al.

40



To further investigate potential differences in processing efficiencies
between pre-miR-138-1 and pre-miR-138-2 dependent on the devel-
opmental stage of the neurons, we transfected in vitro synthesized pre-
miR-138 into primary rat hippocampal neurons at different develop-
mental stages and measured the levels of the resulting mature miR-138-
5p by qPCR. In young neurons (DIV0) that express little endogenous
mature miR-138-5p (Fig. 1A), mature miR-138-5p levels were indis-
tinguishable between pre-miR-138-1 and -2 transfected neurons, in-
dicating equal processing efficiencies of the two precursor molecules at
this stage (Fig. 1C). In contrast, pre-miR-138-2 transfection yielded
significantly more mature miR-138-5p compared to pre-miR-138-1 in
more differentiated neurons (12 DIV; Fig. 1D). Thus, pre-miR-138-2
processing efficiency is specifically enhanced in more mature neurons.
Consistent with this enhanced pre-miR-138-2 processing activity, pre-
miR-138-2 interacted more strongly with Dicer in pull-down assays
compared to pre-miR-138-1 (Fig. 1E). Equal pull-down efficiency of
TRBP served as a loading control in these experiments.

Next, we investigated whether different miR-138 processing effi-
ciencies in neurons might be already evident at the level of the primary
miR-138-1 and -2 transcripts. Therefore, we employed a previously
described in vivo pri-miRNA processing assay (Allegra & Mertens,
2011). In brief, primary rat hippocampal neurons were transfected with
firefly luciferase reporter gene plasmids (pGL4 pri-138-1 and -2) that
contain a fragment of the respective primary miR-138 transcript con-
sisting of the pre-miRNA stem-loop and at least 100nt flanking region
on each side, including the hairpin structure and adjacent sequence
elements required for Drosha-dependent pri-miRNA cleavage. In addi-
tion, a plasmid was transfected in which the loop sequence within pri-
miR-138-2 was replaced with the one from pri-miR-138-1 (pGL4 pri-
138-2-loop1). To normalize for potential variations in transfection ef-
ficiency, a pGL4 Renilla luciferase reporter gene was co-transfected for
all conditions. We observed a significantly reduced relative firefly/re-
nilla activity for pGL4 pri-miR-138-2 compared to pri-miR-138-1, sug-
gesting that, similar to our results obtained with pre-miR-138, pri-miR-
138-2 is more efficiently processed in primary rat hippocampal neurons
compared to pri-miR-138-1 (Fig. 2A). This enhanced processing of pri-
miR-138-2 is due to the presence of the unique miR-138-2 loop se-
quence, since the pri-miR-138-2-loop1 chimera was not processed more
efficiently compared to pri-miR-138-1 in this assay. Thus, miR-138
precursors containing the miR-138-2 loop structure (both pre- and pri-
miR-138-2) are preferentially processed in mature rat hippocampal
neurons.

Given the pivotal role of the miR-138-2 loop structure in miR-138
processing, we decided to characterize miR-138-2 interacting proteins
using biochemical pull-down assays. Thereby, we hoped to obtain ad-
ditional mechanistic insight into the regulation of miR-138 biogenesis
in developing neurons. For pull-downs, we used streptavidin-coated
agarose beads to which in vitro synthesized pre-miRNAs containing
unique loop sequences (pre-miR-138-1, -2 and pre-miR-150) were at-
tached via biotinylated adapter oligonucleotides (see Fig. 2B, left
panel). Subsequently, pre-miR-coupled beads were incubated with ly-
sate of DIV 5 primary cortical neurons, and interacting proteins were
visualized by Western blot. For our initial experiments, we focused on
YB1 and Matr3, since these two proteins had been shown to interact
with pre-miR-138-2 in a previously published proteomics-based pull-
down approach in non-neuronal cell lines (Treiber et al., 2017). Sur-
prisingly, although we could confirm an interaction of YB1 with pre-
miR-138-2, this interaction did not display any sequence-specificity,
since YB1 was pulled down with equal efficiency when using pre-miR-
138-1 or the unrelated pre-miR-150 as a bait (Fig. 2B, right panel). In
contrast, Matr3 was highly selectively pulled down with pre-miR-138-2,
but not with any of the other pre-miRNAs (Fig. 2B, right panel).
Therefore, we decided to study a potential involvement of Matr3 in
miR-138 biogenesis in neurons in more detail. Matr3 is a sequence-
specific RNA-binding protein of the nuclear matrix. As part of the SFPQ-
NONO complex, it plays a role in the nuclear retention of defective

