THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfiiment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:

* This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.

* A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.

* This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.

* The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.

*  When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.



Roles of the microRNA pathway in cortical developmet.

By Tomasz Jan Nowakowski

Thesis submitted for the degree of doctor of pbitdgy at the University of Edinburgh

December 2011



DISCLAIMER

I (Tomasz Jan Nowakowski) performed all of the expents presented in this
thesis unless otherwise clearly stated in the téatpart of this work has been, or is

being submitted for any other degree of qualifmati

Signed:

Date:



Limites

“De estas calles que ahondan el poniente,
una habra (no sé cual) que he recorrido
ya por ultima vez, indiferente

y sin adivinarlo, sometido”
Joge Luis Borges

| dedicate this Thesis to my father, Marian Nowakknwwhose determination and
perseverance have inspired me to always choosmdisé challenging of the paths of life

open to me.



ACKNOWLEDGEMENTS

First of all | wish to thank my supervisors Davidde and Tom Pratt for allowing
me to pursue my ideas and for their rigorous aitical review of work. Sincere
thanks to Veronica van Heyningen for her time tovpe good advice and

mentoring at all stages of my work.

| am deeply indebted to Vassiliki Fotaki who hasvyided me mentoring, technical

support, professional and personal advice.

Big thanks to Jane Quinn who fostered my scientifgour and helping me ask

important questions about experiments and projesigd.

I wish to thank members of the Price, Mason, PKittd and Spears laboratories for
being such a very friendly environment to work mddor their technical support. In
particular | wish to thank Michael Molinek, RoweB8aith and Alison Murray who
inducted me into the know-how of cell and tissukure techniques. | also wish to
thank Trudi Gillespie for effortless attempts t@dk me how to master confocal
microscopy. | wish to thank the staff at the HugbbBon Building Animal House

who looked after my mice.

Furthermore, | wish to thank my fantastic friendsonshared with me the time |
spent in Edinburgh, particularly Julio Rodriguezndkes, Robert Ekiert, Albert
Sanchez- Ribalta, Ryota Iwasawa, Hayden Selvadiugine Harris, Manuela
Marescotti Elise Malavasi and Marta Golonek- Ekiert

Probably the greatest thanks should go to the umkrauthor of the assignment for
Molecular Genetics 3 course during my Undergradedigcation. This assignment
incited my love for RNA interference and microRN&sd motivated me throughout

this work.

| also wish to thank my parents Izabella and Madad my sister Maria who are a
wonderful family and who have supported my all Wha@y. Special thanks also to
Elzbieta Petlicka for her patience and understandin



ABSTRACT

Dicer endoribonuclease catalyzes the maturatiomicfoRNAs (miRNAS) from
double stranded precursors. Studies conditionakytivating Dicer in the mouse
embryonic forebrain continue to shed light on thectrum of biological processes

subject to miRNA regulation.

This study looked at defects of brain developmetibWing a widespread ablation
of Dicer in the early forebrain. The neuroepithetitem cells failed to specify the
radial glia appropriately around the time whenfirst postmitotic neurons begin to

be generated in the neuroepithelium.

Ablation of Dicer in only a subset of radial gliaasvnot accompanied by the early
apoptosis observed in all other models of Diceatah in the cortex. This allowed
the study of the role of miRNAs in regulating aelimbers in the cortex. The study

revealed that generation of cortical cells is iased during postnatal development.

Finally, the study identified a miRNA which is able negatively regulate the
development of neuronal precursor cells of the bpreg cortex by targeting T-

box transcription factor 2.

Together the results presented in this Thesis ibamér to the understanding of the

roles of endogenous RNA interference in the devalant of the brain.
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CHAPTER 1:

General Introduction
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1.1 Overview

Development of the brain is a complex and multgst@rocess which requires a
number of biological events taking place at thétrigme in the right place. At the
molecular level, this involves high fidelity conltrof protein expression. Until
recently the control of protein expression duriegelopment was mostly thought to
take place at the level of their coding genes wiinscription factors responding to
signalling molecules and switching gene transaipton and off when necessary.
However, recent advances in biology have greatbadened our understanding of
the complexity of factors which regulate the expi@s of genes. These include the
roles of the “junk” DNA, epigenetic modificationsplicing, RNA editing, non-
protein coding RNAs to name a few. This thesis $esuon the role of microRNA
molecules in the control of biological processes @ene expression during the
development of the cortex. This study investigated role of the microRNA
pathway during development by generating models iter —deficient
neuroepithelial cells and identifies a novel fuootl interaction between one of the
non-coding RNAs and one of the key transcriptiortdes regulating brain
development. The introduction will initially prowadan overview of mechanisms
regulating the embryonic development of the cortgith a clear focus on
mechanisms of progenitor cell development whictulatg cortical cell number and
diversity. The second part of the introduction witbvide an overview of the RNA
interference pathway with a focus on the known fiams of Dicer and microRNAs

in the developing mouse cortex.
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1.2 Cortex development

1.2.1 Neural induction and anteroposterior patternng of the neural plate

Formation of the neural plate follows a highly etgipical pattern in virtually all
studied vertebrates. Most of the early experimewtadk elucidating the origins of
the forebrain during development including the itferation of key genetic

networks was done idenopus laevis

Transplantation experiments by Spemann and Margjadved that the dorsal lip of
the early blastopore is able to instruct the foramabf the neural axis (Bouwmeester,
2001). The progeny of the Spemann’s organiser nag@strally to give rise to the
notochord. Cells of the notochord express a nurnb&one morphogenetic protein
(Bmp) antagonists such as Chordin, Noggin and s$tatin (Bouwmeester, 2001).
These factors induce neural fate in the overlyiopderm and the formation of the
neural plate with cells undergoing pseudostratifica(Figure 1.01). Clonal analysis
experiments of single epiblast cells of the eampeyo revealed that the early neural
plate shows anteroposterior patterning (Lawson Badersen, 1992). The rostral
section of the notochord, the prechordal plate peed factors, including Cerberus
and Goosecoid (Piccolo et al., 1999; Steinbeisssal.,€1993) that instruct the neural
plate to express genes, Liml and Otx2, which aceessary for development of
anterior neural structures (Acampora et al., 198&tsuo et al., 1995; Shawlot and
Behringer, 1995). Posterior neural plate is paéerby the posterior notochord,
which expresses Brachyury and is a source of tbheoBlast growth factor (Fgf)
signalling (Conlon and Smith, 1999; Kimelman andskhner, 1987).

These pathways were later found to be conservethenmouse as well as other
vertebrates and thanks to the development of téogpado generate transgenic mice
it was possible to verify their roles in mammal@@velopment. Therefore, the next
paragraph describing more in-depth mechanisms odbfain specification and

patterning is based largely on studies that wertpaed in mice.
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Figure 1.01: Development and patterning of cerebratortex. (A) Dorsal view of an E8 mouse
embryo. Visible is the neural plate which will giviee to all structures of the central nervouseyst
(N) (Sulik et al., 1994). (B) Open view of the naluplate, patterns indicate the expression of key
regulators of the early development of the neuwraétincluding the Fibroblast growth factor 8 (Fgf8)
which is expressed at the anterior neural ridge) (@nd patterns the telencephalon by promoting the
expression of Foxgl (BF1) as well as at the boyntatween the midbrain (me) and the hindbrain
(rh). The expression of Sonic hedgehog (Shh) byntitechord (nc) and the prechordal plate (pcp)
and acts to ventralise the central nervous systaaniraduces the expression of ventral telencephalic
marker Nkx2.1. Bone morphogenetic proteins are esg®d at the periphery of the neural plate and
promote the dorsalisation of the central nervoustesy (Rubenstein1998). (C) Side- view of the
mouse brain at E10.5, after the neural tube closbighlighting the key sources of morphogens,
ventralising signals Fgf8, Shh and dorsalising &igh'ntl. Rhombomeres 1-7 are designated r1- r7
(Rubenstein et al., 1998). (D) The key telencephaditterning centres are the cortical hem, soufce o
BMPs and Wnts, the commissural plate (CoP) andltwe plate, which produces Sonic hedgehog.
Key anatomical structures are annotated includhgy €ortex (Ctx), lateral ganglionic eminence
(LGE), medial ganglionic eminence (MGE), midbrame) and the hypothalamus (hTh) (Rubenstein,
2011).
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1.2.2 Forebrain specification and its mediolaterapatterning

The telencephalon is further specified by the HFilast growth factor 8 (Fgf-8),
produced at the most anterior border between theenwderm and the non-neural
ectoderm, which induces the expression of Foxglin{®mura and Rubenstein,
1997). The medio-lateral patterning of the neutatepcorresponds, following the
anterior neuropore closure, to ventro-dorsal paitigr of the telencephalon (Figure
1.01). One of the most powerful signalling molesuiavolved in this process is
Sonic hedgehog (Shh) (Echelard et al., 1993). Mm@t expresses Shh and
stimulates the overlying neural plate to expreslk &h well. The Shh signalling is
required for normal patterning of the forebraineThteral neural plate (prospective
dorsal area) expresses dorsalising factors inau@mps and Wnts (Borello and
Pierani, 2010). The Shh signalling plays an impdrtale in the specification of
ventral fates in the forebrain. This is achievextigh several mechanisms (Figure
1.02). First, Shh is known to induce the expressibNkx2.1 (Ericson et al., 1995),
which is expressed ventrally in the Medial GanglioBminence (MGE). Second,
the Shh signalling restricts the dorsalising attiwaf the Gli3 transcription factor,
which is expressed throughout the telencephalomaadlates the dorsalising effects
of the Bmp signal (Aoto et al., 2002). This alstowk Fgfs, whose expression is
inhibited by Gli3, to promote development of thentral cell types (Kuschel et al.,
2003; Theil et al., 1999).

