View metadata, citation and similar papers at core.ac.uk

7
brought to you by .{ CORE
provided by NORA - Norwegian Open Research Archives

A thesis submitted in partial fulfilment of thequerements for the degree of Master of Science

Modulation of the Ago2-Associated microRNA
Induced Silencing Complex during Long-Term
Potentiation in the Rat Dentate GyrasV/ivo

Christel Marie Vieuille

University of Bergen, Norway
Department of Biomedicine
May 2012


https://core.ac.uk/display/30898853?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1




Preface

The cover shows a confocal live image of a hippguameuron transfected with the Dendra2
fluorescent reporter protein. The colors have beeerted and the hue adjusted. All the work
was performed by Adrian Szum. Printed with pernoissi

Many of the figures in this document are color ies@nd are best viewed as a PDF-file or in
a color printout.

“There is a foolish corner in the brain of the wesenan.”
-Aristotle






Acknowledgements

This thesis is part of the degree of Master of S&mein Medical Biology, specialization in
Human Physiology. The work was conducted at theaiepent of Biomedicine, University
of Bergen, during the period of August 2011 to JR@&2.

First, 1 would like to express my sincere gratitutte my supervisor, Professor Clive
Bramham, for invaluable advice, and for providingls an excellent research environment.
Also, he made me feel welcome in the group, andcaishy enthusiasm for neuroscience
made me want to stay in the field.

It is a pleasure for me to thank my lab superviSambu, whose guidance and support have
gone beyond any expectations. She has helped melogegkills in both writing and
laboratory work, and has offered good advice al¢buntless times | came knocking on her
door. | would also like to thank Balu for takingetiime to teach me immunoprecipitation, and
for answering innumerable questions from me. Thamki both for your kindness,
cheerfulness and friendship.

Many thanks to Birgitte for producing all the tissused in my experiments, to Craig for
teaching me proteomics and cell culture, to Jomatbauseful commentaries on my writing,
and to Olav at PROBE for performing mass spectromet

| also wish to thank the remaining members of #ig Adrian S., Adrian T., Ashraf, Deb,

Karin, Manja, Maria, May Lillian, Ogi, Oleksii, Sikje, Sue and Torhild. You have all been
most helpful and kind, and it has been a pleasunking with you. Also, thanks to Karen

Lise for the coffee.

Thanks to my fellow master students for good tirdasng this busy period. And special
thanks to old and new friends and roommates in @stbBergen, your friendship means the
world to me.

Enfin, merci a toute ma famille, spécialement Papaman, Yann et Andréas, pour m'avoir

toujours encouragé a poursuivre mes réves et ambjtaussi bien dans mes études que dans
la vie en général.

Bergen, May 2012

Clinsted Viewdde

Christel Vieuille






Abstract

Synaptic plasticity is defined as the ability afieuronal synapse to change in strength, and is
believed to be the basis of learning and memoryexample of synaptic plasticity, by far the
most studied, is long-term potentiation (LTP): ab&t, activity-induced increase in synaptic
efficacy. LTP requiresle novogene expressiorgrotein synthesis and protein degradation.
Transcriptional and post-transcriptional regulatimonmtrols new protein expression. In the
past decade, small non-coding RNAs called microRINAge emerged as key regulators of
translation. MicroRNAs bind to target mRNAs by cdementary binding and recruit a
protein complex to mediate mRNA silencing. This @tew is known as the microRNA-
induced silencing complex (miRISC). The goals ofs tstudy were to investigate the
composition of the miRISC in the rat dentate gymusvivo, to study modulation of the
MIRISC during LTP, and to uncover new candidatedinig partners of Ago2. LTP was
induced by HFS of the medial perforant path. TheRI®C was isolated by
immunoprecipitation of its core component, the gimtArgonaute 2 (Ago2). Five proteins
thought to bind Ago2 were analyzed by co-immunoijpitation with Ago2. These proteins
were GW182, the RNase Ill enzyme, Dicer, the RNAdmg protein, FMRP, and the RNA
helicases, MOV10 and DDX6. DDX6 was the only pnoteaund to be reliably associated
with Ago2, even though all the proteins were det@dh association with Ago2 in HEK cells
expressing EGFP-Ago2. DDX6 was non-significantlysdiciated from Ago2 during LTP. In
the total lysate, none of the analyzed proteinsewsgnificantly modulated during LTP.
Nevertheless, Argonaute 2 and GW182 were non-stgnifly upregulated, and MOV10 was
non-significantly downregulated during LTP. The dstudoes not show a significant
remodeling of the miRISC during LTP, but neitheredoit exclude this possibility.
Immunoprecipitated samples were analyzed by masstrgmetry. New candidate Ago2
binding partners were uncovered, such as the pf@DX1 and FXR1, homologs of DDX6
and FMRP. A protein important for translation, péiybinding protein 1 (PABP1), was also

detected.
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Introduction

1 Introduction

Learning and memory are remarkable faculties oftitaén, and the mechanisms underlying
them have puzzled scientists for years. A mechatigmught to be involved in new memory
formation is synaptic plasticity, the ability ofneuronal synapse to change in strength (Bliss
et al., 2003). Studying synaptic plasticity mayifoortant for future research on diseases of
cognition such as Alzheimer’'s disease. To undedstmaptic plasticity, one must start by

understanding major building blocks of our braiamely neurons.

1.1 Neuronsand synapses

According to Ramon y Cajal’s ‘neuron doctrine’ pdated in 1888, neurons are the structural
and functional units making up our central nervaystem. Cajal noted that neurons are
polarized cells, and suggested that they conveynmdtion in only one direction (Andersen et
al., 2007). The information is transmitted in tr@nh of electrical pulses calledction
potentials In 1897, Sherrington proposed that neurons areedl together by functional
junctions, eventually named synapses. Synapsesoaraecognized as the principal sites of
interneuronal communication. In chemical synapsbemicalneurotransmittergransmit the
signals from one neuron to the next, via interdatlgaps called synaptic clefts. Chemical
synapses can be either excitatory or inhibitorypeteling on the type of neurotransmitter
produced by the presynaptic neuron. Gamma-amindbuégid (GABA) is an inhibitory
neurotransmitter, whereas glutamate is an excytatsre. Many neurons can be linked
together to convey information between differerditbrareas, forming a circuit. A major
theme of current research, and a subject of tksishis how synapses and neuronal circuits
can change to store information, such as during ongrstorage. This thesis addresses only

excitatory glutamatergic synapses.

1.2 Learning and memory

Learning the process for acquisition of information aheribehavior, knowledge or internal
representation, may result memory the retention of such information. Memory is ot
single faculty, but is composed of distinct systeinmamediate memoryefers to short-term
storage of sensory informatiokVorking memoryis the capacity to retain this information

temporarily during the processing of a takkng-term memorys the long-term storage of
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information, achieved through the processafsolidation It can last for hours, days, month
or even years, and can be recalled at any momiémbugh reconsolidation may be necessary
for retaining a specific memory. Long-term memopmprises different systems. The two
main subordinate systems adeclarative (explicity memorand nondeclarative (implicit)
memory Declarative memory is a conscious representdti@tallection of facts and events,
such as “Oslo is the capital of Norway” and “I weskiing yesterday”. Nondeclarative
memory refers to acquired skills expressed thrquefiormance, such as riding a bicycle or
using chopsticks (Dudai, 2004; Squire, 2004). Tippdcampus is a brain structure necessary
for declarative memory formation (Martin et al. 020) Neves et al., 2008).

1.3 Thehippocampal formation

The hippocampal formatior{Figure 1.1) is part of thimbic systema phylogenetically old
part of the cortex dealing with emotions and sulcaus processes. Two major theories
currently describe hippocampal function. First, th@pocampus has a time-limited
involvement in the formation of declarative memdsgcond, the hippocampus is involved in
the formation of cognitive maps used for spatialigation, orspatial memoryAndersen et
al., 2007).

o cerebellum Figure 1.1 | The hippocampal formation

cortex i ‘

in the rat brain. (Figure modified from

N\ spinal Cheung and Cardinal, 2005)
dorsal T chord

hippocampus ; e brain stem

‘ventral hippocampus

subiculum

superior

L righ posterior
hypothalamus

T P anterior left

olfactory optic nerves inferior

bulb

The hippocampus is a bilateral structure, locatetiveen the cerebral cortex and the
thalamus. As in humans, the rat hippocampus coewpribe following structures: the
subiculum, entorhinal cortex, dentate gyrus anshe@mmonis fields 1-3 (CAl, CA2, CA3).
Neurons and fibers of the hippocampus are arramgetkar cut laminae. The principal cells
of the dentate gyrus are tlgranule cells These cells are densely packed and linearly
arranged to form the granule cell layer. The priyrzells of the CA region are thgyramidal
cells(Andersen et al., 2007).
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The main neural pathway of the hippocampus isttisgnaptic circuit (Figure 1.2),
which is excitatory glutamatergic at every synapBee entorhinal cortex conveys sensory
information processed by the hippocampus back artti fo the neocortex. Granule cells of
the dentate gyrus receive sensory information ftayer 1l of the entorhinal cortex via the
perforant path, forming a first synapse. The grarodlls’ axons, called mossy fibers, project
to CA3 pyramidal cells, themselves innervating Cpyramidal cells through Schaffer
collaterals. Return projections to the entorhinadtex come from the CA1 and subiculum
(Andersen et al., 2007; Neves et al., 2008).

P e il Hippocampus Entorhinal cortex
i ffr’f? ), ) Schaffer collaterals
Medial

Figure 1.2 | The trisynaptic circuit. Here shown in the rat brain. The main signalinghway of the
hippocampus forms a loop. The entorhinal cortexvega information to the granule cells of the dentgyrus
through the perforant path. Mossy fibers conneetdhanule cells to the pyramidal cells in the CAgion,

forming a second synapse. Then, Schaffer collaénakrvate CA1 pyramidal cells. Fibers from thagion and

the subiculum project back to the entorhinal coftégure modified from Neves et al., 2008)

1.4 Synaptic plasticity

In 1949, Donald Hebb postulated a hypothesis dasgisynaptic plasticity, stating that:
When an axon of cell A is near enough to excitelllBcand repeatedly or persistently
takes part in firing it, some growth process or abetic change takes place in one or
both cells such that A's efficiency, as one otcHiks firing B, is increased.
This activity-dependent ability of a synapse tord®in strength is now widely assumed to
be the basis of learning and memory. Synaptic iplastis an attractive mechanism for
learning and memory because its induction is rapidl associative, and its expression is input
specific and persistent, much like memory itseligBand Collingridge, 1993; Martin et al.,
2000; Medina and lIzquierdo, 1995). Experiments gusilfiferent techniques, such asvivo

electrophysiological recordings, mutant mice andarptacological treatment, show
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similarities between LTP and memory (Medina anduierdo, 1995). In 2000, Martin et al.
combined several ideas into a single synaptic iplastand memory hypothesis. They
summarized that:
Activity-dependent synaptic plasticity is induced agpropriate synapses during
memory formation and is both necessary and suffidier the information storage
underlying the type of memory mediated by the baaga in which that plasticity is
observed.
Martin et al. (2000) investigated the validity diig hypothesis and concluded that synaptic
plasticity may be necessary for learning and memlouy probably not sufficient. There are
two main forms of synaptic plasticity: short- amad-term plasticity. Facilitation, depression
and post-tetanic potentiation are examples of dleom plasticity, lasting seconds or less.
Long-term potentiation (LTP) and long-term depress(LTD) are forms of long-term
plasticity, lasting minutes, hours, days or mor{thsdersen et al., 2007). LTP is by far the

most studied form of synaptic plasticity.

1.5 Long-term potentiation

LTP was first described by Bliss and Lemo in 19/BP occurs throughout the brain, but is
most studied in the hippocampus, perhaps becaugbeohippocampus’ involvement in
learning and memory, and its neat laminar arrangemerTP can be divided into two
subsequent temporal phases knowea$y/-phase LTRE-LTP) andate-phase LTKRL-LTP)
(Figure 1.3).

E-LTP Consaolidation

nduction

Time

Minutes 1-2 hours 2-4 hours Hours, days, weeks?

Figure 1.3 | The phases of LTP. Induction of LTP is triggered by high-frequencynstilation (HFS) of an
afferent neuron, which causes an excitatory pos#sic potential (EPSP), in turn leading to actosatof
several kinases. Early phase LTP (E-LTP) consittsaadifications of preexisting proteins at the sysa by
activated kinases. This nascent, short-lived p@tobh may then be maintained through a process of
consolidation, which depends on new gene expressidnprotein synthesis, giving rise to late phase I(L-
LTP).
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151 Inductionof LTP

LTP can be N-methyl-D-aspartate receptor (NMDARpa®lent or NMDAR-independent
(Bliss et al., 2003). NMDAR-dependent LTP is the sin@revalent form of LTP.
Metabotropic glutamate receptors (mGIluRs) may elued in the induction of LTP, but
play a more important role in LTD (Andersen et 2007; Medina and Izquierdo, 1995; Peng
et al., 2011). Both electrical high-frequency stiation (HFS) and application of
pharmacological agents such as the neurotrophin-dexived neurotrophic factor (BDNF)
can induce LTP (Bliss and Lomo, 1973; Bramham aresddoudi, 2005). LTP induced by
HFES is NMDAR-dependent, whereas BDNF-induced LTP N&/DAR-independent
(Messaoudi et al., 2002). HFS induces the releaggutamate, the brain’s most prevalent
excitatory neurotransmitter, into the synaptic tc(€igure 1.4). In NMDAR-dependent LTP,
glutamate binds ta-amino-3-hydroxy-5-methyl-4-isoxazolepropionateegors (AMPARS)
and NMDARs on the postsynaptic membrane. Glutarbeging to AMPARS leads to rapid
influx of sodium ions (N5 into the postsynaptic spine, causing depoladmatdf the
membrane. This excitatory post-synaptic poteE&SP) relieves the magnesium ion f)g
blockage of the NMDARs, allowing influx of calciurans (C&"). C&* may also be released
from intracellular stores, and enter the spineuptovoltage-dependent €achannels. Ca
contributes to induce the early phase of LTP bjvation of C&*-dependent enzymes (Bliss
and Collingridge, 1993; Peng et al., 2011).