RNAs in the context of mRNA quality control (DeCerbo & Carmichael,
2005). Interestingly, MATR3 mutations are found in patients with fa-
milial ALS/FTD, a rare neurodegenerative diseases of genetic origin
(Johnson et al., 2014; Malik et al., 2018). Matr3 contains a total of four
RNA-binding domains, two RRM domains (RRM1&2) and two zinc
finger motifs (ZnF1). In order to determine the contribution of these
domains to the observed Matr3-pre-miR-138-2 interaction, we per-
formed pull-down experiments with cell lysates from HEK293T cells
that had been transfected with either wt Matr3 or Matr3 mutants
lacking individual RNA-binding domains (dRRM1,2; dZnF1,2; Fig. 3A).
Compared to wt Matr3, the dZnF2 mutant showed the strongest re-
duction in pre-miR-138-2 pull-down efficiency, indicating that the
presence of an intact ZnF2 is required for the interaction. In contrast,
deletion of either RRM domain had only little effect, and deletion of
ZnF1 even slightly enhanced the Matr3 pre-miR-138-2 interaction
(Fig. 3A).

Since the function of Matr3 in neurons is still poorly understood, we
next assessed the expression of Matr3 protein at different times of
neuronal differentiation in culture by Western blot. Thereby, we ob-
served a gradual increase in Matr3 expression over time (Fig. 3B), si-
milar to the observed time-course of mature miR-138-5p expression.
This data is consistent with a potential regulatory role of Matr3 in miR-
138 biogenesis in hippocampal neurons. Next, we studied the sub-
cellular Matr3 localization in neurons using immunocytochemistry.
Consistent with its reported function as nuclear matrix constituent,
Matr3 was exclusively detected in neuronal nuclei (Fig. 3C). The ab-
sence of Matr3 from the cytosolic compartment was further confirmed
by subcellular fractionation followed by Western blot (Fig. 3D). Our
results strongly argue for an involvement of Matr3 in nuclear steps of
miR-138 biogenesis, either at the level of pri-miR-138-2 processing/
stability and/or pre-miR-138-2 nuclear export.

To investigate the role of Matr3 in miR-138 biogenesis more di-
rectly, we used shRNA-mediated knockdown to interfere with Matr3
function in primary rat hippocampal neurons. One out of two tested
Matr3 shRNA constructs (sh1) showed a highly specific and efficient
knockdown of Matr3 when nucleofected (efficiency > 90%) into pri-
mary rat cortical neurons (Fig. 4A). Co-transfection of this functional
Matr3 shRNA (sh1), but not an unrelated control shRNA sequence (ctr
sh), significantly reduced relative luciferase activity of pGL4 pri-miR-
138-2 compared to either pGL4 pri-miR-138-1 or pGL4 pri-138-2-loop1
transfected neurons (Fig. 4B). This result suggests that endogenous
Matr3 in primary rat neurons selectively inhibits miR-138-2 biogenesis
at the level of pri-miR-138-2. We note however that pri-miR-138-2
compared to pri-miR-138-1 processing is more efficient in non-ma-
nipulated neurons (Fig. 2A), indicating that additional protein(s) are
involved in the suppression of miR-138-1 processing, the facilitation of
miR-138-2 processing, or both.