Further regionalisation of the telencephalon ineslexpression of the transcription
factors Pax6, Emx1 in the dorsal telencephalon #&wh2 in the ventral
telencephalon (Hebert and Fishell, 2008) (Figu@2)l.Cross- repression between
Pax6 and Gsh2 establishes the boundary betweeatotkal telencephalon (pallium)
and the ventral telencephalon (subpallium). Pax@xgressed in a rostro-lateral
(high) to caudo-medial (low) gradient while Emx1 egpressed in an opposite
gradient (Bishop et al., 2000). Expression of theeaescription factors is restricted
to the progenitor cells of the cortex, striatum #mel globus pallidus and their action
is required for normal development of the forebrdihe cortical progenitors will
generate the excitatory neurons of the cortex, evhll inhibitory neurons of the
cortex will be generated in the ventral telencephalnd will migrate tangentially to

populate the cortex.
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Figure 1.02: Transcription factors and further spedfication of telencephalic fates.(A) Key
transcription factors involved in the specificatiohdifferent anatomical areas of the forebraineTh
cortical hem (CH) will give rise to the Choroid Rls. The medial pallium (MP) is specified by Lhx2
and will develop into the hippocampus. The dorsdliygm (DP) will give rise to the cortex and the
progenitor identity is maintained by Gli3 inducegeession of Emx1/2, Pax6 and Neurogenins 1 and
2 (Ngn1/2). The dorsal and ventral Lateral gangti@minences (dLGE and vLGE) are specified by
transcription factors Gsh1/2, Mashl (Ascll) and1l®x which act in a cross-repressive loop with the
transcription factors expressed dorsally (red asjowhe Medial ganglionic eminence is specified by
Nkx2.1, Lhx6 and Lhx7 and will give rise to impantastructures such as for example the Globus
pallidus. Other abbr. Lateral pallium (LP), Ventmllium (VP), pre-optic area (POa) (figure from
Schuurmans et al., 2004). (B) Key neuro- and glienic areas of the developing telencephalon.
Patterning of cortical is regulated by neurogenignl/2 and Gli3 and the progenitors will give rise
to pyramidal neurons and astrocytes. Ventral prisgem including ones residing in the Lateral
ganglionic eminence, Medial ganglionic eminence #ma Pre-optic area are patterned by Mashl
(Ascll) and DIx1/2 and give rise to neurons prodgdhe inhibitory neurotransmittgraminobutyric
acid (GABA) and oligodendrocytes (figure from Rastitand Kriegstein, 2010).
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FIGURE 1.02
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Most of the mechanisms described above have bemmdated through numerous
studies using transgenic animals where the expresdithese genes is defective or
absent. These could be described in further dethi$ instead the rest of the
introduction will focus on the molecular and cedlubspects of development of the

progenitor cells in the cortex.

1.2.3 Neuroepithelial stem cells and the Radial Gli

After the closure of the anterior neuropore at E8hB neuroepithelium is thought to
consist of the neuroepithelial stem cells dividingly symmetrically and not

producing any postmitotic cells (Misson et al., 898oigt, 1989) (Figure 1.03).

During the time when most of the cortical neurorest@orn, between E10.5-E17.5 in
mouse (Caviness, 1982), the neuroepithelium isghbto be composed mainly or

only of the radial glial cells which are commonéfarred to as the neural stem cells.
The transition between the neuroepithelial stenfschd the radial glia involves

progressive expression of glial proteins (Camphk#diQ3; Pinto and Gotz, 2007).

Morphologically, these two cell populations are ismwith the radial processes

spanning the thickness of the neuroepithelium (figl.03). The RC2 antigen

expression is restricted to the pial endfeet inEBeD neuroepithelium and becomes
expanded by E11.0 (Misson et al., 1988). Similahg, transition was later described
to coincide with changes in the expression of Bliopd GLAST (Feng et al., 1994;

Shibata et al., 1997).
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Figure 1.03: Development of cortical neuroepithelim. (A) Graphical illustration demonstrating
the neurogenesis and gliogenesis. Glia and neussasborn from the primary proliferative
population, termed the neuroepithelial (NE) sterfisckefore E10.0 (green). Between E10.0 and
E11.0 the NE stem cells transform into radial dlRG, green) and begin to produce the first
postmitotic neurons (N) (dark red) which contribute the preplate. Between E11.5 and E17.5,
following the split of the preplate into the sultpland the marginal zone, the neurons born from the
radial glia contribute to the cortical plate. A sab of cells born from radial glia generate the
secondary proliferative population, the intermegliatogenitor cells (NP) which only have neurogenic
potential. Early born neurons generate the deeprsapf the cortex (red, organge) and late born
progenitors give rise to the upper layer neuroedw). It is believed that the fate of corticalunens

is pre-determined in the neurogenic progenitorgifgupostnatal development, gliogenic progenitors
(blue) together with the radial glia give rise giracytes (figure from Okano and Temple, 2009). (B)
Schema outlining the molecular mechanisms goverttiegkey aspects of the neuroepithelial stem
cell and radial glia development. Factors promotthg transition of neuroepithelial stem cells
transition into radial glia include the Notch, Negulinl (Nrgl) signalling through ErbB recepto th
fibroblast growth factor 10 (Fgfl10) and retinoicichdRA). A number of factors have been
demonstrated to promote the transformation of taglia into astrocytes, most importantly the JAK-
STAT signalling, the Notch signalling pathway, thand the polycomb group complex- (PcG)
mediated epigenetic modification which inactivateml (figure from Miyata et al., 2010).
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FIGURE 1.03
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However, molecular pathways which could be regugptihis transition are very
poorly understood. Injection of a retrovirus exgieg activated form of Notchl
(NIC) into the E9.0 mouse embryos demonstratedttietNotch signalling pathway
is involved in the early specification of the rddifia with premature expression of
Blbp and RC2 (Gaiano et al., 2000). This was supepoby the later findings that
Blbp is an important target of the Notch signallipgthway with Blbp expression
being diminished in Notchl, Notch3 double -knockoute (Anthony et al., 2004).
Activation of the Notch signalling was also demoat#d to be necessary for
expression of Neuregulinl receptor, ErbB2, signgllihrough which is necessary
for the expression of the RC2 epitope and developraed maintenance of the
radial glia (Anton et al., 1997; Schmid et al., 2p(Figure 1.03).

More recently, the fibroblast growth factor sigmadl through FGFR2 has been
shown to corroborate with the Notch signalling pati to establish the radial glia
cell population and confen vitro neurosphere forming ability to the progenitors
(Yoon et al., 2004). Further analysis revealed BEwdl0 is particularly potent for this

transformation to occur at the right time wiBtgf10 knockout mice showing a

delayed expression of Blbp (Sahara and O'Leary9R@Bigure 1.03). Recently,

sonic hedgehog signalling was also implicated & glhocess through the induction
of expression of sry- homology box Sox9, whose @eexis overexpression in E9.5
embryos confers neurosphere forming ability to @issted progenitors prematurely
(Scott et al., 2010). Together, these findings ssgghat the early neuroepithelial
stem cell to radial glia transition is an importavent during development of the

cortex and requires a coordinated activation oésasignalling pathways.

It remains unclear to what extent the specificatibrthe radial glia is necessary to
generate postmitotic neurons. Premature speciicatbf the radial glia by
constitutive activation of the Notch signallinglmy overexpression of Sox9 leads to
early generation of postmitotic neurons (Gaianalet 2000; Scott et al., 2010).
However, experiments aimed at abolishing the nquttoelial stem cell to radial glia
transition did not provide conclusive results. VEhihormal capacity to produce
postmitotic neurons was reported for tNegl knockout radial glia lacking RC2
expression (Schmid et al., 2003), conditional ivatton of Sox9 resulted in a
reduced neurosphere forming ability of the progeniells and a reduced neuronal

differentiation (Scott et al., 2010). Technicalfdiences could, in part, account for
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this difference, as the former study used sliceuces with 10% serum containing
medium to assess neuronal differentiation, while Hitter used a protocol which
does not involve the use of serum to study the aspirere formation, although
medium containing 1% serum is used to study thiéieréntiation (Reynolds and
Weiss, 1996; Scott et al., 2010). Analysis of Bgfl0 knockout mice, where the
expression of Blbp and specification of the radibh is delayed, suggested that
neuronal differentiation is also delayed, althotigh assessment was made based on
the expression of Tbrl as opposed to TuJl in theratudies (Sahara and O'Leary,
2009).