Figure 1.4 | Induction phase of NMDAR-
dependent LTP. HFS-induced glutamate
release into the synaptic cleft leads to glutamate
binding to AMPARs and NMDARSs. Nanflux
/ \ / \ through AMPARs depolarizes the membrane,
2 / 1y w\\ / allowing relief of the NMDARs' M§'
> > blockage. C& enters the spine through the

open NMDARs and may induce LTP (Figure

esting membran

: from Malenka and Nicoll, 1999).
tential

rlng depolarizati

152 EarlyphaseLTP

E-LTP is in great part triggered by €aensitive protein kinases, such as protein kitse
(PKC), calcium/calmodulin-dependent protein kinds€CaMKII), and mitogen-activated
protein kinase (MAPK). PKC may for example incre&@#" influx through voltage-gated
channels. CaMKIl is a kinase known to phosphorylPARS, increasing their function,
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and causing AMPARs stored in intracellular vesidkeselocalize to the synaptic membrane
(Malenka and Bear, 2004; Peng et al., 2011).

Retrograde messengers may be involved in commumichetween the pre- and post-
synaptic site of LTP induction, triggering incredsglutamate release from the presynaptic
membrane. Several candidates exist: nitric oxid®)(Ncarbon monoxide (CO), platelet-
activated factor (PAF), arachidonic acid (AA) an@BMB~. NO is currently the best candidate,
whereas AA is perhaps ruled out (Andersen et 80,72 Medina and lzquierdo, 1995). The
roles and necessity of retrograde messengers indt&Rlebated. Retrograde signaling may
also be involved in the formation of presynaptidA/ITD (Castillo, 2012; Peng et al., 2011).

To obtain a stable LTP, consolidation must occuongolidation is the term for any

event allowing the transition of unstable E-LTFstable L-LTP.

153 LatephaseLTP

L-LTP requires new gene expressiand protein synthesis, perhaps in cooperation with
protein degradation (Bramham and Wells, 2007). Aatoned in paragraph 1.5.1, one event
triggering LTP is the influx of Ca through NMDARs. C# is important in signaling from
the LTP-induced spines to the nucleus, although tiosvis achieved is currently unclear.
Ccd* signaling leads to activation of several importaecond messengers, for example
extracellular signal-regulated kinase (ERK), pmoteikinase A (PKA), and
calcium/calmodulin-dependent protein kinase IV (&dW). BDNF binding to tropomyosin-
related kinase B (TrkB) receptors, acetylcholin€€fA binding to muscarinic receptors, and
PKC can all activate ERK through the MAPK pathwBRRK, PKA and CaMKIV can in turn
activate nuclear transcription factors (Figure 16he example is the cAMP response-
element binding protein (CREB). CREB binds to cAK#Bponse elements (CRESs) found in
the promoter region of many eukaryotic genes, theenhancing gene transcription. CREB
targets several immediate early genes (IEGs), ascdie transcription factors zif268 and c-
fos and Arc/Arg3.1 (activity-regulated cytoskeletssociated protein / activity-regulated
gene 3.1). IEGs are rapidly transcribed in respemseuronal activity (Andersen et al., 2007;
Bramham et al., 2010; Peng et al., 2011).
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Figure 1.5 | Activity-dependent transcription.
Synaphic Acuvily

v ' Synaptic actrivity leads to activation of kinases,
BONF which in turn can activate transcription factors.
NMDAR - a mACH-A ) ) .
\ | R i BDNF, brain-derived neurotrophic factor; CREB,
E;K*’\ .' CRE-binding element; CRE, cAMP response
PHA ﬂf« = 7 pre element; ERK, extracellular signal-regulated kinase
e e MEF2 i :
= | ot ks , myocyte enhancing factor 2; NMDA-R,
[ D) ) | yoou )

] — — | Transcriptiun' NMDA-receptor; ORF, open reading frame; PKA,
CRE J{ERFIEKTY |
e C”,EEE" C__tf { factors cAMP-dependent protein kinase; PKC, protein

\ i _// Y |I
/ - hy . ) . -
d “EF?,, P i .;'1" e kinase C; SARE, synaptic activity response
cre  Fome X UL "._L&— element; SRE, serum response element; SRF, serum
7 kb 45kh | <0.9kb [ 5,5 Wi . .
B Tast. b B0 response factor; UTR, untranslated region (Figure
Sﬁ-RE Tt BTN

modified from Bramham et al., 2010).

The Arc protein is involved in regulation of actitynamics and homeostatic regulation of
AMPAR. Arc is especially intriguing because its w@sger RNA (mRNA) is rapidly
transported from granule cell somata in the derggtas, selectively into dendrites that have
been activated by HFS. Messenger ribonucleoprgpeirticles (mMRNPs) are key protein
complexes involved in this mRNA transport and |agion. It has been shown that Arc is
locally translated at the activated dendritic sitentradicting the obsolete hypothesis that all
neuronal protein synthesis happens in the cell Q@&lgmham et al., 2010; Steward et al.,
1998).

The neurotrophin, BDNF, is a trigger for proteinngesis-dependent L-LTP at
glutamatergic synapses (Bramham and Messaoudi,) 28pkhe enlargement in CA1 neurons
is dependent on protein synthesis and BDNF (Taretkal., 2008). HFS of presynaptic
neurons triggers BDNF release into the synapsectwactivates TrkB receptors, leading to
mobilization of further BDNF secretion. BDNF sigimg) activates Arc-dependent LTP
consolidation, and phosphorylation of the actin aapzation factor (ADF/cofilin) in
dendritic spines. Blockage of TrkB activation hirglehe formation of protein synthesis-
dependent L-LTP (Bramham et al., 2008).

1.6 Local protein synthesis

Ribosomes, translation factors and mRNAs have lfeend in mature dendrites, even in
proximity to post-synaptic sites, supporting theadof local dendritic protein synthesis
(Bramham and Wells, 2007; Steward and Schuman,; Z@on and Schuman, 2006). A few
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proteins synthesized in dendrites are the cytotkgbeoteins Arc and microtubule-associated
protein 1B (MAP1B), thex-subunit of the kinase CaMKlluCaMKIl), and the scaffolding

molecule postsynaptic density protein 95 (PSD-@pésman et al., 2006; Zalfa et al., 2003).
There is evidence implicating local dendritic pmtesynthesis in synaptic remodeling
(Bramham and Wells, 2007; Bramham et al., 2008{c8wind Schuman, 2006; Tanaka et al.,
2008). Change in synaptic structure is bidirectiomad accompanies different forms of
synaptic plasticity, such as LTP (Bramham et a0l® Tada and Sheng, 2006). LTP
consolidation requires actin polymerization, an revassociated with enlargement of the

postsynaptic density, and spine growth (Figure (Bémham and Wells, 2007).

Key: Figure 1.6 | Actin polymerization and

@9 AMPA receptor .
@ NMDA receptor - SPINE Morphology. In the event of LTP,

@ Actin

@ Profilin G-actin monomers polymerize into F-actin
O Arp2/3 complex . . i
<0 ADF/Cofilin chains, leading to spine growth, and more

AMPAR are recruited to the postsynaptic

membrane. Conversely, during LTD, actin
LTD
N
Shrinkage
Retraction
Elimination

chains depolymerize, resulting in shrink-
Enlargement
Formation

age or loss of spines (Figure modified from
Tada and Sheng, 2006).

Rapid changes in local protein expression occuingurhanges in synaptic strength. Control
of gene expressioat the level of translatioms essential because it allows a rapid, localized
control of protein expression. Translation can ltilled by regulation of general
transcription factors, which leads to changes abgl translation rates, or by mRNA-specific
repressors, which permits modulation of local proteomposition (Besse and Ephrussi,
2008). MicroRNAs (miRNAs) are diverse, target sfpieciand their regulation may be
reversible, altogether making them attractive cdaidis for local mRNA-specific translational

control.

1.7 MicroRNASs

Only 2-3% of the genome codes for proteins, but99% of the genome is transcribed,
suggesting that non-coding RNAs may have impofiamttions, although mostly unknown to
this day (Costa, 2010). One important class of caaing RNAs is miRNAs (Grosshans and
Filipowicz, 2008). The first two known miRNAs aren¥4 and let-7. They were both

discovered in developmental studies of the nema@aenorhabditiis eleganéLee et al.,



Introduction

1993; Reinhart et al., 2000). miRNAs are 20-25 aoiitles in length and major regulators of
post-transcriptional gene expression. miRNAs mashraonly bind to the 3’untranslated
region (UTR) of target MRNAs in a sequence-speatii@nner, where they act to inhibit
translation (Wibrand et al., 2010). miRNAs are ity found in multicellular organisms,
but have been identified in a unicellular alglamydomonas reinhardtiindicating an
evolutionary old origin (Molnar et al., 2007). Hueds of different miRNAs have been
identified in plants and animals, and the numbeaggdly increasing. In 2004, the miRBase
only listed 506 miRNA entries from 6 organisms (€tis-Jones, 2004), whereas the"18
release of the database from November 2011 condairesstonishing 21643 mature miRNA
products from 168 species. The number of miRNAsgpganism varies from a handful to up
to several hundreds in mammals, and a large priopodf the transcriptome is probably
subject to miIRNA-mediated translational regulatjbluntzinger and Izaurralde, 2011)

The canonical biogenesis pathway of miRNAs in mafianacells (Figure 1.7) starts
with gene transcription by RNA polymerase I, prouig primary miRNA transcripts (pri-
mMiRNAS). Pri-miRNAs form stem-loop structures, withe mature miRNA contained in an
imperfectly base-paired double strand stem, joibgda short terminal loop. The RNA-
binding proteinDi George Syndrome critical region gene(BGCR8) and the RNaselll
enzyme Drosha are core components of a multiprat@implex processing pri-miRNAs in the
nucleus (Treiber et al., 2012). DGCRS8 binds tolthee of pri-miRNAs, guiding Drosha to
cleave pri-miRNAs at their base (cropping stepnegating ~70 nucleotides long hairpin
structures called miRNA precursors (pre-miRNAs)dKet al., 2010). The nuclear export
receptor Exportin 5 recognizes pre-miRNAs and ntedigheir export to the cytosol. In the
cytosol, the RNaselll enzyme Dicer cleaves pre-mABNdicing step), resulting in ~22
nucleotides long double-stranded RNAs (Treiber let 2012). In the dicing step, Dicer
interacts with transactivation-responsive RNA bimgdiprotein (TRBP) and PKR activator
(PACT), which both have double-stranded RNA binddamains (Kawahara et al., 2012).
Depending on the thermodynamic properties of the RMA strands, one of them is loaded
into an Argonaute protein (Ago) and is incorporate@ multiprotein complex known as the
miRNA-induced silencing complex (mIiRISC) (loadintg®), whereas the other strand is
degraded (Schratt, 2009; Treiber et al., 2012). dtve components of the RISC are the
proteins Ago and GW182 (glycine-tryptophan protein1l82 kDa), but otherwise little is
known about the total RISC protein composition (Kebal., 2010). The miRISC mediates

" www.mirbase.org
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inhibition of protein expression. Loading of miRNAIplexes to Ago proteins is assisted by
Hsp70 (heat shock protein of 70 kDa) and Hsp90t(sleack protein of 90 kDa) chaperones.
A miRNA loading complex (miRLC) composed of DiceniRNA-free Ago, Hsp90, and
TRBP has been identified (Liu et al., 2012). Thasthors also propose the existence of a
MIRNA precursor deposit complex (miPDC), whose cmecomposed of a pre-miRNA
directly binding to Argonaute 2 (Ago2). The miPD€thought to enhance the expression of
certain Dicer-dependent miRNAs and to play a ctumbe in the maturation of the Dicer-

independent miR-451.

Nucleus pre-miRNA Cytosol Figure 1.7 | Canonical miRNA biogeneﬂs
© . . .
% %\. < and mode of action. mMIRNAs are
/” transcribed as part of primary miRNAs (pri-

miRNASs), which are cleaved by Drosha,

: }ﬁ producing miRNA precursors (pre-miRNA).

pri-miRNA @

\3:@

/ @ Pre-miRNAs are exported to the cytosol and
YAYM‘ / e 0 further processed by Dicer. One strand from
R Estto /AMA > the resulting miRNA duplex is loaded into
S it mlRISC\

the microRNA-induced silencing complex

(MIRISC). The mIRISC can bind to target

mRNAs by perfect or imperfect base-paring,

= resulting in degradation or translational
)~ AAAAA . . .

repression, by mechanisms still debated

Translational repression mRMNA cleavage (Figure from Schratt, 2009).

1.8 Mechanisms of miRNA-guided post-transcriptional regulation

Translation in dendrites is regulated by postsyinagiitamate and TrkB receptor signaling
(Bramham and Wells, 2007). The miRISC binds todamgRNAs by perfect or imperfect
base-paring, usually within the mRNA’s 3'UTR (Huimmiger and Izaurralde, 2011; Schratt,
2009). In case of perfect complementarity betwdan miRNA and mRNA strands, the
MRNA undergoes endonucleolytic cleavage, wheredhefcomplementarity is imperfect,
translation of the target is repressed (Krol et a@D10). Mechanisms of translational

repression and mMRNA degradation are debated i¢Bluegzinger and Izaurralde, 2011).
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1.8.1 Trandational repression

Protein synthesis can be divided into three step#iation, elongation and termination.
Translational repression is likely to occur predoamtly at the initiation stage of translation
(Huntzinger and lzaurralde, 2011). mRNAs posseSsaap structure and a 3’-poly(A) tail.
The highly conserved poly(A)-binding protein (PABM)teracts with the cap-binding
complex eukaryotic translation initiation factor 4&IF4F, comprising elF4E, elF4G and
elF4A), giving rise to circular mRNAs efficientlyanslated and protected from degradation.
The protein GW182, a protein of the miRNA silencimgchinery, interferes with PABP
function in translation and mMmRNA stabilization, lpaps by hindering PABP-elF4G
interaction, or by reducing PABP affinity for thelp(A) tail (Figure 1.8). Both mechanisms
interfere with mRNA circularization, and render thieap or poly(A) tail more accessible to
MRNA decay enzymes (Tritschler et al., 2010). Ssmpgly, some studies have shown that
MRNAS lacking a poly(A) tail can be translationadiienced by miRNAs (Ender and Meister,
2010). PABP may even be dispensable for deadeonlaind translational repression by the
Agol-RISC in flies (Fukaya and Tomari, 2011). A@st model for miRNA-mediated gene
silencing is that the miRISC affects elF4E-cap ggition. A third model proposes that the
MIRISC blocks association of the 40S and 60S rib@subunits. Models for post-initiation
translational repression suggest mIRISC-mediatdoosame drop-off, or facilitated
degradation of nascent peptides. All these hypethdsave been challenged, and more
research is necessary to understand which of tmeshanisms is/are correct (Carthew and
Sontheimer, 2009; Li and Rana, 2012).