We attempted to obtain independent support for the unexpected
negative regulatory role of Matr3 in pri-miR-138-2 processing. Towards
this end, we used a stable HEK293T cell line that lacks Matr3 expression
due to Crispr/Cas9-mediated disruption of the Mat3 open reading frame
(Matr3 KO cells). First, we validated the absence of Matr3 protein ex-
pression in these cells by Western blot (Fig. 4C). Next, we assessed the
effect of Matr3 deficiency on miR-138-5p expression. HEK293T cells
express relatively little endogenous miR-138-5p. However, Matr3 KO
cells express about 3-fold higher levels of mature miR-138-5p compared
to wildtype (wt) cells (Fig. 4D), consistent with a negative function of
Matr3 in miR-138 biogenesis. In contrast, pre-miR-138-2 levels were
not significantly different between KO and wt cells (Fig. 4E). This might
be explained by an opposite effect of Matr3 KO on the levels of pri-miR-
138-2, which is also recognized by qPCR primers directed against pre-
miR-138-2. In addition, higher levels of pre-miR-138-2 caused by Matr3
KO might induce cytoplasmic processing, which in turn would lead to a
reduction in pre-miR-138-2 steady-state levels. The results obtained
with Matr3 KO cells so far did not directly address a role for Matr3 in
pri-miR-138-2 processing. Towards this end, we transfected the
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described pri-miR-138-2 processing reporters – either pri-138-2 or pri-
138-2L1 – into Matr3 KO and wt cells and measured relative mature
miR-138-5p expression by qPCR. As expected, pri-miR-138-2 transfec-
tion into Matr3 KO cells resulted in significantly higher levels of mature
miR-138-5p compared to wt cells (Fig. 4F). Importantly, the observed
differential expression of miR-138-5p between KO and wt cells was
reversed upon plasmid-based Matr3 overexpression (Fig. 4F), demon-
strating that increased miR-138 production in Matr3 KO cells was in

fact due to the absence of Matr3. The effects of Matr3 on miR-138
biogenesis required the miR-138-2 loop region, since mature miR-138
levels were insensitive to either Matr3 KO or Matr3 overexpression
upon transfection of pri-138-2loop1 (Fig. 4G).

In conclusion, we identified here a novel regulatory mechanism for
the control of miR-138 expression in neurons (Fig. 5). This mechanism
has potential implications for activity-dependent neuronal develop-
ment, synaptic plasticity and memory-related processes.

Fig. 2. The role of the pre-miR-138-2 loop in processing and identification of loop interacting proteins. (A) At DIV 12 primary cortical neurons were transfected with
pri-miRNA-138 firefly processing sensors that include the indicated primary miRNA in their 3′UTR as illustrated in the right panel and renilla luciferase as a
transfection control. Processing of the miRNA involves cleavage of the miRNA stem-loop by Drosha and thereby leads to a loss of the further downstream part of the
luciferase 3′UTR and its poly-A tail, resulting in a destabilization of the sensor and reduced firefly luciferase expression. The left panel shows relative firefly
expression levels after extraction at DIV 14 for pri-miR-138-1, pri-miR-138-2 and the chimera pri-miR-138-2-loop1, where the loop structure of pri-miR-138-2 has
been exchanged with the loop of pri-miR-138-1. Relative luciferase expression is calculated as a ratio of firefly activity to renilla activity and an empty firefly reporter
not including any pri-miRNA was set to 1. Values represent averages + standard deviations from three independent experiments. Student’s t-test: **p < 0.01. (B) The
upper left panel shows the pulldown strategy used to isolate and identify pre-miRNA interacting proteins. The right panel shows a representative Western Blot for the
two candidate proteins Matrin3 and YB1 as pulled down from extract of DIV5 old primary cortical neurons with the indicated pre-miRNAs. The three different pre-
miRNAs used for the pulldown experiment are shown in detail in the lower panel.
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5. Discussion

miR-138-5p is encoded in two different genomic loci (miR-138-1,
miR-138-2), and our results from qPCR with precursor-specific primers
indicate that the miR-138-2 gene is the primary source of miR-138-5p
expression in developing rat hippocampal neurons. Our results are in
agreement with previous findings (Obernosterer et al., 2006), who were
able to detect robust expression of the miR-138-2 pre-miRNA in brain
tissue by Northern blot, whereas pre-miR-138-1 was almost un-
detectable. On the other hand, two other recent studies (axon re-
generation, oligodendrocyte function) detected abundant expression of
pre-miR-138-1 and the regulation of miR-138-1 transcription in dif-
ferent types of brain cells (Dugas et al., 2010; Liu et al., 2013). In
general, these studies provide further support for the idea that dupli-
cation of miRNA loci might endow organisms with the capability of
cell-type and developmental-stage specific control of miRNA expression
due to the presence of specific regulatory elements that flank the re-
spective miRNA gene. In the future, it will be important to elucidate the
key regulatory elements that control miR-138-1/2 transcription in a
cell-type/developmental stage-specific manner. In addition, miR-138-
5p might be subject to regulation at the level of the mature miRNA by