For this and other reasons, it is important to adopnified homenclature for the
early progenitors of the embryonic cortex. For pluepose of this work the earliest
progenitors normally present in the neuroepitheliwvhich are not normally
neurogenic will be referred to as the neuroepigthedtem cells. The neurogenic
progenitors characterised by the strong expressiagenes such as Sox9 and RC2

and give rise to the postmitotic neurons will biened to as the radial glia.

1.2.4 Radial glia and postmitotic cells

Radial glia were initially identified as a poputati of cells each containing a single
radial process spanning the thickness of the dpiejotissue and guiding the
migration of postmitotic neurons to the corticahtpl (Rakic, 1971; Rakic, 1972).
During mouse development, the radial glia are $ijgecifrom the neuroepithelial

stem cells around the time when the neuroepithebegins to generate postmitotic
neurons (around E11). It was later observed thatr#dial glia not only guide

differentiating neurons, but can also produce nesidirectly during asymmetric cell

divisions (Malatesta et al., 2000; Noctor et aDQP).

Cell bodies of the radial glia undergo somal tracations (interkinetic nuclear
migration), which are linked to their cell cycleujfa, 1963). Mitotic divisions of
the radial glia are restricted to the ventriculdge and the positioning of the cell

body during cell division is believed to be maingd by a number of proteins
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(Lathia et al., 2007; Ohno, 2001). Precise molecalachanisms regulating the fate

decision of postmitotic cells remain unclear.

It is believed that symmetricity of the mitotic dilon of the radial glia is dependent
on the inheritance of cell fate factors and it wagposed that the orientation of the
mitotic spindle might be the determinant of theiheritance. Studies of central
nervous system development iDrosophila melanogasterinitially identified
prospero to be such a factor with the par3/par6@Pkotein complex involved in
maintaining appropriate positioning of the spindileing cell division (Betschinger
et al., 2003; Doe et al., 1991; Ohno, 2001). Falguthe exciting discovery that in
the developing nervous system Dirosophila melanogastethe distribution of
postmitotic cell fate factors is indeed linked lb@ tpositioning of the spindle during
division (Kuchinke et al., 1998; Schober et al.999Wodarz et al., 1999) it was
proposed that perhaps these factors, all of whiehhagh conserved, may also
control cell fate decisions during the divisions thie radial glia in mammals
(Wodarz and Huttner, 2003). However, the predictatt of asymmetric cell
divisions based on the anatomical observations ahit a small fraction of cell
divisions in mammals are horizontal to the ventacedge (Smart, 1973) would be
too small to explain the numbers of neurons geedrat the mouse brain and it was
later demonstrated that vertical cell divisions ethiwould be expected to be
symmetric based on the findings frodrosophila melanogastecan give rise to
asymmetric divisions in mammals (Kosodo et al.,400

Studies investigating the role of the Notch signgll pathway have provided
substantial evidence for the role of this pathwathie neuronal differentiation of the
radial glia. Notch is a membrane bound-bound rexdpt Delta and Jagged ligands
and is involved in intercellular signalling (Kopand llagan, 2009). Upon activation,
the intracellular domain of Notch (NICD) is cleavied Presenilin of thg-secretase

complex and, together with the recombining bindangtein suppressor of hairless
(RBP-J), activates the transcription of target germaost importantly the hairy
enhancer of splitheg genes (Pierfelice et al., 2011). It was obsertteat the

proneural genes Ngn2 and Mashl are expressed inetlmepithelium before the
first postmiotic neurons are born (Bettenhauseralget1995; Hatakeyama et al.,
2004). It was later shown that the Notch signalkffgctors, particularly Hesl, are

expressed in an oscillatory fashion due to the tnegautoregulation of its own
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promoter (Shimojo et al., 2008). The inhibitionNgn2 expression by Hes1 induces
an out of phase oscillation of Ngn2 protein in tlaglial glia (Figure 1.04). The
proneural genes, such as Ngn2, are known to intheeexpression of Deltal, a
Notch ligand, and this stimulates the Notch signglpathway in the neighbouring
cells. As a result, there is a harmonic oscillatwwith some of the radial glia
expressing proneural genes and some lacking tkpression. This explains the salt
and pepper pattern of expression of proneural gendése ventricular zone of the
developing telencephalon. Additional signals haeerbproposed to modulate the
oscillatory behaviour of Hesl including the justotrer kinase (JAK) — signal
transducer and activator of transcription (STATnsilling with the Jak inhibitor,
AG490 shown to stabilize Hes1 expression (Shimbpl.e2008). As a result of this,
the neighbouring cells would then fail to receihe tNotch signal and would be
allowed to differentiate because of a sustainedesgion of proneural genes and
stimulation of the Notch signalling in the precursell, preventing its differentiation
(Pierfelice et al., 2011).

Apart from the Notch signalling pathway, there igrawing interest in the role of
epigenetic silencing in neuronal differentiatiom.particular, the repressor element-1
silencing transcription factor/ neuron restrictsiéencing factor (REST/NRSF) has
emerged as a powerful modulator of neuronal dewvedoqt, identity and function.
REST and its cofactor COREST recognise and binddpeessor element-1/ neuron
restrictive silencer elements (RE1/NRSE) in theogea and recruit a number of
enzymes involved in chromatin modifications such héstone deacetylases, the
Swi/Snf complex or the MeCP2. Initially this mecisan was thought to be
necessary primarily for the developing nervousesysfJohnson et al., 2007; Otto et
al., 2007), but later a number of functions outside nervous system have been
reported (Qureshi and Mehler, 2009).

However, it remains unclear how these findings Wwél reconciled with the studies
demonstrating that at least some of the progennaight show some degree of
lineage restriction. Clonal analysis studies utitisa modified version of the Babe
BOLAP retroviral vector (Cepko et al., 1998) to tain the cytomegalovirus (CMV)
enhancer with chickef-actin promoter (CAG) which is resistant to silenrin the
E9.0 neuroepithelium (Gaiano et al., 1999) havesideml some evidence that the

neuroepithelium might show some lineage heterogemeien before the radial glia
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are specified with some of the clones consistinty af astrocytes at the end of
corticogenesis (McCarthy et al., 2001). Nonethelesschanisms of fate selection
could, in theory, be independent from the molecwantrol of proliferation and
differentiation.
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Figure 1.04: Role of the Notch signalling pathwayni the maintenance of the radial glia.(A)
Notch is a membrane receptor and the signallinguiin the Notch receptor induces the expression of
hairy enhancer of splitl (Hesl), which negativalyosegulates its own promoter and this generates
an oscillation of the Hes1 protein level. Hesl liitisi the expression of Neuregulin2 (Ngn2), which is
necessary to promote the expression of Notch ligaetta-likel (DII1). (B) As a result of this
pathway, populations of radial glial cells are hegeneous in terms of their Notch activity with one
radial glial cell “neural progenitorl” expressingy® and DII1 and its neighbour “neural progenitor
2" expressing Hes1 (Shimojo et al., 2008). (C) Tantain sufficient levels of Notch signalling ineth
radial glia (BP), whose cell bodies are restridtethe ventricular zone (VZ), intermediate progerst
(INP) located in the subventricular zone (SVZ) dne postmitotic neurons provides the simulation.
E3 ubiquitin ligase Mind bomb1 (Mibl) is necess#&my the endocytosis of all known ligands of
Notch including Delta like -1, 3 and 4 and Jaggeshdl 2, yet the knockout studies have shown that
its presence is required for functional signallifgpo et al., 2005). Image from (Pierfelice et al.,
2011).
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1.2.5 Differentiation of postmitotic cells

Initial identification of the radial glia by Rakiand co-workers suggested that the
main role of the radial fibres is to guide the eddinigration of the postmitotic
neurons (Rakic, 1971; Rakic, 1972). The observatian, in addition, the radial glia
produce neurons modified this hypothesis, but damse important question which
remains unanswered: what happens to the radialegsoduring the asymmetric
division of the radial glia. Studies from the Krigin laboratory using retrovirally
infected radial glia expressing GFP reported thastrpostmitotic cells which inherit
the radial (basal) process remain radial glial proprs and the other cells
differentiate (Noctor et al.,, 2001). However, fings using lipophilic dye Dil
labelling of the radial glia showed that the inteerce of the radial process by cells
which later express neuronal markers such as Hul, TiNeuN happens in
approximately half of the cases (Miyata et al., DO his would be in line with the
hypothesis put forward in 1970 by Morest (Mores9,7Q) that neurons can be
derived from cells containing the basal processifgergoing a somal translocation.
Studies using the non-integrating adenoviral GFpression vector would seem to
support this hypothesis (Tamamaki et al., 2001js therefore a subject of further
research to determine the exact cellular mechantskiag place during neuronal
differentiation of the radial glia. It is also uear how a new radial process is

established following a symmetric division of tlalial glia.