PABP

elFAF (
complexl

Figure 1.8 | miRNA-mediated trandational repression. In this
model, proteins of the miRISC interfere with thendtion of the
elFAF complex and PABP, thereby disabling circakion and
subsequent translation of the mRNA. ORF, open ngafliame;
PABP, poly(A)-binding protein; UTR, untranslatedjien.
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1.8.2 RNA degradation

MRNA degradation is perhaps the predominant modenBINA-regulation, at least in
cultured mammalian cells. It is not known whethergdation is a consequence of
translational inhibition. Degradation involves thexruitment of deadenylase complexes to
MRNAs. The protein GW182 is known to interact witie two deadenylase complexes
PAN2-PAN3 and CCR4-NOT, which deadenylate the targeRNAs, disabling
circularization via PABP, silencing the mRNAs faanslation (Figure 1.9). Surprisingly,
deadenylation has been reported to occur both defod after translational repression, and
even at untranslated mRNAs, indicating translatratependent degradation (Huntzinger and
Izaurralde, 2011; Treiber et al., 2012). After daadation, target mMRNAs are decapped by
the enzyme mRNA decapping enzyme 2 (DCP2) and guksdy degraded by a 53’
exoribonuclease, XRN1, or degraded by>3 decay by the exosome complex. The
degradation is thought to take place in procesboudjes (P-bodies). P-bodies are eukaryotic
cellular structures enriched in mRNA-catabolizingzgmes and translational repressors
(Eulalio et al., 2007; Filipowicz et al., 2008). RNAs are important for regulation of gene

expression, therefore miRNA levels and functionenvbe tightly controlled.

Decapping = Deadenylation
::%;z cora | AAAAAAA Figure 1.9 | miRNA-mediated mRNA degradation. Target mMRNAs

are deadenylated by recruited deadenylase compkxes as CCR4-
NOT or PAN2-PAN3 (not shown), followed by decappiby the
enzyme DCP2. The mRNA is degraded by XRN1-medidieét3’
decay, or exosome-mediated=8’ decay. DCP2, mRNA decapping
enzyme 2; ORF, open reading frame; UTR, untrardlagion.

1.9 Regulation of miRNA biogenesis and function at the synapse

There are several brain-specific miRNAs, such @&-&84. miRNAs in the brain are involved
a range of processes, such as synapse formatiommatutration, neurological disorders,
neural plasticity and memory. Activity-regulatedriscription factors such as CREB can
control the expression of miRNAs at the level @nscription. miRNAs and transcription
factors frequently form autoregulatory feedbackpko Control of proteins involved in

MIRNA biogenesis is another mechanism for modulgthee pattern of miRNA expression.
The NMDAR- and TrkB receptor-activated MAPK/ERK saing pathway can lead to

12
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stabilization of TRBP, and thus stabilization &f gartner, Dicer. Accessory proteins such as
Lin-28 can also interact with processing proteinshsas Drosha or Dicer (Krol et al., 2010;
Schratt, 2009). Editing of precursor miRNAs, forample adenosine base conversion to
inosine by adenosine deaminases acting on RNA (AARuppresses miRNA biogenesis at
both the cropping and dicing steps (Kawahara et28112). Another way of controlling
miRNA-mediated silencing is by regulation of miRI®&teins. The core components of the
mIiRISC, Ago and GW182, as well as other proteins,pgobable targets for regulation (Krol
et al., 2010).

19.1 Argonauteproteins

Argonaute (Ago) proteins are specialized small-RbiAding proteins, with a molecular mass
of ~100 kDa. They bind mature miRNAs directly, antediate miRNA-guided gene
silencing. Ago proteins can be divided into two fanhilies: the Ago subfamily and the Piwi
subfamily. Humans express four genes of the Agdasnily, named Agol-4. Ago proteins
have an ancient origin, and are conserved througéprcies. Studies on bacteria and archaea
have revealed Ago protein structure, but mammabigo structure is still unavailable. All
Ago proteins have a PAZ- (PIWI-Argonaute-Zwille),I4 (middle domain) and PIWI-(P-
element-induced wimpy testes) domain (Figure 1.T@g PAZ domain binds the 3’ end of
MiRNAS, whereas the MID domain binds their 5’ efitle catalytic activity of the miRISC,
also called Slicer activity, lies in the Ago pratdiself, more specifically within the PIWI
domain. In mammals, only Ago2 is endonucleolyticalctive (Ender and Meister, 2010;
Treiber et al., 2012).

Figure 1.10 | Argonaute protein structure.
(A) Crystal structure of Argonaute from the
bacteriaThermus thermophilugNang et al.,
2008). (B) Domain organization of Ago
proteins. The PAZ and MID domains bind
miRNA, whereas the PIWI domain is the

active site for endonucleolytic activity (Ender

B Highest and Meister, 2010).
heterogeneity RNA binding Active site

T

3' OH-binding site 5' P-binding site

13



Introduction

Regulation of Ago proteins may take part in regatatof miRNA function. Different Ago
proteins may have distinct functions, and diffeemndn the cellular concentration of
individual Ago proteins may affect miRISC functidviodifications of Ago proteins may also
be important. Polyubiquitylation and subsequentgasomal degradation leads to impaired
mMiRNA-mediated silencing, and hydroxylation or S2t3phosphorylation leads to Ago2
stabilization and increased P-body localizationofket al., 2010). Tyr529 phosphorylation
reduces small-miRNA-binding (Rudel et al., 2011).

19.2 GWI182proteins

GW182 proteins interact with Ago, and are required miRNA-mediated silencing
(Tritschler et al., 2010). They are named so bex#sy contain glycine (G) and tryptophan
(W) repeats, and have a molecular mass of 182 ki3acts have only one GW182 paralog,
whereas mammals have three (TNRC6A, TNRC6B and T&RCwith multiple splice
variants (Krol et al., 2010). A 210 kDa isoformhafman GW182 named trinucleotide GW1
(TNGW1) has been reported (Li et al., 2008). Insemtid vertebrates share a conserved
central ubiquitin associated-like domain (UBA) aadC-terminal RNA recognition motif
(RRM) (Figure 1.11). Despite conservation, thosendios are not strictly required for
GW182 silencing activity. The N-terminal GW repeaftaining region binds Ago proteins,
whereas the C-terminal- and M-GW repeats-containiegions promote translational
repression and degradation of miRNA targets. lotngly, those regions are not highly
conserved, and the number of GW repeats variedifierent GW182 proteins (Tritschler et
al., 2010).

The exact mechanism by which GW182 proteins doutei to silencing is not
perfectly understood, but some GW182 interactiors known. GW182 interacts with
poly(A)-binding protein 1 (PABP1) and interferestaviPABP1 function in translation and
MRNA stabilization (Figure 1.8). GW182 proteinscaisteract with the two deadenylase
complexes PAN2-PAN3 and CCR4-NOT (Figure 1.9). GW182 interactions with PABP1
and the deadenylase complexes are conserved tlmaugvolution, meaning that these
interactions are probably important for miRNA-meddigene silencing (Kuzuoglu-Ozturk et
al., 2012).

GW182 proteins accumulate in P-bodies, yet these rat required for mRNA
silencing and degradation, suggesting that thiglipation may be a consequence of silencing
(Eulalio et al., 2009; Tritschler et al., 2010)ttla is known about the regulation of GW182
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proteins. TNRCG6A is highly phosphorylated, althoughe significance of this
phosphorylation is unknown (Krol et al., 2010). TEBBA may also undergo ubiquitylation.

03 Figure 1.11 | Dm GW182 protein structure. (A)
awy Ribbon diagram obrosophila melanogastdbm)
L1156
L3 15 Lm"'“""i, GW182 structure.(B) Domain organization of

Dm GW182. N-GW, N-terminal glycine and

@) tryptophan (GW) repeats; M-GW, middle GW
~ N :

{ M
\‘\ 02 repeats; UBA, ubiquitin associated-like domain;
o Q-rich, region rich in glutamine (Q); RRM, RNA
B A80-bindivg dewein Sllencing domain .- qnition motif(Figure modified from Eulalio
N-GW M-GW
T T ——T o o etal, 2009).

UBA Q-rich RRM

1.9.3 Other RISC proteins

The miRISC contains many proteins other than Agd @&W182, required for miRNA
function or modulation. DDX6, MOV10, Dicer and FMR&e proteins thought to be
associated with Ago2 and perhaps part of the RISC.

DEAD (Asp-Glu-Ala-Asp) box polypeptide 6 (DDX6),sal known as RCK/p54 in
humans, is an evolutionary conserved 54 kDa ATReddent RNA helicase, localized to P-
bodies and stress granules. DDX6 interacts withlAgiod Ago2 in P-bodies of human cells,
and is required for miRNA-induced gene silencinghyCand Rana, 2006). Surprisingly,
overexpressed DDX6 in cultured neuronal cells adty with amyloid precursor protein
(APP) mRNA as part of a multi-protein complex apdults in elevated levels of APP mRNA
and protein (Broytman et al., 2009). DDXG6 is reqdiffor efficient replication of hepatitis C
virus (HPC) replication, suggesting a role for DDK6HCV genome amplification and/or
maintenance of cellular homeostasis (Jangra eR@lL)). DDX6 cooperates with the zing
finger homolog tristetraprolin (TTP) in AU-rich elent (ARE)-dependent translational
repression (Qi et al., 2012). Taken together, tisasdies suggest that the helicase DDX6 may
have a role in balancing activation and represefdranslation (Minshall et al., 2009).

Moloney leukemia virus 10 protein (MOV10) is a IKa RNA helicase required for
miRNA-mediated mMRNA cleavage. It is a homologudha Drosophila DExD/H-box RNA
helicase Armitage. MOV10 binds Agol and Ago2 to rmedmiRNA-induced translational
repression (Meister et al., 2005). MOV10 is presanhtsynapses and NMDAR-mediated
synaptic activity promotes MOV10 degradation by tpheteasome. MOV10 may be
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dissociated from the RISC and degraded as a resINMDAR-mediated synaptic activity,
relieving miRISC-mediated translational repress{Banerjee et al., 2009). Overexpressed
MOV10 is able to reduce the infectivity of humaminmnodeficiency virus type 1 (HIV-1) by
inhibiting replication, whereas reduced MOV10 exssien increases HIV-1 infectivity
(Wang et al., 2010).

Dicer is a 215kDa RNase Il enzyme involved in theavage of pre-miRNA in the
canonical miRNA biogenesis pathway. Dicer exciséRNMAs from the stems of stem-loop
pre-miRNAs to generate double-stranded miRNA dugdgeXOne of the strands is loaded onto
Ago2, forming the minimal miRISC. Dicer is parttble miRNA loading complex, composed
of Dicer, miRNA-free Ago, Hsp90, and TRBP. Mammaélave only one Dicer protein,
whereas other organisms may have several, for deathp fly Drosophila Melanogaster
expresses two Dicers (Carthew and Sontheimer, 20@9)vell-studied mechanism for
regulation of Dicer processing of pre-miRNAs is ukagion by the protein Lin-28. Lin-28
binds to the terminal loop of most let-7-family nNRs, and Lin-28 recruits a specific uridyl
transferase (TUTase), TUT4. TUT4 in turn polyuraigls the let-7 pre-miRNA targeted by
Dicer at its 3’end, thereby repressing Dicer fumtti This mechanism is highly conserved
throughout evolution (Treiber et al., 2012). Thexeompetition between Dicer mRNA and
pre-miRNAs for export from the nucleus through Expo5, and Dicer is downregulated by
overexpression of pre-miRNAs in human cells (Besaast al., 2011).

Fragile-X mental retardation protein (FMRP, alsethFMR1) is a highly conserved,
70-80 kDa RNA-binding protein, highly expressedtie brain and testes. The absence of
FMRP causes fragile-X syndrome, the most commom fof inherited mental retardation
(Bagni and Greenough, 2005; Bassell and Warrem8)2B0VRP is localized to dendrites and
synapses, and is thought to function as a transktrepressor of specific mMRNAs, including
the dendritically translated mRNAs MAP1B;CaMKIl, PSD-95 and Arc, all involved in
synaptic plasticity (Bassell and Warren, 2008; Embaet al., 2010). FMRP-mediated
translational repression may function through anikcleoprotein complex that contains the
small dendritic non-translatable RNBCL1 BC1 may recruit FMRP to its target mMRNAs
(Zalfa et al., 2003). FMRP selectively binds ~4%hed mRNA in the mammalian brain, and
is associated with actively translating polyribogsmin cultured neurons and brain
synaptoneurosomes. FMRP may act as a regulataans$lation as a response to group |
MGIuUR activation, contributing to mGIuR-LTD. Sevestudies indicate that FMRP function
may be controlled by phosphorylation (Muddashettgle 2011; Narayanan et al., 2008). It is
also possible that FMRP plays a role in mRNA sigbdnd transport (Bassell and Warren,
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2008; Muddashetty et al., 2011). FMRP interact®\WRtSC proteins such as Ago2 and Dicer,
and associates with miRNAs, but is not essential RONAi-mediated mMRNA cleavage
(Edbauer et al., 2010). FMRP may not influence Ri@ttion, but rather play a role in stress
granule formation (Didiot et al., 2009).

1.10 Project goalsand methodological approach

Neuronal plasticity requires both rapi novoprotein synthesis and protein degradation.
Regulation of translation occurs mainly at the iatibn step, for example through
phosphorylation of initiation factors. In LTP, tledtical time period for protein synthesis in
most synapses lasts less than one hour, meaningdb&tion of protein synthesis must be
rapid. Alteration of mMRNA stability is a rapid mesfism for the control of protein synthesis,
and miRNAs have emerged as key regulatory moleaflaaRNA stability. miRNAs bind
complementarily to their target mMRNAs and recruispeecific set of proteins, forming the
mMIRISC. The miRISC can interfere with PABP and lendircularization of the mRNA,
thereby hindering translation. The miRISC can gsamote degradation of the mRNA by
recruiting deadenylase complexes and decappingmesyHowever, little is known about the
regulation of miRNA function in the brain.

Here, we examine how miRNA function is regulateding synaptic plasticity, by
determining whether the protein composition of thiRISC changes after induction of LTP
in the mammalian brain. The study is a collaboratsth a former PhD student in our lab,
Balagopal Pai. To our knowledge, we are the fiosstudy the protein composition of the
MIRISC during LTP. LTP was induced at the perforgath in the dentate gyrus of
anaesthetized rats. Monoclonal Ago2 antibodies wsexl to co-immunoprecipitate Ago2-
associated proteins from the dentate gyrus lydate proteins thought to bind the core
component of the miRISC, Ago2, were analyzed by téfasblotting. These proteins were
GW182, the RNase Ill enzyme Dicer, the RNA-bindipgptein FMRP, and the RNA
helicases MOV10 and DDX6. The time points chosenafmalysis of miRISC modulation
were 30 minutes and 2 hours after the inductiobTd?. These time points correspond to two
stages of LTP, at which protein expression in titkiced spines may be different. In addition,
mass spectrometry was used to identify potentiaby protein constituents of the brain
miRISC.
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Project goals

Goal 1
Use immunoprecipitation (IP) to investigate whetliee proteins GW182, Dicer, FMRP,
MOV10 and DDX6 are associated with Ago2 in thedantate gyrusn vivo, and whether

these associations are modulated during LTP.