targeted-directed miRNA degradation (TDMD) (de la Mata et al., 2015).
A previous study postulated the existence of negative regulatory

factors, likely proteins, that inhibit the processing of pre-miR-138-2
into mature miR-138-5p in non-neuronal cells (Obernosterer et al.,
2006). While our results obtained from primary neurons and HEK293T
cells are mostly consistent with these findings, we in addition observed
intrinsic differences in the processing efficiencies between pre/pri-miR-
138-1 and -2 in developing neurons. Based on these results, we suggest
that, in addition to non-neuronal factor(s) inhibiting pre-miR-138-2
processing, positive regulatory factors which bind to the miR-138-2
loop promote processing of miR-138-2 in mature neurons, e.g. by pre-
ferentially recruiting Dicer to the pre-miR-138-2 sequence. This could
explain the observation that miR-138-5p levels increase during hippo-
campal neuron synaptogenesis. Whether and how this regulatory me-
chanism is subject to control by neuronal activity remains to be de-
termined.

Our biochemical quest for proteins interacting specifically with the
miR-138-2 loop sequence surprisingly led to the discovery of a nuclear
protein, Matr3. Matr3 loss-of-function studies in both neurons and
HEK293T cells provided robust evidence for a negative regulatory role
of Matr3 in the processing of pri-miR-138-2 in the nucleus. Given the

Fig. 3. Mapping of Matrin3 binding and expression of Matrin3 in neurons. (A) Full-length Matr3-Flag construct and Matr3 deletion mutants missing the indicated
RNA-binding domains (RRM, ZnF) were transfected into HEK293 cells. Two days after transfection the extracts were used in a pulldown experiment with in vitro
transcribed pre-miR-138-2. The left panel shows a representative anti-Flag Western Blot showing the input levels of Matr3 mutants and the bound Matr3 after
pulldown. The right panel shows the quantification of the relative binding affinity, calculated as a ratio of bound Matr3 after pulldown and the input with full-length
Matr3 set to 1. The values represent averages + standard deviations from three independent experiments. (B) anti-Matr3 Western Blot in primary cortical neurons at
the indicated days in vitro (DIV). Tubulin was used as a loading control. (C) Immunohistochemistry showing Matr3 expression (red) in hippocampal neurons DIV 4.
Map2 (green) was used to visualize the neurons. (D) anti-Matr3 Western Blot using whole-cell extract (input) and cytosolic and nuclear fractions of primary
hippocampal neurons harvested at DIV 7. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(almost) exclusive localization of Matr3 in the nucleus, we consider it
unlikely that Matr3 participates in the regulation of pre-miR-138-2
processing under basal conditions. However, a recent study demon-
strated that specific domains of Matr3 are involved in the cytoplasmic
localization of the protein (Rajgor, Hanley, & Shanahan, 2016), raising
the possibility that Matr3 might participate in cytoplasmic regulation of
pre-miR-138-2 under specific conditions, e.g. in response to stress.
There are however no constrains in export of pre-miR-138-2 from the

nucleus to the cytosol, since pre-miR-138-1 and -2 nuclear export was
similarly efficient in Xenopus laevis oocyte export assays (K.W., G.S., T.
Ziegenhals and U. Fischer, unpublished observation). Nevertheless,
Matr3 has been characterized as a component of the SFPQ-Nono RNA
quality control pathway, raising the possibility that Matr3 could be
involved in the retention of specifically modified pre-miR-138-2 in the
nucleus. Matr3 is highly expressed at all stages of neuronal develop-
ment and also in non-neuronal cells, suggesting that differences in