It was later observed that neurons can also berggmevia another pathway. A
subset of postmitotic cells was found to divide egntwice or thrice more in the
subventricular zone to amplify the neuronal outpluthe radial glia (Haubensak et
al., 2004; Miyata et al., 2004; Noctor et al., 2D(Eigure 1.05). The subventricular
zone is a histologically distinct region of the dmping cortex previously observed
to contain a number of abventricular cell divisig®snart, 1976). At the molecular
level it can be identified based on the expressioseveral markers including Thr2
(Englund et al., 2005), svetl (Tarabykin et alQPQ Cux1l and Cux2 (Nieto et al.,
2004; Zimmer et al., 2004), Satb2 (Britanova ef a005). Further analysis of
expression of transcription factors which are imredl in radial glia maintenance,
such as Pax6, the intermediate progenitor marke®, Tproneural NeuroD1 and

Tbrl, which is expressed in the postmitotic progtheurons, prompted postulation
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of the hypothesis that the development of pyrampdajection neurons is regulated
by sequential expression of these transcriptiomofac(Hevner et al., 2006). It is
unclear whether neurons born directly from the akdiia require the expression of
Tbr2 at some stage. Data showing that Tbr2 is uddect transcriptional regulation
by Ngn2 and the proposed role of Tbr2 in direcivation of NeuroD transcription
would support such a hypothesis (Hevner et al.6206e et al., 2000; Ochiai et al.,
2009). However, neurogenesis in the embryonic m#@xcois not completely
abolished in the conditional Tbr2 knockout micer(@ld et al., 2008; Sessa et al.,
2008). Therefore the molecular mechanisms reggatdirect and indirect

neurogenesis remain to be investigated.
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Figure 1.05: Two modes of neurogenesis in cerebrabrtex. Radial glia of the developing cortex
express Pax6 and their cell bodies undergo intetiimuclear migration in the ventricular zone (VZ)
in harmony with the phases of cell cycle with nmigotlivisions taking place at the edge of the
ventricle. Postmitotic cells can differentiate imeurons directly (left panel) and migrate throtigé
subventricular zone (SVZ), the intermediate zor® @nd into the cortical plate (CP) or adopt an
intermediate progenitor cell (IPC) fate, dividetla# SVZ to amplify the neuronal output and then
differentiate into neurons. The sequential expogssif transcription factors Pax6, Thr2, NeuroD and
Thrl suggests that these transcription factormecessary to drive the postmitotic cells througts¢h

stages. It is unclear if Thr2 is involved in direeturogenesis. Image from (Hevner, 2006).
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1.2.6 Cortical layer formation 1 — the preplate

The earliest born neurons of the cerebral corteyraie to the pia and generate the
preplate around E11.5, which later splits into tharginal zone and the subplate.
The early neuronal population of the cortex inchideostly the transient population
of Cajal-Retzius neurons, which are primarily bairthe cortical hem and around
the pallio-subpallial boundary (Bielle et al., 2003t E11.5, the Cajal Retzius
neurons can be identified by the expression of markers, Reelin and Calretinin
(Hevner et al., 2003). While most Cajal-Retziuslscalre found to express both
markers, some only express one at E11.5. At ldatayes the expression of Reelin
and Calretinin in the developing cortex appearsuerlap (Hevner et al., 2003). At
late stages of corticogenesis, particularly aftbe tfirst week of postnatal
development in mouse, the Cajal Retzius cells gisap which is mainly attributed
to programmed cell death (Price et al.,, 1997; Weaebdal., 1992). Substantial
evidence has been provided to demonstrate theofdlee Cajal Retzius cells in the
laminar organisation of the cortex. The corticahiiaation in mice lacking the fully
functional Reelin protein, the “reeler’” mice, isudipted with the laminae found in
an inverted order (Caviness, 1982; Rice and Cu28]; Rice et al., 2001; Tissir
and Goffinet, 2003). It appears that while Reedinnhportant to promote migration
of postmitotic neurons towards the pial surfaceaty stages of development, it is
also required to prevent neurons from enteringrldyef the cortex by inhibiting
their migration (Dulabon et al., 2000; Trommsdoeff al., 1999). A molecular
mechanism for the latter has recently been destriflgowing that Reelin inhibits
the degradation of the activated Notch intracetlidamain (NICD) (Hashimoto-
Torii et al., 2008).

1.2.7 Cortical layer formation 2 — the cortical plae

Most cortical neurons are born as a result of Msidins of the progenitor cells
between E11.5 and E17.5 (Caviness, 1982; Takaleasti, 1996). The postmitotic
neurons contributing to the cortical plate migrdi®ugh the intermediate zone and

the subplate and enter the cortical plate. Neurdooish earlier in development
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contribute to deeper layers of the cortex than oreirborn later (Angevine and
Sidman, 1961; McConnell, 1995) (Figure 1.06). Thiside-out pattern of
corticogenesis has been extensively studied andgxbhet mechanisms controlling
the development of this pattern are still unkno®rmoneering work involving the
transplantation of the early cortical progenitordoi an older brain and older
progenitors into a younger brain revealed that ¢aely progenitors are more
multipotent and can generate neurons contributingldep as well as superficial
layers, while the later progenitors can only geteer@eurons contributing to the
superficial layers (Desai and McConnell, 2000; Ezaand McConnell, 1996;
McConnell and Kaznowski, 1991). It remains uncledrat environmental factors
could direct younger progenitors to generate mapedicial neurons in the older
neuroepithelium, or what cell-autonomous mechanismogld be progressively
restricting the competence of the progenitors twegate neurons of diverse fates in
the developing cortex. Recent studies using mukipo stem cells to generate
cortical neurons found that differentiating mousel &uman embryonic stem cells
generate neurons of different subtypes in a tenhm@guence which is similar to
that of the cortical radial glim vivo (Gaspard et al., 2008; Eiraku et al., 2008; Shi et
al. 2012), suggesting that mechanisms regulatiegdikiersity of cortical neurons

could be intrinsic to the progenitor cells.

A number of transcription factors involved in theesification of various neuronal
populations have recently been identified (Leonelet 2008; Molyneaux et al.,
2007) (Figure 1.06). These include Tbrl, Satb2 @tp2. Tbrl is highly expressed
in layer VI and, to a lesser extent, layer Il/INlice lacking Tbrl show multiple
defects of the layer VI pyramidal neuron specifmatand axonal pathfinding
(Hevner et al., 2001). Loss of Ctip2, which is eegzed at high level in layer V of
the adult mouse cortex, results in defects of agpraknt of corticospinal neurons
(Arlotta et al., 2005). Sath2 was shown to be esgmd in the developing and adult
cortex (Britanova et al., 2005) and mice lackirgyekpression show defects in the
development of upper layer neurons (Britanova et 2008). Recently published
transcriptome analysis of cortical layers will unttedly provide further candidates
for neuronal subtype specific genes and factoroluad in cortical lamination
(Belgard et al., 2011).
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Figure 1.06: The cortical progenitors to cortical amination. (A) Schema representing the radial
expansion hypothesis predicts that the corticdlaserarea is dependent on the number of radial glia
(NE/RG) in the tissue, all of which establish tlaglial unit as examined by Pasko Rakic and co-
workers. Their proliferation is regulated by fasteuch as Pax6, Emx2, |d4 or TIx as well as extrins
signals including Wnt, Fgf and Shh. The laminarckhess of the cortex is determined by the
amplification of neuronal output of the radial ghg intermediate progenitors in the subventricular
zone (SVZ) (Pontious et al., 2008). (B) Initial exaation of cortical layer markers in the embryonic
cortex showed that the intermediate progenitor mariSvetl, Cuxl, Cux2 are later expressed in the
upper layer neurons of the cortex (Leone et al0820(C) Recent studies have greatly expanded the
knowledge about genes whose expression is enrichedrtain cortical layers. The full potential of
this analysis for the future understanding of caiftdevelopment remains to be explored (Molyneaux
et al., 2007).
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1.2.8 The role of intermediate progenitors in cortial lamination

The analysis of expression of cortical layer mask&vealed an interesting pattern
that genes such as the transcription factors CaglCGux2, Satb2 and a non-coding
RNA Svetl (Britanova et al., 2005; Nieto et al.,020 Tarabykin et al., 2001)
(Figure 1.06) are expressed in the upper layetBeo€ortex are also expressed in the
SVZ during development (Leone et al., 2008) andwés proposed that the
intermediate progenitor cells could perhaps beamsiple for the production of the
superficial layer neurons. This is sometimes refikrto as the “upper layer
hypothesis”. This hypothesis was further suppoligdhe observation that in mice
lacking Cux2, which is a negative regulator of intediate progenitor proliferation,
upper but not deep layers are expanded (Cubelad.,e2008). Cross-species
comparison of cortical anatomy would seem to supplms hypothesis since a
distinct subventricular zone is present only in maals and its size relative to the
ventricular zone is expanded in higher mammals sand the relative thickness of
upper to deep layers (Cheung et al., 2007; Molbal.e2006; Smart et al., 2002).
Furthermore, sustained overexpression of Thr2 wasently shown to promote the
conversion of radial glia to intermediate progerstand subsequent generation of

upper- rather than deep- layer neurons (Sessa 208B).