Goal 2
Use mass spectrometry to identify new candidate2Algading partners and to investigate

whether these proteins are modulated during LTP.

18



Materials and methods

2 Materials and methods

2.1 Electrophysiology and microdissection

Electrophysiology and microdissection were perfainby Birgitte Berentsen. Experiments
followed the established protocols from the Bramhaab. Animal experiments were
conducted in accordance with the European Commg@utyncil Directive of November 34
1986 and approved by the Norwegian Committee famahResearch.

Male Sprague-Dawley rats weighing at least 250 gewesed. The rats were
anaesthetized by intraperitoneal injection of waath(1.5 mg/kg), and placed in a stereotaxic
apparatus. A stimulating electrode was inserted¢hm left brain hemisphere at specific
stereotaxic coordinates, to stimulate the mediafopant path. A recording electrode was
inserted ipsilaterally in the hilar region of demetayyrus, at the depth where the recorded
positive-going field excitatory-post-synaptic-pdiah (fEPSP) reached its maximal slope.
The contralateral (right) hemisphere served as rdr@o Test pulses were applied to the
perforant path at 0.033 Hz throughout the expertmercept during HFS. The baseline
response was recorded for 20 min. The patternnidudtion of LTP by HFS consisted of
eight pulses at 400 Hz, repeated four times ateb@rgds interval. This HFS-session was
repeated twice, at 5 min interval. Signals from thius were amplified, filtered, and
digitized. After HFS, induced responses were restridr 30 min or 2 hrs, and the rats were
immediately decapitated. The hippocampus of eachinbhemisphere was rapidly
microdissected from the cortex, followed by separabf the dentate gyrus and hippocampus
proper. The tissues were flash frozen in a mixok®6% methanol and dry ice, before
storage at -80°C.

The fEPSP was analyzed with the software DataWaxpetfimental WorkBench
(DataWave Technologies, Longmont, CO, USA). An wsial of variance (ANOVA) was
performed, based on the values of the last 5 mirbadeline. Details on surgery and

electrophysiology have previously been describedsddoudi et al., 2002; Panja et al., 2009).

" All percentages in this chapter are volume / v@yrercentages.
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2.2 Antibodies

Anti-EIF2C2 (Ago2) antibody from Abnova was usedr f®? and Western blotting
(monoclonal mouse, dilution 1:1000). Other antilesdiised for Western blotting were: anti-
B-actin (cytoskeletal) from Bethyl laboratories (podbnal rabbit, 1:1000), anti-Arc (C7) from
Santa Cruz Biotechnology (monoclonal mouse, 1:2@0)ti-DDX6 from Bethyl laboratories
(polyclonal rabbit, 1:500), anti-Dicer, a gift fromRrof. W. Filipowicz at the Friedrich
Miescher Institute in Switzerland (polyclonal rahbil:1000), anti-FMRP from Abcam
(polyclonal rabbit, 1:1000), anti-GW182 (H70) fradanta Cruz Biotechnology (polyclonal
rabbit, 1:20), anti-GW182 from Bethyl laboratorigsolyclonal rabbit, 1:1000), and anti-
MOV10 from ProteinTech Group (polyclonal rabbit230). Primary antibodies were diluted
in 5% bovine serum albumine (BSA). Secondary adig® used were: Horseradish
Peroxidase (HRP) conjugated goat anti-mouse (1)266th Calbiochem and Millipore, and
HRP-conjugated goat anti-rabbit (1:2000) from Gadbhem. Secondary antibodies were
diluted in 1x Tris-buffered saline (TBS) supplenezhtvith 0.1% Tween20 (1xTBST).

2.3 Cdl cultureand transfection

Human embryonic kidney (HEK293T cells were grown in Dulbecco’s Modified Eagle’
Medium (DMEM, Sigma Aldrich), supplemented with 10fétal bovine serum (Sigma
Aldrich/Gigco) and 8 mM L-glutamine at 37°C and ®@,. The cells were grown to 90-
95% confluence (~24 hrs), and transfected withrpids expressing Ago2 fused to enhanced
green fluorescent protein, (EGFP-Ago2 was a gifinflProf. Philip Sharp’s lab at MIT, MA,
USA), using the 6-well protocol for Lipofectamifte2000 (Invitrogen, see appendix for link
to user manual). Lipofectamine is a cationic ligsthding the negatively charged DNA and
mediating fusion of the transfection complex witte cell membrane. Less than 24 hrs after
transfection, the cells were harvested and lysdgsis buffer containing 5 pl of 0.1% Triton
(X100, SigmaUltra, Sigma Aldrich), 50 ul phenylmgdtdulfonyl fluoride (PMSF, Sigma
Aldrich), and %2 tablet of protease inhibitor (Coetel Mini, Protease Inhibitor Cocktail
Tablets, Roche), in 5 ml of 1xPBS. The lysates vetadfied by centrifugation at 10 000 rpm
for 20 min at 4°C.
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2.4 Tissue homogenization and protein determination

Dentate gyrus tissues were individually hand-homaggl with 8 strokes in 300 pul of freshly
made lysis buffer on ice, containing 20 mM Tris-HC50 mM NaCl, 2 mM MgGl 0.5 mM
DTT, 1 mM NaF, 2 mM EDTA, 0.5% NP40, RNase inhibi{d pl/sample, RiobolocK!
RNase Inhibitor, Fermentas), and protease inhil§itdablet/10 ml, Complete, Mini, Protease
Inhibitor Cocktail Tablets, Roche). The homogenatese centrifuged at 10 000 rpm for 20
min at 4°C and the pellets were discarded. Proteimcentrations in the dentate gyrus
homogenates and the EGFP-Ago2-transfected HEK ee#iee determined by using the
microplate procedure of the Thermo Scientific RR&BCA Protein Assay Kit (see appendix
for link to user manual). 10 pl of diluted samplelQ) was loaded into three replicate wells,
together with 190 pl of working reagenand incubated for 30 min at 37°C on a gyro racker
Bovine serum albumine (BSA) was used as a standard.

The bicinchoninic acid (BCA) assay combines ttduotion of copper(ll) ions (Ci)
to copper(l) ions (CU) by protein peptide bonds in an alkaline soluf{Biuret reaction), and
the chelation of two BCA molecules with one ‘Cdorming a purple-colored product
exhibiting strong absorbance at 562 nm (Smith.etl@85). This assay was chosen because it

is compatible with the detergents in the lysis buff

2.5 Co-immunopr ecipitation

Immunoprecipitation (IP) is a type of affinity clmatography, used for purification of a
protein. The protein is precipitated out of a solutby using an antibody coupled to a solid
substrate (Protein A/G-conjugated agarose beadajnsigthe antigen of interest. Co-
immunoprecipitation (co-IP) is a technique for #relysis of protein-protein interactions, in
which any protein bound to the selected antigehheilprecipitated together with it.

Protein G Sepharose beads (45 pl/sample, GE Heasdtheere washed 4 times in 500
ul of 1x phosphate buffered saline (PBS), and daged at 3000 rpm for 3 min at 4°C
between each wash. Ago2 antibody (3 pg/sample)addsd to the beads diluted in 1xPBS
(100 ul/sample). Ago2 antibody and beads were iatatbon a rotator either for 1 hr at room
temperature (RT), or preferably overnight at 4°@eAincubation, the antibody-bound beads
were washed 1-2 times with 500 pl of 1xPBS, andddiy equally between as many tubes as

there were samples. For each sample, 750 pug oéipratas added to the antibody-bound

" Working reagent is provided in the Pierce® BCAtBim Assay Kit.
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beads diluted in 400 ul of lysis buffer, and indigllaon a rotator for 3 hrs at 4°C. The
protein-antibody-bead complex was collected by rdeigiation. Nonspecifically bound
proteins were removed by washing the beads 3 timis500 ul of lysis buffer, with 3 min

of centrifugation at 3000 rpm at 4°C between eaalshw The immunoprecipitated complex
was eluted from the beads, denatured and reducedlding 30 ul of 2x sample buffer (XT
sample buffer, BioRad), and boiled at 95°C for 5.0 pl of unbound proteins from each IP
were denatured in 10 pl of 4x sample buffer. Fehesample, 75 pg of total homogenate was
denatured in 2x sample buffer. Ago2 immunoprecipddrom EGFP-Ago2-transfected HEK
cells was used as a positive control for the expent, whereas antibody-bound beads alone

were used as a negative control.

2.6 SDS-PAGE

Sodium dodecyl sulphate polyacrylamide gel elettoopsis (SDS-PAGE) is a method for
separating proteins according to their size. Pnosaimples are denatured and reduced by a
sample buffer, and then separated in a polyacrgamgel composed of an upper stacking gel
and a lower resolving gel. An electric field is &pp across the gel, causing the reduced
proteins to migrate toward the anode (+) through gbres of the gel, in a speed reversely
proportional to size.

Immunoprecipitated samples, total homogenates abdund proteins (from IP) were
separated by SDS-PAGE in a 1.5 mm thick polyacridengel (see appendix), alongside
protein standard (Precision Plus Protein Dual C8tandards, BioRad). The proteins were
concentrated in the stacking gel at 80 V, and geparated in the resolving gel for 2-3 hrs at
100 V in a Mini-PROTEAN® 3 Cell (BioRad, see appenior link to user manual).

2.7 Western blotting

Western blotting is a method used to detect pretpiesent in a sample. After separation of
the proteins by SDS-PAGE, the proteins are traresfiefrom the gel to a protein-binding
membrane by electrophoretic transfer, and subséigueetected by enzyme-conjugated
antibodies. An appropriate substrate is added tmlyme a detectable product, such as
chemiluminescence or fluorescence.

The proteins were transferred to a nitrocellulosamiorane (Amersham Hybond ECL

Nitrocellulose Membrane, GE Healthcare) by eledtaptic transfer, either at 100 V for 1.5
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hrs at RT, or 21 V overnight at 4°C, in a Mini TsaBlot® Electrophoretic Transfer Cell
(BioRad, see appendix for link to user manual). Meames were stained with Ponceau S dye
and cut into several bands. The Ponceau S dyeimsedroff with ddHO and 1xTBST. Then
the membranes were blocked with 5% non-fat dry nmlExTBST for 1 hr at RT on a gyro
rocker. After blocking, the membranes were incudhateprimary antibody on a gyro rocker
for either 2 hrs at RT, or preferably overnightd&€. After washing 3x5 min with 1xTBST,
the membranes were incubated in secondary antdbdaliel hr at RT, and washed again 3x7
min with 1xXTBST. The selected secondary antibodiesre coupled to the enzyme
horseradish peroxidase, allowing detection of thetgin bands by the use of a
chemiluminescent substrate for the enzyme (Thermm@nS8fic Pierce® ECL Western
Blotting Substrate, see appendix for link to usemaal). To re-probe the membrane with
different antibodies, the membrane could be wasds min with 1xTBST, stripped with
mild stripping buffer (15 g/l glycine, 1 g/l SDS%lTween20, pH 2.2) for 1hr, and washed
3x5 min with 1xTBST. Chemiluminescence was detetig@d Gel Documentation System.
Band intensities were quantified using the softw@tentity One (Bio-Rad). Student’s t-test
for dependent samples was used for statisticaysisabf the difference between LTP-induced

samples and their controls. The p-value for sigarice was 0.05.

2.8 Mass spectrometry

Mass spectrometry (MS) is an analytical technigsedufor determining the mass of particles
in a sample, from which peptide and protein contpmsican be elucidated. Proteins excised
from an SDS-PAGE gel are reduced and alkylatechtoease the accessibility for trypsin
digestion, which leads to specific cleavage atrangi (R) and lysine (K) residues (Figure
2.12). Peptides are desalted and concentratednioynigi to a matrix, to improve mass spectra
guality. MS instruments consist of an ion sourcenass analyzer and a detector. After
ionization, the mass analyzer separates the i@ diag to their mass-to-charge ratio (m/z).
The ions are detected and the signal is processtd mass spectra. Tandem mass
spectrometry (MS/MS) can be used to predict thatitleof proteins. Selected ions from a

first round of MS are fragmented, and these fragmendergo a second round of MS.
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(1) CBE stened gal band (2) Derstaining (%) Reduction

+ Redlicing igeni fe.g. 0FT) Figure 2.12 In-gel trypsin di-

gestion. (1) Polyacrylamide gel
stained with Coomassie Brilliant
Blue. (2) Destaining by ABC and
ACN. (3) Reduction by DTT and
(4) alkylation by IAA to increase

digestion efficiency. (5) Protein
(4 Ascylation (%) Digeston
& Alkytating egant {8 g. odoacetamide) = probaasa je.g. rypsing

digestion by trypsin at R and K
amino acid residues. (6)
Extraction of the peptides (Figure
modified from Granvogl et al.
2007).

Immunoprecipitated samples were separated by SDSEHP#t 80 V in a 0.75 mm thick gel
for about 15 min after reaching the resolving gdle gel was treated in a fixing solution
(50% methanol, 10% acetic acid) for 30 min shaldh&T, stained with Coomassie blue dye
(50% methanol, 7% acetic acid, 2.5 g/l Coomassitidt Blue) overnight shaking at RT,
and destained in destaining solution (50% methatl acetic acid) overnight shaking at RT.
The stained protein-containing bands were exciseldcat into 1x1 mm squares, and the dye
was removed by alternately incubating the cubed vti0O pl of 50 mM ammonium
bicarbonate (ABC) and 100 pl of acetonitrile (ACNBx5 min at RT. The cubes were
incubated in reduction buffer (6.5 mM DTT in 50 m&vhmonium bicarbonate) for 1 hr at
60°C shaking, shrunk with ACN, and incubated irykaton buffer (54 mM iodoacetamide in
50 mM ammonium bicarbonate) for 20 min at RT in dagk. Before digestion, the gel cubes
were washed with successive incubations of 100 BDanM ABC and 100 ul of ACN, 2x5
min at RT. After rehydration of the gel cubes infd®f digestion buffer (10 ul trypsin in 140
pl ammonium bicarbonate) for ~30 min, 10-20 pl @@ was added, and digestion was
allowed to proceed overnight16 hrs) at 37°C. After digestion, the supernataad wollected,
and peptides were extracted from the gel by ingabah 60 pl of 10% formic acid (FA) for
10 min at RT followed by incubation in 50 ul of ACRNr 5 min at RT. The extraction step
was repeated once. The peptide solution was camatedtto a volume of ~10 pl by vacuum
centrifugation.