Fig. 4. The function of Matr3 in miR-138 processing. (A) anti-Matr3 Western Blot for the validation of Matr3 shRNAs. Cortical neurons were nucleofected with
shRNA expressing pSuper plasmids and GFP as a transfection control. Protein extracts were prepared three days after nucleofection (DIV 3). Tubulin was used as a
loading control. (B) Matr3 shRNA#1 (which showed an efficient knockdown) and a control shRNA were co-transfected with the pre-miR-138 firefly processing
sensors and renilla as a transfection control into primary cortical neurons at DIV 12. Extracts were prepared after 2 days of expression on DIV 14. Relative luciferase
expression was calculated as the firefly/renilla ratio and a condition containing empty pSuper vector was set to 1 for each pre-miR-138 processing sensor. The values
represent averages + standard deviations from three independent experiments. (C) Validation of Matr3 knockout in HEK293 Matr3-Ko cells by anti-Matr3 Western
Blot. Tubulin was used as a loading control. (D, E) Expression of mature miR-138 (D) and pre-miR-138-2 (E) in Matr3-KO and control cells as measured by
quantitative real-time PCR (qRT-PCR). Relative expression levels were calculated as a ratio of miR-138 and pre-miR-138-2 to the endogenous control U6 snRNA. The
values represent averages + standard deviations from three independent experiments. Student’s t-test: *p < 0.05. (F, G) Matr3 KO and ctr cells were transfected with
pre-miR-138-2 (F) and pre-miR-138-2loop1 (G) expressing plasmids either alone or together with a Matr3 expressing plasmid. Mature miR-138-5p levels were
measured by quantitative real-time PCR (qRT-PCR). Relative expression levels were calculated as a ratio of miR-138 to U6 snRNA. Values represent
averages + standard deviations from three independent experiments. Student’s t-test: *p < 0.05.
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Matr3 expression alone do not account for the differences in pre-miRNA
processing efficiency and mature miR-138-5p expression between dif-
ferent cell types and developmental stages. However, since Matrin-3 is
degraded in neurons in response to NMDA-R activation in a PKA-de-
pendent fashion (Giordano et al., 2005), one could speculate that
neuronal-activity-degradation of Matr3 could be involved in the relief
of processing inhibition, enabling the synthesis of more mature miR-
138-5p that could fulfil its regulatory activity in mature neurons, e.g.
during spine development. It will be interesting to test whether Matr3
mutants deficient for specific phosphorylation sites are able to reverse
the miR-138 processing block that is observed in Matr3 ko HEK293T
cells.

Our observation that Matr3 knockdown in primary neurons only has
a relatively subtle effect on pri-miR-138-2 processing suggests that
other pri-miRNA interacting proteins participate in the control of pro-
cessing. To elucidate these proteins, we have already embarked in more
unbiased proteomics approaches, which led to the identification of
several new candidate proteins that interact with the miR-138-2 se-
quence in a loop-dependent manner (K.W., G.S., unpublished observa-
tion). In addition, a recent large-scale proteomics approach identified a
number of pre-miR-138-2 interacting proteins, including ZNF106,
DDX49, YBX1-3, USP36, among others. Currently, we are testing a
functional involvement of the identified proteins at various stages along
the miR-138 biogenesis pathway. With regard to Matr3, we already
obtained evidence for a functional importance of specific Matr3 do-
mains. Whereas deletion of both RRM domains only slightly reduced
the association with pre-miR-138-2, deletion of ZnF2 almost completely
abolished the association, suggesting that this domain is necessary for
pri-miR-138-2 processing. Intriguingly, a very recent study explored the
function of the different Matr3 RNA-binding domains in the context of
neurodegeneration (ALS; (Malik et al., 2018). There, it was shown that
Matr3-mediated neurotoxicity was largely dependent on the presence of
ZnF2, the same domain that we found to be required for the pre-miR-
138-2 Matr3 interaction. Thus, there is a strong correlation between the
strength of the Matr3 pre-miR-138-2 interaction and neurotoxicity,
raising the possibility that the association of pri-miRNA-138-2 with
Matrin-3 and the subsequent inhibition of miR-138-5p production could
promote neurotoxicity. In this regard, it is worth mentioning that miR-
138-5p antagonizes axon regeneration by targeting SIRT1 (Liu et al.,

2013), and that miR-138-5p is the 2nd most abundant miRNA in motor
neurons (Amin et al., 2015), both findings that are consistent with a
role of miR-138 in motor neuron axons. In the future, it will be inter-
esting to test whether interfering with miR-138 activity, e.g. by anti-
sense approaches, could be beneficial in Matr3-associated neuropathies,
in particular ALS. The investigation of several identified Matr3 point
mutations with respect to their ability to interact with miR-138 could
be an important first step towards this aim.