In vivo imaging experiments provided evidence that theventsicular progenitors

also give rise to deep layer projection neuronsufjéasak et al., 2004). This
observation, along with the fact that in the absenicTbr2 the reduction of cortical
thickness is profound both in the deep and uppgrsaof the cortex (Arnold et al.,
2008; Sessa et al., 2008) provided ground to questie validity of the upper layer
hypothesis.

A new hypothesis has been proposed that the nduromgosition and thickness of
the cortical layers are controlled by two separagehanisms, whereby the area of
the cortical sheet depends on the number of rafi@l which establish the radial
units of the cortex, while the cortical thicknessregulated by the intermediate
progenitors, whose proliferation is key to the afigation of the neuronal numbers
(Lui et al., 2011; Pontious et al., 2008). ThisIdooe supported by the observation
that mice expressing a stabilized versionpetatenin or lacking caspase-9 show
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abnormally increased cortical surface area leatbngyration of the mouse cerebral
cortex (Chenn and Walsh, 2002; Kuida et al., 1998)s model would suggest that
mechanisms regulating cortical area and thicknessnaependent from each other.
However, it was recently shown that the stimulatodrthe Notch signalling in the

radial glia by intermediate progenitors are instemtal to maintain the radial glia
population (Figure 1.04) (Pierfelice et al., 20¥bon et al., 2008), suggesting that
the various cortical progenitor populations canssfregulate each other in the
proliferative niche.

1.2.9 Amplification of neuronal output — radial glia to intermediate progenitors

Several molecules have been shown to be crucialigived in regulating the ratio of
radial glia to intermediate progenitors. These iyainclude positive regulators of
intermediate progenitor identity. Mice lacking faiooal Pax6, Tbhr2, Lrp6, Ngn2,
TIx, and 1d4 show reduced numbers of intermediatggnitors relatively to radial
glia progenitors leading, at least in some casesduced cortical thickness (Quinn
et al., 2007; Roy et al., 2004; Schuurmans andléundt, 2002; Sessa et al., 2008;
Yun et al., 2004; Zhou et al., 2006). These charmgesbe linked to changes in cell
cycle progression, as TIX represses the transonif cyclin- dependent kinase p21
and the tumour suppressor Pten whose overexpressidix null mice leads to
reduced cell cycle progression. Another importaetinanism is the transcriptional
regulation by Tbhr2 of a currently unknown set oihge with loss and gain-of-
function experiments showing opposing effects om dbundance of intermediate
progenitors (Arnold et al.,, 2008; Sessa et al.,8200echanisms of intermediate
progenitor cell specification by Pax6 remain uncl&uinn et al., 2007).

It is important to note that the loss of all of @éeove factors, except for Thr2, leads
to developmental abnormalities of both the primand secondary proliferative
populations in the cortex. Only the loss of Thr2res to specifically decrease the
abundance of intermediate progenitors but not #ual glia (Arnold et al., 2008;
Sessa et al., 2008). It remains unclear why thalrgtla are not affected given the
recent discovery of the role intermediate progesitplay in driving the Hesl

oscillation in the radial glia (Yoon et al., 2008&)is possible that the presence of a
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reduced number of intermediate progenitors provisigicient stimulus to drive
Hesl oscillation and because the conditional Ids3w2 in the cortex does not
deplete intermediate progenitors completely, ipassible that radial glia may be
unaffected (Arnold et al., 2008; Sessa et al., 2008

1.2.10 Gliogenesis

At the end of neurogenesis, the radial glia gige to the astrocyte population. The
molecular mechanisms remain largely unknown, berethis evidence that the
astrogliogenesis may be controlled to a large étigrthe same signalling pathways
as those which promote radial glia specificatiogFe 1.03). This is reflected in the
expression of many radial glia markers including ABF Sox9 or S10® by
immature and mature astrocytes. Overexpression @tiNhas been shown to
promote astrogenesis in the adult brain (Gaiarad. £2000). Additionally, activation
of the JAK-STAT signalling pathway promotes asttecdifferentiation with the
STAT1/STAT3 transcription factors shown to directiynd theGfap promoter and
promote its transcription (Kamakura et al., 2004)addition, the effectors of the
Bmp- signalling pathway, the Smadl/Smad4 transonpiactors, have been shown
to bind to nearby sites and it is believed thay tb@rroborate the activation &fap
transcription (Nakashima et al., 1999). Experimeatadence using lipophilic dye
Dil has provided evidence that the radial glia detdom the ventricular edge and
transform directly into astrocytes (Voigt, 1989)upportive of the view that
astrocytes share the radial glial lineage is thet faat mature astrocytes can be
dedifferentiatedin vitro and in vivo particularly following the reintroduction of
ErbB2 and express radial glia markers Nestin, VimerBlbp and regain their
neurosphere forming ability (Ghashghaei et al.,72G0unter and Hatten, 1995).

Recent studies have identified novel mechanismglaggg neuronal differentiation.
These include epigenetic modification. For examfie, Polycomb group protein
complex was shown to be important for silencingNMgallocus. Inactivation of the
complex results in the loss of silent chromatin keaparticularly the trimethylation

of lysine 27 on histone 3, in tidgnllocus. This prolongs cortical neurogenesis and
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delays the terminal transdifferentation of the ahdjlia into astrocytes but does not

prevent it (Hirabayashi et al., 2009).

Furthermore, the orphan nuclear receptor chickealbownin upstream promoter
transcription factors | and Il (Coup-tf I/Il) werecently demonstrated to promote the
neuro- to glio- genic switch of the radial glia Witlouble- knockout mice showing
increased numbers of mature neurons in the cottiireaend of corticogenesis (Naka
et al., 2008).

In the adult brain, astrocyte marker- expressimgtaglia- like cells can be found in
two regions of the brain that retain neurogenicac#y, the subventricular zone
(largely studied by Alvarez-Buylla and co-workees)d the dentate gyrus (studied
by Fred Gage and co-workers, see review (lhriefdundrez-Buylla, 2011; Ming and
Song, 2011)) (Figure 1.07). These populations argely quiescent but upon
depletion of amplifying cells they can be reactdhtind re-populate the amplifying
cells (Doetsch et al., 1999). The neurons born fteenadult neurogenic progenitors
contribute either the olfactory bulb or the grancédl layer of the dentate gyrus and
recent experiments disrupting the Notch signalfingvided evidence that the adult
neurogenesis may have a functional role and caectafbhysiological function
(Sakamoto et al., 2011).
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Figure 1.07: Postnatal neurogenesi®iagrams illustrate the neurogenic programmes m meural
stem cell niches in the adult brain, the subveulaic zone (A) and the dentate gyrus (B) in the
hippocampus. Substantial evidence has been proddetbnstrating that the adult neural stem cells
express a number of markers of cortical radial igiduding Nestin, Vimentin, Sox2, Blbp or GFAP.
(A) Neurons born at the adult SVZ (derived from tvahtelencephalic progenitors) migrate through
the rostral migratory stream (RMS) and differemtiaito interneurons of the olfactory bulb (OB). The
neurogenic programme retains evidence of its vetglancephalic origin including the expression of
the ventral telencephalic proneural transcriptiactdr Mashl. Recent evidence suggests this process
is important for olfaction (Sakamoto et al., 201(B) The neurons generated in the dentate gyrus
contribute to the granule gell layer and the mahearons project axons (mossy fibres) to the CA3
region of the hippocampus. Neurogenesis in theatiemtyrus involves the expression of Tbr2, which
may be reminiscent of the hippocampal genesis ftearmedial pallium of the dorsal telencephalon.
This process is thought to be involved in memommiation and storage (both images(Ming and
Song, 2011)).
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FIGURE 1.07
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1.3 The microRNA pathway and the developing brain

1.3.1 Brief history of RNA interference

RNA interference was discovered in plants followfaded attempts to overexpress
Chalcone Synthase in pigmented petunias by intiadua chimeric transgene
(Napoli et al., 1990). However, the generalised mesm of RNA interference
were not postulated until late 90’'s when AndreweRivorking with Craig Mello
reported that double stranded RNAs can induce aiignof endogenous mRNA
transcripts inCaenorhabditis elegan@-ire et al., 1998). The first endogenous non
protein -coding RNA was discovered by Victor Ambeosd co-workers to regulate
developmental timing of transitions between lastalges ofCaenorhabditis elegans
(Ambros and Horvitz, 1987; Lee et al., 1993). Thiss followed by the observation
by the Baulcombe lab that RNAs as small as 25 otides can drive RNA
interference (Hamilton et al., 1999). The endorilb@ease Dicer responsible for the
synthesis of the small RNA molecules was discovamnetie Hannon lab (Bernstein
et al., 2001; Nicholson and Nicholson, 2002). Molasxking functional Dicer and
the ability to synthesize small RNAs for silencidgmonstrated the incredible

importance of this pathway in mouse (Bernstein.e2803).