A STAGE (Stop And Go Extraction) tip column was eed by wedging two small
pieces of C18 Empore 3M Extraction Disk approxifyaBemm above the narrowest part of a

200 pl pipette tip. The C18-matrix was activated ¢dgwly pushing 20 ul of methanol
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through the STAGE tip by means of a syringe, foboviby equilibration with 20 pl of buffer
B (0.5% acetic acid, 80% acetonitrile) and washiity 20 ul of buffer A (0.5% acetic acid).
The peptide sample was loaded and pushed outntpalie peptides bound to the Empore
disk. Washing with buffer A was repeated, and tbptides were eluted by pushing through
10 pl of buffer B, twice. The eluted peptides weadlected in Protein LoBind Eppendorf
tubes and vacuum centrifuged until ~2 pl remained.

After sample preparation, mass spectrometry itga conducted by Olav Mjaavatten
at The Proteomics Unit at University of Bergen (FBE), supported by the National Program
for Research in Functional Genomics (FUGE) fundgdhe Norwegian Research Council.
The instrument used was an Orbitrap Velos Pro (hbeiScientific) equipped with a
nanospray Flex ion source (Thermo Scientific). dh&a were matched against the Swissprot

protein database using the mascot search engine

" http://www.matrixscience.com/
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3 Results

3.1 Long-term potentiation wasinduced by high-frequency stimulation

Fibers of the medial perforant path in the hippogasiform synapses with the granule cells
of the dentate gyrus. By stimulating this pathwathve single electrical stimulus-pulse, an
electrical potential is generated on the postsyoante of the granule cells. This potential is
called a field excitatory post-synaptic potentil@HSP), and can be recorded (Figure 3.1).
The recording electrode was placed in the hilaiore@f the dentate gyrus, and baseline
response to test pulses at 0.033 Hz was recorde@dOfonin. LTP can be induced at the
granule cell synapses by applying HFS to the mep@forant path, using the protocol
described in the methods chapter. HFS was appbeatie medial perforant path on the left
side of the rat brain, whereas the right side waarsstimulated control. The fEPSP response
to HFS was recorded for either 30 min or 2 hrs {/56. The two chosen time points
correspond to different stages of LTP, at whichtgiroexpression in the induced spines may
be different, and the composition of the miRISC mayy. HFS led to a stable and robust
increase of the fEPSP in the hilar region of thetale gyrus, confirming successful induction
of LTP. The average change of fEPSP from baseliag 48 = 7% (n = 6) for experiments
recorded for 30 min post-HFS (Figure 3.2 A), andt2®% (n = 8) for experiments recorded
for 2 hrs post-HFS (Figure 3.2 B). For both timeng® the changes were statistically
significant (p < 0.001). Immediately after the @tephysiological experiments, the dentate

gyri were microdissected from the cortex.

Figure 3.1 | Field excitatory post-synaptic potential

(fEPSP). The figure shows a typical fEPSP recording as

response to a single test-pulse. The fEPSP slope wa
va\m determined by calculating the average of five poalbng

the rising segment of the first positive peak (sedviby

the arrow).
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Figure 3.2 | Time course plots for HFS-induced changes in fEPSP. Each point in the chart represents the

average fEPSP of the experiments, for 2 min. Thelb#e is the response to test pulses at 0.038adarded for
20 min before HFS. The arrows represent the thessions of HFSA) fEPSP recording for 30 min post-HFS.
The average increase of the fEPSP was 48 + 7%6(rp= 0.001)(B) fEPSP recording for 2 hrs post-HFS. The
average increase of the fEPSP was 29 * 6% (n =<8).p01). Plots provided by Birgitte Berentsen.

3.2 Western blotting

The dentate gyri were homogenized in lysis bufded total protein concentration in lysates

was determined using the BCA assay. Western bipttias performed for total lysates. For

each sample, 75 ug of protein was loaded onto BD®-BAGE gel, and equal loading was

confirmed by probing the blots for the housekeegeage$-actin (Figure 3.3).

B-actin

HFS Figure 3.3 | p-actin as a control for equal protein loading. Repre-

30 min 2 hrs . . . .. .
5 e - sentative immunoblot showinractin in total lysatep-actin was used

42kDa—p emme = e s a5 a control for equal protein loading in SDS-PAGE.
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3.3 Arcwasinduced by high-frequency stimulation

The Arc protein is critical for many forms of protesynthesis dependent plasticity. It is
involved in regulation of actin dynamics and honabes regulation of AMPA receptors. The
gene Arc/Arg3.1 is rapidly transcribed in resporiseneuronal activity. Sustained Arc
synthesis is necessary for HFS-induced LTP. InfusibArc antisense 2 hrs after HFS leads
to a complete reversal of LTP (Messaoudi et alQ720Therefore, the immunoblots of total
lysate were probed for Arc. The protein was coesity and significantly detected in the
dentate gyri stimulated by HFS, both 30 min andgost-HFS, and was not expressed in
the unstimulated controls (Figure 3.4). As a préoay dentate gyri that did not express Arc

in the HFS-treated side were excluded from thidystu

HES Figure 3.4 | Arc induction by HFS. Representative immunoblot
bl S showing Arc in total lysate. Both 30 min and 2 pest-HFS, Arc protein
Arc
55 kDa —» - - expression was induced in HFS-treated dentate @yri but not in

unstimulated dentate gyri (-).

3.4 Background for immunoprecipitation experiments

My biochemical experiments are based on IP of Ad@&fore detailing these results, it is
important to summarize the results of former PhiDdenht Balagopal Pai from the

characterization and selection of Ago2 antiboddem? is part of the Argonaute (Ago) family

of proteins, which bind mature miRNAs directly, amédiate miRNA-guided gene silencing.
Modulation of the Ago2 protein and other componagitthe miRISC may be important for

regulation of miRNA-mediated silencing. This forrhsdlencing is thought to have a role in

regulation of gene expression during LTP. One gbdhe project was to examine regulation
of Ago2, the core protein of the miRISC, after intlon of LTP in the rat dentate gyrus. Ago2
antibodies from the companies Abnova, AscenionRh@ lab were tested for detection and
IP of Ago2 from total lysates of rat dentate gyarsd HEK cells overexpressing Ago2

coupled to EGFP (Figure 3.5). The antibody from &mwas best at detecting EGFP-Ago2
and gave the greatest IP efficiency (90%) in ratale gyrus. The antibody from Abnova was
therefore selected for further use. The EGFP-Ago@ipiex expressed in HEK cells was
detected at ~125 kDa in HEK cell lysate, reflecting combined molecular mass of Ago2 (98
kDa) and EGFP (26.9 kDa).
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B
Ago2 in total lysates Ago2inIP
Abnova PTG lab Abnova PTG lab

HEK GFP- DG GFP- DG IgG GFP- DG lgG GFP- DG Beads

293 Ago2 Ago2 Ctrl  Ago2 Ctri  Ago2
Ago2 Ago2
126 Kon. —— 125 kDa - -
98 kDa - — 98 kDa - — . -

Figure 3.5 | Antibody selection for immunoprecipitation. (A) Immunoblots from total lysates probed with
Ago2 antibodies from the companies Abnova and PalG Ago2 was detected in naive HEK cells, in HEKsce
overexpressing EGFP-Ago2 and in dentate gyrus (B€Ye.(B) Immunoblots from Ago2 IP probed with Ago2
antibodies from Abnova and PTG lab. Ago2 was deteéh HEK cells overexpressing EGFP-Ago2 and in
dentate gyrus lysate, but not in beads or IgG otsitFigure from Balagopal Pai.

The next step of the project was to examine pretéiat interact with Ago2 in the miRISC.
Co-IP of candidate RISC proteins was tested intgs&om neocortex, hippocampus proper
and dentate gyrus, as well as HEK cells expreds@gP-Ago2. The predicted proteins were
the RNA helicases, DDX6 and MOV10, the RNase llzyane, Dicer, the RNA-binding
protein, FMRP, and GW182. The proteins were sufgigsnmunoprecipitated in all lysates
(Figure 3.6), although the proteins MOV10 and GW18&re inconsistently co-
immunoprecipitated. There was no difference in rBiRlcomposition between brain regions.
The conditions for IP, such as protein amount,baxaly concentration, incubation time and
lysis buffer composition, were varied to find thatimmal protocol. The retained protocol was
described in the materials and methods chapter.

Immunoblots of co-IP with Ago2 Figure 3.6 | Co-immunopr ecipitation of RISC proteinswith Ago2.

GFP- Immunoblots showing the proteins Dicer, Gw182, MOYEMRP
CTX DG CA Ago2

ﬁ;“ B -z and DDX6 in Ago2 co-immunoprecipitate, in cortexyntate gyrus,
. CA region and HEK cells overexpressing EGFP-AgoPXCcortex;
-4 = - L E DG, dentate gyrus; CA, cornu ammonis or hippocamprgper.
. - == 'i Movi0;130kDa  Figure from Balagopal Pai.
o

Ago? ; 9TkDa

GW182 ; 182kDa

s g FWIRP ; 71kDa

g — ’ W DDX6 ; 54kDa

30



Results

3.5 Ago2 wasimmunopr ecipitated

Regulation of Ago2 after HFS-treatment of the dentgyrus was examined. In the total

lysates, there was a non-significant tendencyrforgased protein quantity of Ago2 in HFS-
treated dentate gyrus, with a fold change of ~arltte 30 min time point and ~1.2 for the 2
hrs times point (Figure 3.7 A, B). IP of Ago2 wasrfprmed from total lysates, and the Ago2
protein was detected by Western blotting (Figuie G, D). No change in protein expression
was detected in immunoprecipitated samples. Thasene significant difference between the
amounts of Ago2 in the lysates and in the IP. E@igB2 expressed in HEK cells was used
as a positive control for successful Ago2 detectognimmunoblotting. EGFP-Ago2 was

consistently detected in immunoblots, both in tbgahte and in IP. Beads coupled to Ago2
antibodies without protein lysates were includeédvery IP experiment, as a negative control.
The negative control ensured that the differentbadies used for immunoblotting did not

detect the G-sepharose beads used for IP.

A B
- Ago2 in total lysates Ago? in total lysates
[-]
<15 HES GFP-
= 30 min Zhs  Agad
+ " - a
= 125408
=3 =
£ 10 w
5 100kDa—s N - - - e 00k
=05
& 30 min 2 hrs
c D
3 Age2iniP AgoZinlIP
=i
T E s G-
° Wmn 2w A
= I 1 = A ENE 175 kD
510 T T | — 12
—
:USJ Wila— W . e - +—100kDs
g 30 min 2 hre

Figure 3.7 | Ago2 in total lysates and IP. (A) Column chart representing fold change (x SEM) ob2gontent
in total lysate of HFS-treated dentate gyri (+)mpared to the unstimulated dentate gyri (-). Averag
densitometric values from immunoblots were usedraate the chart. Fold change for the 30 min timiaitp
1.09 £ 0.15, n = 8, p = 0.82. Fold change for thg2time point: 1.23 £ 0.13, n = 5, p = 0.98B) Representative
immunoblots showing Ago2 in total lysatgC) Column chart representing fold change (x SEM) gb2 in
Ago2 IP from HFS-treated dentate gyri (+), compérethe unstimulated dentate gyri (-). Fold chafugehe 30
min time point: 1.03 £ 0.10, n = 8, p = 0.59. Folthnge for the 2 hrs time point: 1.02 £ 0.14, n,p 5 0.81.

(D) Representative immunoblots showing Ago2 in IP. SEtdndard error of the mean.
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3.6 Co-immunopr ecipitation of Ago2-interacting proteins

Proteins predicted to interact with Ago2 were exaadi by co-IP. The results of these

experiments are reported in this section.

3.6.1 DDX6 was associated with Ago2

DEAD box polypeptide 6 (DDX6) is an RNA helicasecdtized to P-bodies and stress
granules. DDX6 interacts with Ago2, and is requifed miRNA-induced gene silencing.

DDX6 association with Ago2 after LTP induction wiasestigated. DDX6 was indeed co-
immunoprecipitated with Ago2, both in HFS-treateghthte gyri and in the unstimulated
dentate gyri. For both time points, the amount BB protein in total lysate did not change
(Figure 3.8 A, B), whereas the amount of DDX6 inlBadecreased non-significantly, with a
fold change of ~0.8 for both time points (Figur8 &, D). HEK cells transfected with EGFP-
Ago2 were used as a positive control for succesid#tdction of DDX6 in total lysate and as a
control for successful IP.

A B
DDX6 in total lysates DDX6 in total lysates
15 HES GFP-
30 miin 2hrs  Ago2
* = + .

SMikDa— = - --'

Faold change of DDXE6
F —
LA =

30 min 2 hrs

]
)

= DDX6 in IP DD¥6E inIP

=

215 HES GFP-
o 30 min 2his _ Ago?
= + - + "

i 10 i,

o ——
=05

- 30 min 2 hrs

Figure 3.8 | DDXG6 in total lysates and IP. (A) Fold change (+ SEM) of DDX6 in total lysate of HE®ated
dentate gyri (+), compared to the unstimulated atengyri (-). Fold change for the 30 min time poib89 +
0.14, n = 6, p = 0.44. Fold change for the 2 hretpoint: 0.93 + 0.16, n = 6, p = 0.88) Representative
immunoblots showing DDX6 in total lysatfC) Fold change (+ SEM) of DDX6 in Ago2 IP from HF®dted
dentate gyri (+), compared to the unstimulated atengyri (-). Representative immunoblots showingXBOn
IP. Fold change for the 30 min time point: 0.82.32, n =9, p = 0.19D) Fold change for the 2 hrs time point:
0.80+0.15,n=5,p=0.51.
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3.6.2 MOV10wasdetected in total lysates but not in Ago2 IP

Moloney leukemia virus 10 protein (MOV10) is an RN#elicase that binds to Ago2.
MOV10 is implicated in miRNA-mediated translatiorrapression. MOV10 may dissociate
from the miRISC after synaptic activity, relievingRISC-mediated translational repression.
MOV10 was detected in total lysate, and there wasrasignificant tendency for decrease in
MOV10 protein quantity in HFS-treated dentate gwith a fold change of ~0.85 for both
time points, indicating a possible degradation dW10 (Figure 3.9 A). MOV10 was not
detected in co-IP with Ago2, but was detected irKHElls expressing EGFP-Ago2 (positive
control). Immunoblots of total lysates probed forOM10 protein gave two bands: an
invariable band at 150 kDa and a variable lowerdkanl 30 kDa used for quantification. The
lower band was chosen because several studiesdeteeted MOV10 at 130 kDa instead of
its actual molecular mass of 114 kDa, perhaps lsecafi post-translational modifications
(Banerjee et al., 2009; Meister et al., 2005).Ha positive control, MOV10 was detected at
114 kDa (Figure 3.9 B).