Finally, it is intriguing to speculate that the regulation of miR-138
processing by Matr3 and potentially other factors could be involved in
the activity-dependent regulation of synaptic plasticity and learning
and memory. For example, pre-miR-138-2 is significantly enriched in
dendrites of rat hippocampal neurons (Bicker et al., 2013), suggesting
that local miR-138 production could be controlled at the level of pre-
cursor processing, similar to other dendritic miRNAs (Bicker et al.,
2013; Sambandan et al., 2017). In humans, miR-138 levels appear to
correlate with cognitive abilities (Schröder et al., 2014) and are also
affected during cognitive decline (Tatro et al., 2013). Furthermore,
miR-138 levels are downregulated in the striatum of transgenic mouse
models of Huntington’s disease (Lee et al., 2011). We therefore hy-
pothesize that at least part of these expression impairments could be
due to defects in miR-138 processing efficiency. Thus, further insight
into the mechanisms of miR-138 processing promises to contribute to
our understanding of memory-related processes and cognitive impair-
ment. On the other hand, manipulating miR-138 processing efficiency
might represent a valuable strategy for the therapy of neurodegenera-
tive diseases, including ALS.
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Fig. 5. Model of Matrin-3 function in the regulation
of miR-138 expression. The canonical miRNA bio-
genesis pathway involves cleavage of the pri-
miRNA by Drosha/DGCR8 in the nucleus, resulting
in the generation of the pre-miRNA stem-loop with
a 5′ overhang that is recognized by Exportin5
(Exp5). Upon binding of Exp5, the pre-miRNA is
then transported into the cytoplasm where it is
further processed by a Dicer complex into a miRNA
duplex. One of the strands of this duplex (the ma-
ture miRNA) is then incorporated into the RNA-
induced-silencing complex (RISC) where it becomes
functional and assumes its role in gene silencing.
The nuclear matrix protein Matr3 is able to bind the
loop of pri- and pre-miR-138-2 specifically and
thereby might hinder the processing of the pri-
miRNA into the pre-miRNA form by Drosha/
DGCR8 and/or prevent the further export of the
pre-miRNA-138-2 into the cytoplasm.
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List of Abbreviations

3’UTR 3’ untranslated region

AFM atomic force microscopy

ALS amyotrophic lateral sclerosis

APT1 acyl-protein-thioesterase 1

APV 2-amino-5-phosphonopentanoic acid

AGO Argonaute protein

BC1 brain cytoplasmic RNA 1

BDNF Brain-derived neurotrophic factor

Cas9 CRISPR-associated protein 9

ceRNA competing endogenous RNA

CFC contextual fear conditioning

CRISPR clustered regularly interspaced short palindromic repeats

ctr control

DCP1B mRNA-decapping enzyme 1B

DEAH box Asp-Glu-Ala-His box

DGCR8 DiGeorge Syndrome Critical Region 8

DHX DEAH box protein

DIV days in vitro

EMSA electrophoretic mobility shift assay

GFP green fluorescent protein

GW182 glycine-tryptophan protein of 182 kDa

HEK293 human embryonic kidney 293

HIV-1 Human immunodeficiency virus 1

KCl potassium chloride
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List of Abbreviations

kDa kilodaltons

KO knockout

KSRP Far upstream element-binding protein 2

LimK1 LIM domain kinase 1

Matr3 Matrin3

Mef2 Myocyte enhancing factor 2

miRISC miRNA induced silencing complex

miRNA microRNA

MOV10 Moloney leukemia virus 10

mRNA messenger RNA

NMDA N-Methyl-D-aspartic acid

NMDAR NMDA receptor

NONO Non-POU domain-containing octamer-binding protein

nt nucleotide

PKA protein kinase A

pre-miRNA precursor miRNA

pri-miRNA primary miRNA

PUM2 Pumilio 2

qRT-PCR quantitative reverse transcription polymerase chain reaction

RBP RNA binding protein

RELN Reelin

RhoA Ras homolog gene family member A

RISC RNA-induced silencing complex

RNA Ribonucleic acid

RRM RNA recognition motif

shRNA short hairpin RNA

SIRT1 Sirtuin-1

SFPQ Splicing factor, proline- and glutamine-rich

TDP-43 TAR DNA-binding protein 43

TRBP transactivation-responsive RNA binding protein

Ube3a ubiquitin ligase E3A
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