To date, several classes of small RNAs have bestrided (see review by Farazi et
al., 2008) and some of these classes are onlyrdrgseertain organisms, such as the
trans-acting small interfering RNAs (tasiRNA) whiake found only in plants. Best
studied in mammalian systems are the 20-23 nudeatnicroRNAs which are
known for their regulation of protein coding tranpts and this class will be
extensively described in this introduction. It Heeen believed for a long time that
microRNAs are the only class of small RNAs in marhamasomatic cells and that
the other main class of short RNAs, the piwi-inttireg RNAs (piRNA) are only
present in the germline where, by analogyptosophila melanogastethey act to
silence the activity of transposable elements (Arat al., 2007; Brennecke et al.,
2003; Kuramochi-Miyagawa et al., 2008). Howeverreaent report identifying
piRNAs in the brain sheds a new light on the studynon-coding RNAs in
mammals (Lee et al., 2011). The discovery comeasgalath progress in identifying
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the activity of human L1 elements in the neuromatprsors and the evidence that it
may have functional implications for neuronal ai¢yi¢Coufal et al., 2009; Muotri et
al., 2005). Recent whole genome analyses providedhdr evidence that
transposable elements may be more active in somellE than previously thought
(Beck et al., 2010; Huang et al., 2010; Iskow et2010) and their increased activity
due to changes in RNA interference may be imporltamuman diseases as shown
with the accumulation ofAlu elements in human cases of geographic atrophy
(Kaneko et al., 2011).

1.3.2 Molecular mechanisms of microRNA biosynthes&snd action

Most microRNA genes are present in the non-codetgons and are transcribed by
Polymerase II, which produces a primary transcdphtaining the pre-miRNA
hairpin with a partially complementary stem (Lealet2004). As many miRNA loci
are often found in close proximity of each othdre ttranscripts are commonly
polycistronic (Lee et al., 2002). The miRNA genanscripts are indistinguishable
from protein coding RNAs in that they can be maifpost- transcriptionally with
common types of modification including’@® capping and polyadenylation, RNA
editing and ubiquitination (Du and Zamore, 2005W&hara et al., 2007; Rybak et
al., 2009; Yang et al., 2006). The hairpins areogaised and cleaved by nuclear
class Il endoribonuclease Drosha, bound and exgpptotéhe cytoplasm by Exportin-
5 (Lund et al., 2004; Yi et al., 2005; Yi et alQ@). In the cytoplasm, the pre-
MiRNAs are recognised by the Piwi-Argonaute-Zw{lRAZ) domain (Cerutti et al.,
2000) of the class Il endoribonuclease Dicer amdher enzymatic cleavage by
catalytic residues in the antiparallel RNase llldfo produces a mature double-
stranded ~21nt RNA molecule (Du et al., 2008). fitegure miRNA is then loaded
on the RNA induced silencing complex (RISC) (Hutwag and Zamore, 2002;
Mourelatos et al., 2002; Parker and Sheth, 200ixeira et al., 2005). It is then able
to interact with protein coding RNAs with perfeat ionperfect complementarity
(Doench and Sharp, 2004). Little is known abous firiocess, in particular whether
all mRNAs are available for immediate silencingrbgture miRNAsSN vivo, or only

some. The interaction between miRNA and its taigé¢hought to be recognised by
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the Argonaute proteins, which are the key proteirthe RISC complex (Martinez et
al., 2002). This is believed to take place in thecpssing (P-) bodies in the
cytoplasm (Ding et al., 2005) (Figure 1.08).
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Figure 1.08: Summary of the RNA interference pathwg in mammals. (A) Outline of the current
understanding of the mechanisms and compartmeatialisof the miRNA pathway. Same as the
protein coding genes, the miRNA coding genes amstribed by RNA Polymerasell (Pol II) to
produce primary RNA transcripts (pri-miRNA), comnfpmolycistronic. The hairpins with double
stranded RNA (dsRNA) stem loops are recognisedralehsed by the Drosha- Pasha complex and
exported to the cytoplasm by Exportin-5, where &RNA ends they are recognised by
endoribonuclease Dicer. Other sources of dsRNAaaa be incorporated including bidirectional
transcription products. Dicer cleaves the pre-miRhrpin to release the mature double- stranded
mMiRNA/MIRNA* and mediates its association with téRNA induced silencing complex (miRISC)
which includes the Argonaute (Ago) proteins and tawky GW182 protein. The miRNA or
miRNA* can then interact with the protein coding MR&s (including ones in active translation). The
interaction can lead to translational inhibitiordanRNA storage or to the degradation of the mRNA
by Dcp and Xrnl exoribonuclease complex, whichlasely associated with the nonsense mediated
decay (NMD) machinery normally involved in the dastion of incorrectly spliced or aberrant
mRNA (Pontes and Pikaard, 2008). (B — D) Schemaesgmting best established effects of the
miRNA — mRNA interaction(Fabian et al., 2010). (Ahe binding of miRNA to the 3’ untranslated
region (UTR) of the protein coding mRNA and theagsation of miRISC with the poly-A- binding
protein (PABP) induces block of initiation of protdranslation either by repressing the recognition
of the methyl-cap (AG) by elF4E, or by repressing the recruitment o 6lbosomal subunit upon
the recognition of translation initiation codon AUy the scanning 40S ribosomal subunit. (C) In
cases when mRNA is in active translation, the mRi&n induce ribosome drop-off and protein
degradation. (D) miRISC can recruit deadenylatingyenes such as CAF1, CCR4, NOT1, which is
followed by decapping by DCP1/DCP2 and degradaifdhe mRNA.
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Several outcomes of the interaction between a RN and a protein coding
MRNA have been proposed (Stefani and Slack, 2008).interaction can result in
the cleavage of the target mRNA, mainly believed taée place when the
complementarity between the two RNA molecules idgoé More commonly, the
endogenous MiRNAs are thought to hybridise to thangets with imperfect
complementarity leading to inhibition of protein pegssion by one of several
mechanisms. The binding of the miRNA and the RIS@&glex can interfere with
the initiation of translation by obstructing themeitment of elF4E to the f& of the
MRNA (Kiriakidou et al., 2007; Pillai et al., 200¥hermann and Hentze, 2007). The
binding can also initiate the drop-off of the riboges from mMRNA during active
translation (Nottrott et al., 2006; Petersen et 2006). Finally, recent evidence
suggested that the RISC complex proteins such ad82Wvhich interact with
Argonaute can recruit deadenylating enzymes, ss¢@d-1, to degrade the poly(A)
tail and destabilize the mRNA (Chekulaeva et &1® Fabian et al., 2009) (Figure
1.08). Most microRNAs are negative regulators ot@n output andh vitro studies
from mammalian systems suggest that while the gkam action of miRNAs may
be to inhibit protein translation (Fabian, 2009e tlong term consequence is
destabilisation and degradation of the target mRIS$&0 et al., 2010; Lim et al.,
2005).

The 3’ untranslated regions (3'UTRS) of protein iogdgenes have been found to
harbour most of the known and predicted miRNA bigdsites. Following the
finding that a fully complementary 7 nt “seed” segoe (nt 2-8) of the mature
mMiRNA is commonly sufficient to induce silencing i€Xet al., 2005), it was
proposed that approximately every third human geaeld be regulated with
individual genes proposed to be regulated by a maRNAs at the same time and a
single miRNA proposed to regulate a number of mRiRs#kscripts (Lewis et al.,
2005; Miranda et al., 2006). This of course mednad in the absence of a given
mMiRNA, other miRNAs with similar sequence could qmnsate for its loss. The
exponentially increasing rates of discovery andosation of novel miRNAs
required a novel nomenclature system which wasutaistl primarily by Victor
Ambros and other leading miRNA researchers (Amiatoal., 2003) as well as an
online database dedicated to miRNA research, miRB@siffiths-Jones, 2004). It
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also raised fears that a lot of miRNAs may be ggtinmarily as homeostatic factors

rather than playing a role in biological pathways.

Nevertheless, mice knockout for specific miRNAsea&ed specific and profound
defects demonstrating the importance of this paghwé#iology. The first miRNA to

be deleted in mice, miR-1, expressed specificallythie heart was shown to be
important in development with deletion of just ang of the two loci of this miIRNA
being sufficient for phenotypical changes (van Rebal., 2007; Zhao et al., 2007).
Also, the deletion of the miR17-92 cluster was shaw cause significant disruption
to normal development (Ventura et al., 2008). Aret, ysome mouse MIRNA
knockouts do not show any obvious phenotype (Paak ,€2010). This was also true
for Caenorhabditis elegangMiska et al., 2007) and it was proposed that most

MiRNASs are individually dispensable for development

While disruptions in the levels of specific miRNAsave been shown to be
associated with diseases, defects of the miRNAh&gn machinery, particularly the
processing by Dicer, have also been demonstrateseweral important diseases
including the age-related macula degeneration (Kanet al.,, 2011), metastasis
(Kumar et al., 2009; Martello et al., 2010) or zdphrenia (Beveridge et al., 2010;
Santarelli et al., 2011). In addition, proteins wmato be disrupted in human diseases
including Fmrp and Dgcr8 were later found to intéraith the key proteins of the
miRNA pathway, such as Drosha and Argonaute (Caudy., 2002; Gregory et al.,
2004), and their disruption leads to abnormal miR&yAthesis or function (Babiarz
et al., 2011; Cheever and Ceman, 2009a; CheeveCamdn, 2009b; Fenelon et al.,
2011; Landgraf et al., 2007).