A B

" MOV10 in total lysates MOV10 in total lysates
p

2 18 HES GFP-
= 30 min 2hrs Agod
o 10 = - ¥ C

E 150 kDa —p — - @ -—— —
5 05 30 min 2 hrs R ‘ +—114 kDa
=

S

L

Figure3.9| MOV10in total lysates. (A) Fold change of MOV10 quantity in total lysate of 5tfeated dentate
gyri. Fold change for the 30 min time point: 0.8®41, n = 6, p = 0.67. Fold change for the 2 hne tpoint:
0.86 £ 0.02, n = 6, p = 0.3(B) Representative immunoblots showing MOV10 in togabte. The band used for

quantification was the lower band at 130 kDa.

3.6.3 Dicer wasdetected in total lysates

Dicer is an RNase Il enzyme involved in the clegvaof pre-miRNA in the canonical

mMIiRNA biogenesis pathway. Dicer was successfultgcted in total lysates, but did not show
any significant change in expression during LTPithee at 30 min nor 2 hrs post-HFS
(Figure 3.10). Dicer was not consistently detedtethe co-IP with Ago2, but was always

detected in HEK cells expressing EGFP-Ago2 (positiontrol).
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A B

Dicer in total lysates Dicer in total lysates
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Figure 3.10 | Dicer in total lysates. (A) Fold change of Dicer in total lysate of HFS-trelatkentate gyri. Fold
change for the 30 min time point: 1.12 + 0.22, n/=p = 0.90. Fold change for the 2 hrs time point:
1.0+ 0.1, n = 3, p = 0.89B) Representative immunoblots showing Dicer in thisdte.

3.6.4 FMRP wasdifficult to detect in total lysates

Fragile-X mental retardation protein (FMRP) is ahNARbinding protein, whose absence
causes fragile-X syndrome. FMRP is localized todidiées and synapses and is thought to
function as a translational repressor of specifRNAs, including several mMRNAs involved
in synaptic plasticity. FMRP interacts with RISComins such as Ago2 and Dicer, and
associates with miRNAs, but may not be essentiaRfdAi-mediated mRNA degradation.
FMRP was difficult to detect in total lysate, shagionly weak bands, even when large
amounts of total protein were used (1 mg). Thers m@change of FMRP expression in the
total lysate (Figure 3.11). In the immunoblot foo-I®, a weak band of 70-80 kDa,
corresponding to the molecular mass of FMRP, wasnsistently detected. FMRP was
readily detectable in HEK cells overexpressing A§f2P, both for total lysate and co-IP.

A B
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Figure 3.11 | FMRP in total lysates. (A) Fold change of FMRP in total lysate of HFS-treatleditate. Fold
change for the 30 min time point: 0.92 + 0.12, rB=p = 0.28. Fold change for the 2 hrs time point:
0.94 £0.09, n =7, p = 0.6(B) Representative immunoblots showing FMRP in totshtg.
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3.6.5 GW182in total lysates was not significantly modulated during LTP
Glycine-tryptophan proteins of 182 kDa (GW182) aexjuired for miRNA-mediated
silencing. GW182 proteins are known to interacthwitgo2 and to inhibit translation, for
example by interfering with the function of poly(A)nding protein (PABP) and by
interacting with deadenylase complexes. In totaaly, there was a non-significant trend for
increase in GW182 protein quantity 2 hrs after itisction of LTP, with a fold change of
1.15 (Figure 3.12). GW182 was not reliably detedtedo-IP with Ago2. Antibodies from
two companies were tested for detection of GW182Zinemunoblots. The antibody from
Santa Cruz Biotechnology gave very weak bands, edserthe antibody from Bethyl
laboratories gave many unspecific bands. The aayithmm Bethyl laboratories was chosen

because it gave the strongest band at 182 kDapdtecular mass of GW182.
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Figure 3.12 | GW182 in total lysates. (A) Fold change of GW182 quantity in total lysate of34ffeated dentate
gyri. Fold change for the 30 min time point: 0.96 ®13, n = 8, p = 0.98. Fold change for the
2 hrs time point: 1.15 £ 0.17, n = 7, p = 0.@8) Representative immunoblots showing GW182 in tiytte.

3.7 Ago2 binding partnerswere detected by mass spectrometry

Proteins bound to Ago2 in Ago2 IP were separatedSBY5-PAGE for 15 min, and the

protein-containing portion of the gel was excisad aut into pieces. The proteins in the gel
were reduced, alkylated and trypsinated. The riegufieptides were extracted from the gel,
and were analyzed by an Orbitrap mass spectronieter.obtained peptides were matched
against the Swissprot protein database using thecahasearch engine, to uncover which
proteins were present in the samples. Five paisaofples were analyzed: five HFS-treated
dentate gyri, and the corresponding five untreatatralateral dentate gyri. All the samples
were from experiments recorded for 30 min post-HBS- or downregulated proteins in

HFS-treated dentate gyri could be identified by srgsectrometry analysis.
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The immunoprecipitated protein Ago2 was found ie i samples, confirming
successful IP. In two of the samples, Ago2 washeeitip- nor downregulated (Figure 3.13).
In sample number 2, there was a 0.17 fold changi&goR content in HFS-treated dentate
gyri compared to the untreated dentate gyri. Ingammumber 4, there was a 0.76 fold
change, and in sample number 5, there was a 1l8@Hfange. The average fold change for

all samples was 0.90 £ 0.23.

Ago2inlIP
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<L 45
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Figure 3.13 | Ago2 in IP, detected by mass spectrometry. Column chart representing fold change of Ago2
quantity in Ago2 IP from HFS-treated dentate gy8D (min time point), compared to the unstimulated
contralateral side. Average fold change for all gkast 0.90 + 0.23.

None of the candidate binding partners of Ago2 thet thesis focuses on were detected by
mass spectrometry, but the proteins DEAD box pgitide 1 (DDX1) and fragile-X mental
retardation syndrome-related protein 1 (FXR1) waetected. DDX1 belongs to the same
family of DEAD (Asp-Glu-Ala-Asp) box ATP-dependeRNA helicases as DDX6. FXR1 is
an RNA binding protein that interacts with the sturally and functionally similar protein
FMRP (Zhang et al., 1995). Interestingly, PABP1 v@asd in the samples. PABP1 interacts
with elF4F and the poly(A) tail of mMRNAs to protatiem from silencing and degradation.
Other proteins of interest were detected, such aseral heterogeneous nuclear
ribonucleoproteins (HNRPs), the and pB-subunits of CaMKII, several types of PKC, and
MAPK 3. None of the more than one thousand deteptetkins were consistently up- or
downregulated in the HFS-treated dentate gyri, @weg to the unstimulated contralateral

sides.
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4 Discussion

LTP requires botlde novoprotein synthesis and protein degradation. Majguliaors of
translation are miRNAs, which act through the miRISThis project assesses the poorly
known RISC protein composition and its regulatiéindings and implications, as well as
methodological considerations and future perspestiare discussed in this chapter.

4.1 Detection of predicted Ago2 binding partnersby IP

4.1.1 Ago2 may not beup- or downregulated duringL TP
The protein Ago2 is the core component of miRIS@o2 binds miIRNAs and recruits
proteins that mediate gene silencing. One meanswvhigh miRNA activity could be
modulated during LTP is through changes in the Ags&ociation with miRNAs or with the
effector RISC. miRNAs are regulated by mGIuR and ¥R signaling during LTP in rat
dentate gyrusn vivo, at2 hrs post-HFWibrand et al., 2010). Induction of LTP in the rat
dentate gyrus triggers rapid changes in Ago2-aassmtimiRNA (Pai et al., 2012). Ago2 may
be post-transcriptionally modified, altering its nétion. Hydroxylation and Ser387
phosphorylation stabilize Ago2 and increase Aga&liaation to P-bodiem vitro (Qi et al.,
2008; Zeng et al., 2008). Ubiquitylation and sulbser proteasomal degradation of Ago2
lead to impaired miRNA-mediated silencing (Rybalakt 2009). Tyr529 phosphorylation of
Ago2 reduces its binding to miRNAs (Rudel et a12). A study in HEK293 cells shows a
small increase in mMRNA levels after Ago2 knockdowhe authors found no evidence for
activation of silenced genes at the mRNA levelgasting that miRNAs have a tuning role in
regulation of gene expression (Schmitter et aD620

The protein composition of the RISC may be différanvarious stages of LTP. The
critical time period for protein synthesis lastsd¢han one hour in most synapses. Therefore,
the expression of Ago2 in the present study wasstigated at two time points, namely 30
min and 2 hrs post-HFS. At 2 hrs post-HFS, it wasnfl that Ago2 was non-significantly
upregulated by ~20% in total lysates of HFS-treatedtate gyri, compared to the untreated
contralateral dentate gyri. When Ago2 was immunciprated from the total lysate, this
tendency for Ago2 upregulation during LTP was nmirfd. This finding could mean that
protein synthesis during LTP is not controlled hiffedential expression of Ago2, but rather

by regulation of other RISC proteins or by reguatiof miRNA biogenesis. HFS-LTP is
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NMDAR-dependent; it is therefore possible that NM®Aignaling during LTP regulates the
pool of miRNAs available for Ago2 binding, and thregulates which pool of mRNAs are

translated or repressed. Another major mechanisragufiation not directly examined here is
post-transcriptional modification of Ago and otHRISC proteins. There was no significant
difference between Ago2 expression in total lysaied Ago2 expression in IPs. Minor

differences could perhaps be explained by modiboatof Ago2, such as phosphorylation or
ubiquitylation, masking the epitope. A monoclonahtisody was used for IP and

immunoblotting, minimizing unspecific binding. Tle&pression of Ago2 could be different at
a later time point than 2 hrs; although a receatlystin our lab shows no change in Ago2
expression 4 hrs post-HFS (Pai et al., 2012). Mpeession of Ago2 could be altered at an

earlier time point of critical protein synthesisth30 min, which remains to be investigated.

4.1.2 DDX6 isassociated with Ago2

The RNA helicase DDX6 is a component of the RISGvkm to interact with Ago2. DDX6 is
required for miRNA-induced translational repress{@mnu and Rana, 2006). RNA helicases
catalyze unwinding or remodeling of RNAs. Helicastivity may be important for assembly
of the RISC and for binding or dissociation of mRk&kgets (Robb and Rana, 2007; Tomari
et al., 2004). DDX6 has been implicated both inreased and decreased mRNA translation,
suggesting that DDX6 has a role in balancing atibmaand repression of translation, as
proposed by Minshall et al. (2009). DDX6 proteing docalized to P-bodies and stress
granules, sites of miRNA-mediated mMRNA silencindX® could be the effector molecule
that shuttles miRISC target mRNAs toward P-bodies storage or processing. Location of
the miRISC to P-bodies may be the consequence rrdtiam the cause of translation
repression (Chu and Rana, 2006). The P-body maikBiX6 and the transport
ribonucleoprotein (RNP) marker zipcode-binding pmot1l (ZBP1) do not colocalize in
cultured hippocampal neurons, but interact in aadyic manner via docking. Chemical
stimulation of the neurons with BDNF or NMDA leatls a considerable decrease in P-
bodies, suggesting that P-bodies disassemblesftaptic stimulation. Synaptic activity may
lead to release of dendritically localized mRNAgnfr P-bodies, and possibly translation of
those mMRNAs (Zeitelhofer et al., 2008).

In total lysates, DDX6 expression was not alteredngd) LTP, neither at 30 min nor 2
hrs post-HFS. DDX6 association with Ago2 was canéd by co-IP, as found in previous
studies. DDX6 was non-significantly dissociatedhirdgo2 during LTP, at both time points.
The results from co-IP indicate that ~20% of Agaizdhd DDX6 was dissociated from Ago2
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during LTP, but the results from total lysates sagighat DDX6 was not degraded. Perhaps a
specific set of mMRNAs, recognized by the miRISCreleved from repression and P-body
localization in a reversible manner during LTP. Tdherepressed mRNAs could code for
proteins specifically expressed during LTP. It asgible that DDX6 dissociation from Ago2
leads to derepression, for instance by hinderingNRocalization to P-bodies. DDX6
association with Ago2 was the same at 30 min ahgds2post-HFS, perhaps indicating that
depression is maintained during the critical perdd_TP consolidation. An example of a
protein derepressed during the critical period ®PLconsolidation is Arc. Arc is a protein
known to be required for stable LTP expression 2difter LTP induction, but is no longer
required 4 hrs after LTP induction (Messaoudi et2007).

4.1.3 MOV10 may bedegraded during LTP

Like DDX6, MOV10 is an RNA helicase associated wkRhbodies, and is involved in
translational control. MOV10 is known to interacittvAgo2 to mediate miRNA-induced
translational repression in human cells (Meisterlet 2005). NMDAR-mediated synaptic
activity promotes MOV10 ubiquitylation and subseguelegradation by the proteasome.
MOV10 dissociation from the RISC may relieve miRI8@diated translational repression
(Banerjee et al., 2009). Protein degradation thinailhg ubiquitin-proteasome system may be
essential for long-term fear memory in the rat adajg, and may be involved in several
aspects of learning-induced synaptic plasticity.arFeonditioning induces NDMAR-
dependent polyubiquitylation and degradation of M@OVand other proteins involved in
translational control (Jarome et al., 2011).

MOV10 was detected in total lysate, but was nohtbto interact with Ago2 in the rat
dentate gyrus in co-IP experiments. There was asigmificant tendency for downregulation
of ~15% of MOV10 proteins in the total lysate ofR-Induced dentate gyri, both 30 min and
2 hrs post-HFS. The observed downregulation of MOVfltotal lysates may be caused by
MOV10 degradation as a result of NMDAR signalingidg LTP, in agreement with the
studies by Banerjee et al. (2009) and Jarome €@l.1). MOV10 could be degraded through
the ubiquitin-proteasome system. Perhaps MOV10neasound in co-IP with Ago2 because
MOV10 is not or weakly associated with Ago2 in thet dentate gyrus. Alternatively,
MOV10 could dissociate from Ago2 at an earlier tipwnt than 30 min post-HFS, and not
reassociate, or reassociate at a later time ploant 2 hrs post-HFS. MOV10 degradation or
dissociation from Ago2 may lead to derepressiotrasfslation of certain mRNAs involved in

synaptic plasticity. The expression of MOV10 duringP was similar at 30 min and 2 hrs
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post-HFS, again indicating that silencing of sonlRNs may be relieved up to 2 hrs after
LTP induction.

4.1.4 Dicer doesnot reliably co-immunopr ecipitate with Ago2

The RNase Il enzyme Dicer is involved in the clege of pre-miRNA in the canonical
MIiRNA biogenesis pathway. Dicer interacts with Agd2sp90 and TRBP, forming the
mMIRISC loading complex (miRLC) (Liu et al., 2012Ago2 bound to mature miRNA
constitutes the minimal RISC and may subsequengdiyodiate from Dicer and TRBP. The
protein Lin-28 regulates Dicer-mediated processimgugh a conserved mechanism. Lin-28
binds to let-7 pre-miRNAs and recruits an urid@nsferase (TUTase), which polyuridylates
let-7 pre-miRNAs. Dicer binds to polyuridylated-lépre-miRNAs, and is repressed (Treiber
et al., 2012). Pre-miRNAs and Dicer mRNA competerfoclear export through Exportin 5,
and Dicer is downregulated by excessive pre-miRE¥®ession (Bennasser et al., 2011). An
MIRNA precursor deposit complex (miPDC) may serseagemporary storage site for pre-
mMIiRNAs in the cytosol during variations in Diceragability (Liu et al., 2012).

Dicer was detected in total lysate, but Dicer egpi@n did not change at 30 min or 2
hrs after LTP induction. Co-IP experiments demaistt that Dicer did not interact with
Ago2 in the rat dentate gyrus. It is possible thdIDAR-dependent or -independent
regulatory steps at the level of mIRNA processiegutate the pool of miRNAs available for
mMIiRISC assembly during LTP. The expression of Digas not altered after the induction of
LTP, suggesting that cleavage of pre-miRNAs by Dioay not be the critical regulatory step
of mIRNA processing. Perhaps miRNA processing, mARNading onto the RISC, and
mIRISC function are controlled by other mechanidhmen regulation of Dicer expression.
The competition of Dicer and pre-miRNAs for exptintough Exportin 5 may regulate pre-
mMiRNA availability in the cytosol. If regulation ghiRNA processing is important for LTP,
the regulation may focus on the selection of miRN#gessary for LTP, and not on the
expression of processing enzymes themselves. Bigeession during LTP was the same 30
min and 2 hrs post-HFS, indicating that processihmiRNASs is perhaps not regulated by a
change in Dicer availability. Indeed, pre-miRNAaimbbe stored in miPDCs in the cytosol,
as suggested by Liu et al. (2012). An explanatambt detecting Dicer in co-IP with Ago2
might be that Dicer only briefly associates witho®gduring the loading step of miRISC
formation, and then quickly dissociates.
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415 FMRP doesnot reliably co-immunoprecipitate with Ago2

The RNA-binding protein FMRP is localized to demesi and synapses and is thought to
function as a translational repressor of specifRNAs, including several mMRNAs involved
in synaptic plasticity FMRP may also function in mRNA stability and traodgp mGIuR
activation is thought to regulate FMRP phosphoigtatwhich in turn regulates translation of
different mRNAs. FMRP-dependent changes in spinerphmogy and AMPAR
internalization can lead to mGIUR-LTD. FMRP prolyablas multiple roles in translation.
FMRP is associated with cytoplasmic fragile-X méntetardation interacting protein 1
(CYFIP1), which interacts with elF4E and PABP ire thrain. A study in the mouse brain
shows that the CYFIP-FMRP complex dissociates feEdR4E, thus allowing translation in
response to stimulation with BDNF or the group | & agonist (S)-3,5-dihydroxy-
phenylglycine (DHPG). The authors propose that Finediates FMRP function (Napoli
et al., 2008). It is unclear whether FMRP phosplabign regulates this mechanism. Although
FMRP associates with miRNA and RISC proteins sushAgo2 and Dicer, it may not
influence RISC function, but rather control theefaif translationally repressed mRNAs.
FMRP and the RISC associate to distinct pools oN&R and the mRNAs associated with
FMRP are destined to stress granules (Didiot ¢t2809). A study showed that mGIuR-
dependent LTD was enhancediml knockout mice, whereas NMDAR-dependent LTD and
LTP were not affected by FMRP deficiency (Bearlet2004). Conversely, two more recent
studies showed that NMDAR-dependent LTP in the atengyrus was diminished fmrl
knock-out mice (Eadie et al., 2012; Yun and Tromréd.1).

FMRP was difficult to detect in total dentate gydysates. FMRP is known to be
found in the brain, so perhaps post-translatioradifications or binding partners masked the
epitope for antibody recognition. LTP induction dmbt affect FMRP expression in the
dentate gyrus compared to the contralateral unsienl dentate gyrus, neither at 30 min nor
2 hrs post-HFS. In co-IP experiments, FMRP wasassociated with Ago2 at either time
point. Our results indicate that FMRP expressiory mat be modulated by HFS. Perhaps
FMRP-interacting proteins such as CYFIP are regdlatather than FMRP itself. FMRP
could regulate the stability of present mMRNAs withbeing part of the miRISC, and direct
repressed mRNAs to stress granules. The lackinggehaf FMRP expression both 30 min
and 2 hrs post-HFS support the idea that FMRP doeaffect miRISC-mediated silencing.
FMRP may not be associated with Ago2 in the ratatengyrus, or perhaps only transiently,
which would explain why it was not detected in &with Ago2. Previous studies suggest
that FMRP has a role in LTD rather than LTP.
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4.1.6 GW182 does not reliably co-immunopr ecipitate with Ago2

GW182 interaction with Agol in the flprosophila Melanogasteis essential for miRNA-
mediated translational repression (Eulalio et28108). GW182 proteins promote translational
repression by interfering with the function of PABRNd by interacting with deadenylase
complexes such as PAN2-PAN3 and CCR4-NOT. A stadguitured hippocampal neurons
shows that BDNF-mediated protein synthesis requiresarget mRNA to be repressed and in
association with GW182 in P-bodies. BDNF causes 82\b dissociate from translationally
upregulated target mMRNAs, and to associate withndegulated target mMRNAs (Huang et al.,
2012). GW182 associated with miRNAs and RISC pnsteiccumulate in P-bodies, perhaps
as a consequence of silencing (Eulalio et al., 2088182 can be post-transcriptionally
modified. GW182 is phosphorylated but the rolehi$ imodification is unknown (Eystathioy
et al., 2002).

GW182 was difficult to detect in total lysates. Thmmunoblots show a non-
significant increase in GW182 expression 2 hrg dffte induction of LTP. Co-IP experiments
indicate that GW182 was not associated with Aga2is Ipuzzling that GW182 was so
difficult to detect in total dentate gyrus lysategcause GW182 is known to be found in
neurons. Perhaps there was a pool of GW182 nogneed by the antibodies because of
post-translational modifications or binding parsiemasking the epitope. Polyclonal
antibodies from two companies were tested, anch@eigave strong bands, supporting the
idea of poor antibody binding to the epitope. Thetedted bands showed no significant
difference in GW182 expression after LTP inductioejther 30 min nor 2 hrs post-HFS,
meaning that LTP probably does not modulate theesgmon of GW182. It is nevertheless
possible that GW182 interactions to other proteirgsaltered during LTP. The lacking Ago2-
GW182 interaction in co-IP does not agree with ssva&udies clearly showing GW182-Ago
interaction, for example iDrosophila Melanogastecells or human cells (Eulalio et al.,
2008; Takimoto et al., 2009). Perhaps the GW1822Aigteraction is weaker in mammalian
brain cellsin vivo, than in cultured cells and other cell types. Batother tissues than brain

were tested in this thesis, so these assertiorsndyepeculations.

42



Discussion

4.2 Detection of Ago2 binding partners by mass spectrometry

Proteins bound to Ago2 in Ago2 IP were detectednags spectrometry. Proteins of interest
were DDX1 and FXR1, which are homologs of respetynDDX6 and FMRP. In addition,
PABP and hnRNP K were detected.

421 Ago2

Immunoprecipitated Ago2 was analyzed by mass speetiry to detect binding partners.
Five HFS-treated dentate gyri recorded for 30 nustfHFS, and the corresponding untreated
contralateral dentate gyri were analyzed. The @pimass analyzer was chosen because of
its speed, high resolution and sensitivity. In age;, Ago2 was not up- or downregulated in
HFS-treated dentate gyri. Regulation of Ago2 aréoproteins varied a lot from one sample
to another. Often, but not always, one specificdamndiffered from the others. It is difficult

to draw a valid conclusion about protein regulatwith such great variance within five
samples. Nevertheless, the finding that Ago2 exasis not regulated 30 min post-HFS
matches the results from immunoblotting, suggestited Ago2 expression is possibly not

regulated by synaptic activity.

4.2.2 DDX1and hnRNP K

DDX1 belongs to the same family of DEAD box ATP-dadent RNA helicase as DDX6.
DDX1 is a homopolymeric poly(A) RNA-binding proteimvolved in the 3’ end processing of
pre-mRNAs. DDX1 possesses RNA unwinding activitylyonvhen in complex with
heterogeneous nuclear ribonucleoprotein K (hnRNPTKE DDX1-hnRNP K complex RNA
unwinding activity is important in human leukemi&562) cells. hnRNP K is a
multifunctional protein involved in the regulatioof transcription, translation, nuclear
transport, and signal transduction. hnRNP K is mmmmnent of the heterogeneous nuclear
ribonucleoprotein complexes which bind pre-mRNAgsedly and facilitate mRNA
biogenesis (Chen et al., 2002).

Mass spectrometry analysis revealed that the pr@@BiX1 and several heterogeneous
nuclear ribonucleoproteins (hnRNPs) interacted wibgo2. Of specific interest was
hnRNP K. As for Ago2, the mass spectrometry redoltsegulation of DDX1 and hnRNP K
during LTP varied a lot between each sample, evharnmthe results were normalized to
Ago2. In conclusion, neither DDX1 nor hnRNP K wemmnsistently up- or downregulated 30
min post-HFS. Therefore, regulation of DDX1 and N#RK expression during LTP cannot
be predicted based on our current results. It isguing to find pre-mRNA processing
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proteins such as DDX1 and hnRNP K bound to Ago2Zhdes DDX1 and hnRNP K interact
specifically with certain pre-mRNAs or mRNAs, whighturn associate with Ago2 through
mMiRNA interactions. Co-IP of DDX6 with Ago2 clearhowed an interaction between the
two proteins. It is therefore surprising that magectrometry did not detect DDX6 in

association with Ago2. The amino acid sequence@XDis ~30% identical to other DEAD

box proteins, including the nine conserved DEAD lpygtein motifs. One of the closest
relatives of DDX1 is DDX6 (Godbout et al., 2007).id therefore possible, but not certain,
that the DDX6 antibody cross-reacted with DDX1,teat DDX1 really was detected by

immunoblotting instead of DDXG6.

423 FXR1

The RNA binding protein FXR1 is a paralog of FMAF®th proteins interact with Dicer and
the RISC. FMRP and FXR1 interact with the miRNAhvedy to play a role in eye and neural
crest development in the frogenopus laev(Gessert et al., 2010). Even though FMRP and
FXR1 are similar, they have some distinct functioBBMRP has a unique neural-specific
function responsible for regulating neuronal pmoteixpression and synaptic connectivity
(Coffee et al., 2010). The expression of FXR1, bat FMRP, is increased upon Dicer
knockdown and the consequent reduction of miRNAshitken DT40 cells. This finding
suggests that FXR1 is regulated by miRNAs (Cheevel., 2010). Conversely, FXR1 also
regulates miRNAs. FXR1, but not FMRP, regulates lirein-specific miRNAs miR-9 and
miR-124 by forming a complex with Dicer and pre-miRs, resulting in elevated miR-9 and
miR-124 translation (Xu et al., 2011). Ago2 is uBuaassociated with translational
repression, but surprisingly Ago2 and FXR1 bindte AU-rich element in the 3'UTR of
tumor necrosis factar (TNFo) mRNA in HEK293 cells and human leukemia (THP-&)s;
activating TNF translation under serum-starved conditions. An ZA§XR1 activation
complex may exist (Vasudevan and Steitz, 2007).

FXR1 interaction with Ago2 was detected by massspmetry. As for Ago2, DDX1
and HNRNP K, there was high variability in FXR1 esgsion during LTP between each
sample, indicating that FXR1 was not consistenfly or downregulated during LTP. It is
possible that FXR1, but perhaps not FMRP, is aasetiwith the Ago2 in the mammalian
brain, or that FMRP is indirectly or transientlysasiated with Ago2. As proposed by
Vasudevan and Steitz (2007), FXR1 may be part @ctination complex, in association with
Ago2. The FXR1-Ago2 complex could have a role imgulation of translation in the

mammalian brain. We currently do not have any ewidefor regulation of FXR1 association
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to Ago2 during LTP. FXR1 may form a complex withcBr and selected pre-miRNAs, as
proposed by Xu et al. (2011). This complex coulgutate synaptic plasticity-specific miRNA

maturation, but this remains a speculation.

424 PABP1

PABPL1 is a regulator of mRNA translation and stgbdnd is required for miRNA-mediated
regulation and nonsense-mediated decay (Brook.e2@12). PABP interacts with elF4F,
giving rise to circular mRNAs efficiently translat@nd protected from degradation. GW182
may hinder PABP-elF4G interaction or reduce PABi&y for the poly(A) tail, to interfere
with PABP-dependent mRNA circularization. Thus, ¥ Iinterferes with PABP function in
MRNA stability and translation (Tritschler et &2010). The RNA helicase DDX3 interacts
with PABP1 and elF4E in stress granules to regulaesiation in stress responses (Shih et
al., 2012). PABPL1 is post-translationally modifigg methylation and acetylation on various
sites. The PABP1 modifications may be linked to niRiNrmation (Brook et al., 2012).

Mass spectrometry analysis revealed PABP1 intemaetith Ago2. PABP1 is known
to be involved in translation, so the finding tiBP1 is directly or indirectly associated
with Ago2 suggests that it plays a role in regolatof translation in the rat dentate gyrus. As
for the other proteins detected by mass spectrgmB#BP1 was not consistently up- or
downregulated after LTP induction, which does nlavaus to predict any changes in PABP1
association with Ago2 during LTP.