1.3.3 MicroRNAs in forebrain development — Part 1lessons from Dicer knockouts

To bypass the early lethality in Dicer knockout eni@ernstein et al., 2003), two
transgenic lines of mice were generated contaihmd® cassettes flanking exons of
Dicerl that encode parts of the RNase Il folds neceskaryprocessing of a pre-
mMiRNA to a fully functional mature miRNA (Du et aR008; Macrae et al., 2006).
Cliff Tabin’s lab generated a line where exon 23swHanked, encoding
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approximately 90 residues of the RNase Illb domaihile Gregory Hannon'’s lab
flanked exons 22 and 23, which disrupts both RNgmains (Harfe et al., 2005;
Murchison et al., 2005).

Conditional Dicer1™"

mice were then crossed to mice expressing crenteic@ase
under the regulation of several different tissuec#r promoters to ablate functional
Dicer in the developing telencephalon (Fineberal¢t2009). For the purpose of this
introduction | will briefly review the key findingom each of the models of cortical
Dicer mutant mice and | will subsequently point @umilarities and differences
between them. These and other cre- expressing Hienes been used to delete Dicer
in other parts of the central nervous system inolydthe neural retina, the
hippocampus and the spinal cord, but these stusiksnot be reviewed in this

introduction.

1.3.3.1 Foxgl™®

This is the earliest acting cre recombinase wifbression driven by the endogenous
Foxgl promoter starting from about E8.0 (Hebert, 2000)was used by Tom
Maniatis laboratory to provid& vivo evidence that miR124, a highly brain-enriched
MIRNA (Lagos-Quintana et al., 2002), targets a espor of neuron-specific
alternative splicing PTBP1. The analysis focusedttmn ventral telencephalon of
E13.5 embryos and revealed that while the expressioPTBP1 in wild type
embryos is restricted to the ventricular zone ef tddencephalon, it can be detected
in the postmitotic populations in the tissue lagkianctional Dicer (Makeyev et al.,
2007). It was additionally observed that the neafgropulations were misplaced
throughout the ventral telencephalic wall, possithhe to the reported increase in

rates of apoptotic cell death.
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1.3.3.2 Emx1*®

The cre recombinase driven by the Emx1 promoter wgasl to delete Dicer in the
cortex with validated depletion of mature miR9 antR124 by E10.5 (De Pietri
Tonelli, 2008), though low levels of Dicer protéiave been reported to persist until
E13.5-E15.3 (Kawase-Koga, 2009).

During embryonic development of the cortex, thetfphenotypic change reported in
this model was the early apoptosis of postmitogiarons starting from E12.5, which
later also affected the progenitor cells. Exprassibneuronal markers such as TuJ1
or Thrl was found initially normal in the cortexjgy to the onset of apoptosis, but
with numerous disorganised axonal processes fourbe cortical plate (De Pietri
Tonelli, 2008). It was also shown that postmitet@rons born following the loss of
mature miRNAs display migration defects (Kawase-&08009). Cortex lacking
functional Dicer also showed defects in the develept of the deep layer neurons
expressing markers such as Brnl and Foxp2 as wedhereduced abundance of

calretinin —expressing interneurons by P7 (De Platnelli, 2008).

No evidence of functional defects were observedhi& progenitor populations
before the onset of widespread apoptosis in thérieatar and subventricular zones
at E14.5, which is followed by a reduction in thepeession of markers of
proliferative population such as Ngn2, Hes5, ThP2ax6, Ki67 and radial glia
markers Blbp, FABP7 and GLAST between E15.5-E16& Pietri Tonelli, 2008).
However, it was later reported that the abilitytbé isolated neural stem cells to
form neurosphere#n vitro in the presence of FGF2 and EGF is compromised

(Kawase-Koga et al., 2010).

1.3.3.3 Nes™

This line was found to disrupt normal levels of orat miRNAs by E13.5 with
complete depletion of miR17-5p and miR181 by El&wase-Koga, 2009). In
this line, the proportions of cells expressing pogitic neuronal markers TuJ1 and
Tbrl are normal at E15.5 and the migration of nesiieorn on E13.5 was found to
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be unaffected by the deletion (Kawase-Koga, 200®)addition, expression of
markers of the progenitor populations and the prtogo of cells in S-phase relative
to the size of the proliferative pool were not fduo be different between control

and Dicer deficient cortices (Kawase-Koga, 2009).

The onset of apoptosis in the progenitor cells betwE16.5 and E18.5 coincides
with defects in the size of the postmitotic popolat particularly of the Tbrl
expressing subtype, as well as their ability toratig to the cortical plate (Kawase-
Koga, 2009).

1.3.3.4 Camk2™®

The first cre expressing line used to ablate Dinethe cortex was th€amk2',

which is known to be active from around E15.5 (ag and Zeitlin, 2000), but
analysis of miRNA expression showed a reductiothexabundance of miR132 by
P15 and a further loss by P21 in the cortex andipgocampus. Key defects in the
cortex included reduced brain size, attributed gop&osis around PO, and axonal

pathfinding defects, particularly in the anteriomamissure (Davis et al., 2008).

1.3.3.5 Roles of Dicer in cortical development

To summarise the observations from studies invatitig the phenotypes of Dicer
deficient mouse cortex, the onset and severityetéals correlate with the timing of
mature miRNA loss. All studies identified cell sival as one of the key biological
processes which the ability to synthesise matufRNAs is crucially required for. In
addition, various defects following the depletidmmature miRNAs affect primarily
the postmitotic neurons. This could tie in with thigservation that mature neurons
have particularly high rates of miRNA turnover (Ked al., 2010a). It is intriguing
that the function of radial glia and intermediategenitors might be somehow able

to escape the regulation by mature miRNAs, bus iplausible that miRNAs with
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opposing effects on progenitor cell functions actnaintain homeostasis (Melton et
al., 2010).

1.3.4 MicroRNAs in central nervous system developmé — Part 2, lessons from

microRNA studies

While deletion of Dicer is a powerful tool for id@ging biological processes which
are dependent on mature miRNAs, the approach ig men-specific and it is

difficult to identify specific target genes or ingtiual miRNAs with non-redundant
functions. It is also difficult to disentangle relef miRNA whose expression in the
brain is only transient in development or whosereggion is upregulated towards

the end of development (Smirnova et al., 2005).

Therefore, a more specific approach taken to wtaled the roles of miRNAs in
cortical development has been to generate transgemte lacking functional

MIRNAS or to deliver vectors overexpressing can@didaiRNAs (Meza-Sosa et al.,
2012; Park et al., 2010). This introduction wilcts on three miRNAs which have

been demonstrated to play a functional role indéneelopment of the cortex.

1.34.1miR-134

So far only one study reported the role of this MRn cortical development and so
relatively little is understood about the pathwaykich this miRNA could be

involved in. MicroRNA overexpression and inhibitiostudies have provided
substantial evidence that miR134 is important feuronal migration and terminal
differentiation by targeting Doublecortin and a Braptagonist, Chordin-likel

(Gaughwin et al., 2011). This finding may be ohial importance in the future, as
levels of mature miR134 have recently been repdddae elevated in post-mortem
samples of human prefrontal cortex in cases of zeelffective disorder and

schizophrenia (Santarelli et al., 2011).
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1.34.2miR-124

This microRNA is one of the best studied microRNAshe central nervous system.
It is thought to be an important proneural miRNAhhe expression primarily in
the differentiating and mature neurons (Landgr@f)72 Maiorano, 2009). Several
MRNAS have been validated as targets of miR12#&enembryonic central nervous
system, including splicing regulator PTBP1 (Makeg\al., 2007) and components
of the anti-neural repressor element-1 silenciagdcription factor (REST) repressor
complex (Visvanathan et al., 2007), the BAF53a &#F45a subunits of the
Swi/Snf neural progenitor complex (Yoo et al., 2p0Avolved in promoting
proliferation of progenitor cells through the regfidn of chromatin state (Lessard et
al., 2007). In the adult brain, miR124 has showhdcexpressed by the neuroblasts
in the subventricular zone and the interaction \thi targeSox9mRNA was shown
to be important for postnatal neurogenesis (Chengl.e 2009). Following the
overexpression of miR124, cortical progenitors @pde differentiate prematurely
(Maiorano, 2009) and the recent demonstration dkiatexpression of this miRNA
together with miR9/9* (discussed below) is suffidigo induce a conversion of
human fibroblasts into functional neurons providesportant evidence that
microRNAs can be extremely potent regulators ofldgal processes with

prospects of future clinical applications (Yoo et 2011).