425 MOVI0, Dicer, FMRP and GW182

Surprisingly, none of the candidate binding padnef Ago2 were detected my mass
spectrometry. MOV10, Dicer, FMRP and GW182 were detected by co-IP with Ago2
either, so the mass spectrometry results matcledl®s. This finding suggests weak or no
binding of the candidate proteins to Ago2, or Idwiadance of the candidate proteins in the
rat dentate gyrus. Other parts of the brain orrotngans should be tested to confirm this
hypothesis. Other possible explanations are theg sif protein-protein interaction are altered
by the lysis buffer during homogenization, or tBpitopes are masked by interacting proteins

or post-translational modifications.
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4.3 Methodological considerations

4.3.1 Electrophysiology

LTP was induced in the dentate gyrus of rats bylyapyp HFS to the medial perforant path.
There are several variables to consider in elebyrsiplogical experiments. The animals had
the same living conditions and diet, and were axprately of the same age and weight.
Male rats were used because the female estrus eyfdets several parameters in the
hippocampus, such as increased cell proliferatioth excitability (Scharfman et al., 2003;
Tanapat et al., 1999). Correct dosage of urethanarfesthesia prevented death of the rat by
overdosage. The placement of the electrodes isairfor stimulation and recording, and was
ensured by monitoring the recorded signals. Thauwtis required to obtain maximal fEPSP,
and the strength of the evoked fEPSP, could vanyd®n animals. Exclusion criteria were set
to ensure minimal variability between the experitagalthough individual variations cannot
be completely avoided when working with live animalissue damage during electrode
insertion was minimized by proceeding slowly. Mdissection was performed quickly (5-6

min) on ice to avoid tissue damage due to hypoméarautritional deficiencies.

4.3.2 Tissue homogenization and protein deter mination

After microdissection, the dentate gyri were hommoged in lysis buffer. The composition of
the lysis buffer used for tissue homogenizatiomrportant. A non-ionic detergent, NP-40,
was used to preserve non-covalent protein-protgeractions. A protease inhibitor cocktail
was added to prevent protein degradation, and aasBNnhhibitor was added to protect
RNase-dependent protein associations. Even if &apice, proteins will start degrading at
room temperature. Therefore, during homogenizatio®m,unhomogenized samples were kept
in the freezer for as long as possible. Total pnot®ncentration in lysates was determined
using the BCA assay. Protein determination wasopedd as quickly as possible after
homogenization to avoid protein degradation. Regubdreeze-thaw cycles of protein-
containing samples cause damage to the proteirmubeof ice crystal formation. Therefore,
aliquots were made if necessary, and freeze-thalesyere avoided. The BCA assay was
chosen for protein determination because it is @iible with the detergents present in the
lysis buffer. However the lysis buffer contains teducing agent DTT. DTT reduces the’Cu
ions in the working solution of the BCA assay, fargn Cu™ ions, which give color when
forming a complex with two BCA molecules. To compate for any inaccuracies caused by

DTT in the sample lysates, both samples and pretsiandard should be diluted in lysis
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buffer. Loading three duplicates of each standard sample allows detection of unequal
protein loading caused by for example pipettingrestr

4.3.3 Immunoprecipitation

IP was performed to isolate the core componenh®fRISC, Ago2. Proteins bound to Ago2
were precipitated with it, that i€o-immunoprecipitatedThe antibody used for IP was a
mouse monoclonal immunoglobulin G1 (IgG1) Ago2 laodily. Protein G sepharose beads
were used because protein G has greater affinitygf@1 mouse antibodies than protein A.
The incubation time of the antigen and the antibodynd beads varies between antigens
with different binding kinetics. The optimal inculman time for my samples, giving the
greatest yield of Ago2 protein detected by Westdatting, was 3 hrs. IP is a technique that
enables pull-down of an entire protein complex, aatjust a single protein. Protein-protein

interaction can be analyzed, and the protein compof the complex can be characterized.

4.3.4 Western blotting

Proteins were separated by SDS-PAGE in an 8% poligacide gel because the molecular
masses of the candidate binding partners of Aga2 wethe range of ~50-250 kDa. An 8%
gel has large enough pores to separate the hegnagins well, while still slowing the
lightest proteins down sufficiently. The SDS-PAGEsmun for 2-3 hrs, until the 50 kDa
proteins approached the bottom of the gel, for makiseparation of the proteins. When
separating proteins by SDS-PAGE, all the samplas fone set of experiments were loaded
on the same gel, because densitometric values diffenent immunoblots may vary. Even if
the fold change in LTP-induced samples comparembirols is calculated, the difference in
densitometric values from blot to blot can causalbwariations in the results. Equal amounts
of total protein were loaded in each well, to béeaio compare the amount of candidate
proteins between samples. To ensure equal probdeidirig, the blots were probed for the
housekeeping genp-actin. Western blotting is a semi-quantitative moet adequate for
comparing the amount of protein between samplesdbes not give an absolute value of
protein quantity. A source of variation is that tsends used for densitometry were delineated
manually. Large amounts of protein were used fqrtéPincrease the possibility to detect
Ago2 binding partners. On the other hand, usingnbaeh protein for IP may conceal small
differences in protein-protein interaction betwedtre LTP-induced samples and their
controls. The choice of antibodies used for West#atting is important for an optimized

detection of the proteins of interest. Monoclonatitzodies are often preferred because they
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bind specifically to their antigen. A drawback &t they may bindoo specifically, and may

not recognize the epitope if the antigen has beenifrad, for example because of
denaturation. Polyclonal antibodies are therefoseful for the detection of denatured
proteins, but may give background signal. Secondarijbodies are the main cause of
background signal, but thorough washing of the nramds after incubation with antibodies

reduces background signal.

4.3.5 Experimental controlsfor immunoprecipitation

Human embryonic kidney (HEK) 293T cells expresdiigFP-Ago2 were used as a positive
control for successful detection of Ago2 and Agogiacting proteins by immunoblotting,
both for total lysates and IP samples. Thus, the2Aexpressing HEK cells were also a
positive control for successful IP. The disadvaataf this control is that both the cell type
and the species are different from the samples MiRESC composition in human embryonic
kidney cells may differ from adult rat neuronallselhe advantage is that HEK cells are easy
to grow and are readily transfected.

Antibody-bound beads with no sample were usedrasgative control in co-IP. This
negative control ensures that the antibodies usedrfmunoblotting don’t cross-react with
the beads. The secondary antibodies used for imblottiog are specific for both heawand
light chains of IgG. Therefore, two bands were presenthenmembrane, corresponding to
the heavy (50 kDa) and light (25 kDa) chains of phecipitated primary antibody. The 50
kDa band could interfere with the 54 kDa protein X3 but the bands were well separated
by SDS-PAGE, because the gels were run until theCEproteins approached the bottom of
the gel.

4.3.6 Sample preparation for mass spectrometry

The immunoprecipitated samples used for mass speetry were digested in-gel, because
the lysis buffer in the samples contained detegyeldetergents cannot be used for protein
denaturation preceding in-solution digestion, beeauey will interfere with the MS analysis.

In-gel digestion is advantageous because the epguiresis removes low molecular mass
impurities, including detergents and buffer compaagShevchenko et al., 2006). A source
of error is that 15 to 50% of peptides may be ldgting sample preparation for mass
spectrometry, for example during destaining, byogatson on surfaces of pipette tips and
tubes, during vacuum centrifugation, during peptedéraction from the gel, and during

ionization (Granvogl et al., 2007). The reductiondaalkylation steps increase the
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accessibility of arginine and lysine in disulfidentaining proteins. Digestion by trypsin is

advantageous because it cleaves the proteins isp#lgifat lysine and arginine residues,

which have a biological distribution that gives pegs of appropriate masses for mass
spectrometry analysis. The optimum pH for trypsgedtion is between 7 and 9. Ammonium
bicarbonate (ABC) is therefore a suitable buffdd ¢h1l). Desalting the samples significantly
improves the quality of the mass spectra becauteasa a major cause of noise.

4.4 Reflection upon project goals

Goal 1: detection of predicted Ago2 binding partnersby IP

The first goal was to use IP and Western blottmgqwestigate whether the proteins GW182,
Dicer, FMRP, MOV10 and DDX6 are associated with Ago the rat dentate gyrus vivo,
and whether these associations are modulated dufig All the candidate proteins were
detected in total lysate, even though FMRP, GW182 MOV10 gave weak bands on the
immunoblots. Ago2 was successfully immunoprecipdatbut of all the candidate proteins
known to interact with Ago2, only DDX6 was assoethtvith it. The experiments were done
many times, and a range of different conditionsemested, such as variations in the lysis
buffer, in total protein amount, and incubationiat different steps. Yet, no improvement in
protein detection in co-IP was achieved. Therefarels tempting to suggest that the
interaction between Ago2 and FMRP, GW182 and MO¥lWeaker in mammalian brain
cellsin vivo, than in cultured cells. This suggestion remairspeculation, because no other
tissues than brain were co-immunoprecipitated whtho2. There was no significant
modulation of DDX6 or AgoZ2 in co-IP during LTP, any significant modulation of any of
the candidate proteins in total lysate during LNevertheless, some tendencies for up- or
downregulation were observed. These results giviedination of how the miRISC might be
modulated, but a greater number of duplicates wgivd a more certain answer. The number
of duplicates is a challenging point because thmee&nce is expensive and time consuming.
Overall, the first goal of the project was achieviedt in retrospect, we should perhaps have
focused on new candidate proteins when we repgatedldn’t detect GW182, Dicer, FMRP
and MOV10 in co-IP with Ago2.

Goal 2: detection of Ago2 binding partners by mass spectrometry

The second goal was to use mass spectrometry itifideew Ago2 binding partners, and to

detect changes in protein interactions during LA§o02 in IP was detected by Orbitrap mass
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spectrometry, confirming successful IP of Ago2. Bldhan a thousand direct or indirect
binding partners of Ago2 were detected. Of thestewaproteins important in translational
silencing were found, such as PABP1, DDX1 and FXRda.consistent changes in protein
interaction with Ago2 or expression of Ago2 itseléere found during LTP. The goal was
achieved, but the work could be expanded. Additioeplicates could give more reliable
information about regulation of protein expressidiass spectrometry could be performed for
dentate gyri collected at other time points thann3@ post-HFS, to investigate whether

protein regulation varies at different time poidtsing LTP.

4.5 Conclusions and future per spectives

This study does not show any significant remodetihthe miRISC during LTP, but neither
does it exclude this possibility. Remodeling of theRISC may alter its function in
translational repression, and change the expressifomproteins important in synaptic
plasticity. It is possible that mechanisms othanttRISC remodeling, such as control of
mMiRNA synthesis, may control changes in gene espras Knowing the mechanisms
underlying synaptic plasticity will give us a bettenderstanding of learning and memory, and
eventually, enable us to better study disease®@fiton. Many interesting questions about
the miRISC in the mammalian brain are left unans@eihe full RISC protein composition
is still unknown, and we have just started to itigage its modulation during LTP. Which
receptors are required for RISC modulation? Theaws of events leading to changes in
RISC composition is a possible field of study, &8C localization in neurons is yet another
interesting issue. Finally, the behavioral sigmifice of RISC function needs more studying.
The RISC pathway regulates synaptic protein symhessociated with memory in
Drosophila MelanogastefAshraf et al., 2006). Ago2 and the RISC may playoke in
mammalian memory formatian vivo. In a study, small interfering RNAs (siRNAS) tatigg
Ago2 were injected in the dorsal hippocampus ofemgiRNA-mediated silencing of Ago2
impaired short-term memory and long-term contexfealk memory (Batassa et al., 2010).
More studies are needed to investigate the poshitebetween RISC regulation of protein
synthesis and memory formation in mammals.

Several studies could be conducted in the forédedature. The protein composition
of the RISC during LTP could be further analyzednigss spectrometry, at other time point
than 30 min after the induction of LTP. NMDAR-depence of RISC modulation can be
testedin vivo by infusion of NMDAR antagonists such as AP5 or GRtB the hippocampus,
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before LTP induction. The RNase dependence of jpprgi®tein interactions can be tested by
adding an RNase to the beads during IP of the niRFESotein interactions with Ago2 can be
confirmed by immunoprecipitating candidate protdnasn dentate gyrus lysate, and trying to
detect Ago2 in the IP. Candidate proteins for whistailable antibodies are not specific
enough can be expressed in mammalian aellgtro and tagged with protein tags such as
Flag or glutathione S-transferase (GST). The taggetkins can be immunoprecipitated and
protein-protein interactions can be analyzed by téfesblotting. Other techniques for
analysis of protein-protein interactioms vitro are fluorescence resonance energy transfer
(FRET), surface plasmon resonance (SPR) and yeastybrid. Colocalization of a RISC
protein to P-bodies can be analyzed by probing aeith antibodies against the protein of
interest and against a marker for P-bodies, sudghRNA decapping enzyme 1A (DCD1A).
Modifications of RISC proteins, such as phosphaiytaor ubiquitylation, can be analyzed
by Western blotting. Localization of the miRISC cha analyzed in synaptoneurosomes,
which are isolated resealed pre- and postsynaptictares. Synaptoneurosomes could be
used for proteomic analysis of synaptic miRISC. i@fes in miRISC protein composition
could then not be attributed to proteins transgbiftem the cell body. Sucrose gradient
analysis of polysomes can reveal whether RISC m®#re present in the polysomal fraction,
which would indicate a role of the miRISC in traat&nal regulation at polysomes. miRISC
function can be analyzed further by blocking thection of RISC proteins such as GW182,
for example by lentiviral expression of short hairRNAs (shRNAs). Knockout mice of
RISC proteins can be useful for behavioral studiesvould be interesting to analyze the
behavioral importance of the RISC and specific Rgg@eins in learning and memory.
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Appendix

A User manuals

Lipofectaminé™ 2000

http://tools.invitrogen.com/content/sfs/manualgfectamine2000 man.pdf

Mini-PROTEAN® 3 Cell
http://www3.bio-rad.com/cmc upload/Literature/444806157B.pdf

Mini Trans-Blot® Electrophoretic Transfer Cell
http://www3.bio-rad.com/cmc upload/Literature/13280703930.pdf

Pierce® BCA Protein Assay Kit
http://www.piercenet.com/instructions/2161296.pdf

Pierce® ECL Western Blotting Substrate
http://www.piercenet.com/instructions/2161743.pdf

B Recipes
Polyacrylamide gel
Resolving gel Stacking gel
(8% acrylamide) (4% acrylamide)

ddHO 9.5 ml 6 mi
30% Acrylamide/Bis 37.5:1 5.2 ml 1.34 mi
Tris-HCI pH 6.8 - 2.5 ml
Tris-HCI pH 8.8 5 ml -
10% Sodium dodecyl sulfate (SDS) 160 pl 100 pl
10% Ammonium persulfate (APS) 160 pl 50 pl
TEMED 16 pl 10 pl
Total volume ~20 ml 10 ml
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