1.3.4.3 miR-9/9*

Similarly to miR-124, miR9/9* was shown to targeAB53a and BAF45a (Yoo et
al., 2009) and together with miR124 was shown talmotent pro-neural miRNA
(Yoo et al., 2011). This miRNAs also regulates dnéi-neural REST and CoREST
factors involved in establishing appropriate epejen modifications during
neurogenesis (Packer et al., 2008). It was alswiisho regulate the TIx transcription
factor, a step demonstrated to be important fororel differentiation of the radial
glia (Zhao et al., 2009). Mice with deletions inRB+2 and miR9-3 are hypomorphic
for miR9 and the study investigating the phenotyge double-mutant mice

demonstrated neuronal differentiation defects il mMiR9 depletion and
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identified that key target mMRNAs of miR9 encode artpnt transcription factors
such as Gsh2, Foxgl and Meis2, providing furthédexnce for the role of miRNAs
in the regulation of neuronal differentiation iretforebrain (Shibata et al., 2011).

1.3.4.4 Other functionally important miRNAs

Several other miRNAs have recently been demonstrégefunction in various
processes important for normal development of thenbThese include microRNAs
acting to regulate neurite outgrowth such as miR&¥@wn to inhibit the expression
of neuronal MRNA binding protein HuD, or miR132 winiwas shown to be
expressed in response to cAMP-response elemeninginatotein (CREB) and

promote neurite outgrowth (Vo et al., 2005).

There is a clear focus on identifying biologicallpnportant miRNA-mRNA
interactions. This means that a lot of importarégjions remain unanswered in the
miRNA field including the important question abdhbe participation of miRNA in
wider genetic networks. Several recent studiesrbigidentify changes in the levels
of mature miRNAs not only in various disease candg (Sayed and Abdellatif,
2011), but also in response to environmental cliegas noted that changes to light
exposure can dynamically regulate miRNA levels (Kabal., 2010a) and a recent
study demonstrated the critical role of miR132 euronal plasticity following
molecular deprivation of P24 mice (Mellios et &Q11). Likewise, miR128b was
shown to mediate neuronal plasticity involved ie tlormation of fear-extinction
memory by regulating the expression of CREB, Propdiosphatase 1a, Reelin and
Trans-acting transcription factor Spl (Lin et @011). Exact mechanisms of these

proposed networks remain to be investigated.
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1.3.5 MicroRNAs in central nervous system developmé— Part 3, important questions

Studies ablating functional Dicer have providedfuisensights into the roles of
mMiRNAs in the developing cortex by indicating bigical processes that depend on
their presence. Cell survival and neuronal difféegion have been identified as
mainin vivo biological processes for which miRNA processingeiguired. Chapter
3 of this Thesis describes the phenotyp&mtgl —induced ablation of functional
Dicer in the developing cortex. The onset of apsigtcs earlier than in other models
of Dicer —deficient neuroepithelium and coincideghwan abnormal pattern of
expression of three important markers of the radi@, Nestin, Sox9 and ErbB2
with the expression of all these markers being abatly low in Dicer- deficient
tissue. Analysis of the expression of proteins aglCD133, Sox2 or Musashi, all of
which are already expressed by the neuroepithsteah cells, showed that many
aspects of the neuroepithelial stem cell identity aot affected by the loss of
functional miRNAs. This model provides evidencet thiature miRNAs play a role
in normal specification of the radial glia in theveloping cortex. This phenotype
has not been previously described for other moofeBicer —deficient cortex. Given
the role of radial glia in guiding the radial migoa of the postmitotic neurons this
observation raised an attractive possibility thneg migration defects of postmitotic
neurons reported in this and other models coulsemendary to the misspecification

of the radial glia.

Chapter 4 of this Thesis describes efforts undertakith an initial aim to
investigate processes which are cell —autonomodsfyendent on the ability to
synthesise mature miRNAs. A model of mosaic Diddatzon in a subset of radial
glia was generated by electroporating a cre —egmeyector into the radial glia
utero at E13.5. Four key observations were made. Rinst,presence of wild type
cells appears to rescue the apoptotic phenotypewioly the loss of mature
MiRNAs. Second, loss of functional Dicer does nompromise the ability of
postmitotic cells to migrate to the cortical plafénird, Dicer deficient radial glia
continue to generate cortical cells at higher rdabes expected during postnatal
development. Fourth, loss of functional Dicer i ttadial glia of the developing
cortex results in an increased rate of generatitegmediate progenitor cells. This is
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followed by an identification of a miRNA targetinige Thr2 transcription factor and

the functional validation of the miRNA- mRNA intetaon in vitro andin vivo.
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CHAPTER 2:
Materials and Methods
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Unless otherwise clearly stated, all chemicals wesen Fisher. All primers were

manufactured and supplied by MWG Eurofins.

2.1 Animals

2.1.1 Animal work licensing

The licence authorising this work was approved by University of Edinburgh
Ethical Review Committee of 2%2September 2008 (application number PL35-08)
and by the Home Office on™6November 2008. Animal husbandry was in

accordance with the UK Animals (Scientific Proces)rAct 1986 regulations.

2.1.2 Mouse lines

Mice homozygous fobicer1” allele (Harfe et al., 2005) were purchased from th
Jackson’s Laboratories and maintained on the C5Bbackground. To generate
mice carrying theRosa26RYFRR26RYFP) transgene (Srinivas et al., 2001) (line

1" mice were crossed to

managed by Dr. Martine Manuel), homozygdDier
Rosa26RYFB" mice to generate double hetereozygotes. Double hpgooes were

selected among the F2 offspring and maintainedvemtixed background thereafter.

Genomic DNA was extracted from earclips of micengghe hot sodium hydroxide
and Tris (HotSHOT) method. In short, 75ul of alkalilysis reagent, 25mM NaOH,
0.2M EDTA, (pH=12) was added per earclip and intetaat 95C for 30min
followed by cooling to 2C and adding 75ul of 20mM Tris-HCI, 0.1M EDTA
(pH=8) neutralising reagent. The sample was thex gérectly used for genotyping
using the TagMan DNA polymerase (Promega).

Genotyping was performed as previously describeatf@Het al., 2005; Srinivas et
al., 2001). In short, the condition&licerl” allele was detected using primers:
DicerF1 — CCT GAC AGT GAC GGT CCA AAG and DicerRIGAT GAC TCT
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TCA ACT CAA ACT, annealing temperature %5 for 33 cycles. The floxed and
wild type allele was distinguished on 2% agaroseajSgel electrophoresis with
1:10000 Sybersafe (Invitrogen) to visualise barddsages of gel electrophoresis
were captured using InGenius transilluminator (®yr&) and the Genesnap imaging
software (Syngene). Floxed allele produced a 42fdpd and the wild type allele
produced a 351bp band. TR®sa26RYFRine was genotyped by polymerase chain
reaction using the following primers: R26WTF1 — AN C GCT CTG AGT TGT
TAT, R26WTR — GGA GCG GGA GAA ATG GAT ATG and R26KQ — GCG
AAG AGT TTG TCC TCA ACC with annealing temperatw&59°C for 37 cycles.
Denaturation and elongation steps were performe24dd and 72C respectively.
The primer pair R26WTF1 and R26WTR produced 300mitforR26RYFP™* and
R26RYFP" genotypes while the primer pair R26WTF1 and R26K@®Foduced a
550bp band for thR26RYFP" andR26RYFP genotypes.

FoxgI"™ line (Hebert, 2000) was managed and maintaine®byassiliki Fotaki
and heterozygous males were crossedicerl™ females and F1 males were
genotyped for the presence of fhaxgL™ allele using the following primers: FcreF
— CAT TTG GGC CAG CTA AAC AT and FcreR — ATT CTC &aQCCG TCA
GTA CG with annealing temperature of°85for 31 cycles producing a 300bp band.

2.1.3 Timed matings

Heterozygousroxg X Dicer”*

males were used in timed mating experiments with
Dicerl™ females to generateFoxgT®Dicerl™ (Dicerl™ and control
FoxgTDicerl™ (Dicer1”) embryos at desired stages of development. Females
were checked daily and first day when vaginal phag detected was designated as

EOQ.5.

For experiments aimed at mutatiijjcerl in E14.5-E16.5 embryos by utero
electroporation, males homozygous Ricer1" allele (maintained on the C57BL/6J
background) or C57BL/6J were crossed Micerl” females to generate the

experimentaDicerl” and controDicer1™ embryos.
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For studies using animals older than E16.5 (thiees cfter electroporation) males

homozygous forDicerl" allele (maintained on the C57BL/6J background) or
C57BL/6J were crossed icerl”:R26RYFP™* double —homozygotes to generate
the experimental Dicerl™:R26RYFP* and control Dicerl":R26RYFP™*

embryos.

For all in vivo miRNA overexpression analysis wild type C57BL/@dbeyos were

generated by crossing wild type C57BL/6J malesfantdhles.

2.1.4 Tissue collection

To minimise animal suffering, pregnant dams werkeduby cervical dislocation
under terminal anaesthesia according to the Codrraaftice for Humane Killing of
Animals under Schedule 1 to the Animals (Scien#fiocedures) Act 1986 issued by
the Home Office.

For embryos younger than E12.0, embryonic age vesrmined based on the
number of visible somites and other morphologieattdires in accordance with the
Theiler staging criteria for mouse embryos suclredga pigmentation, auditory
hillocks and nasal pits. Embryos with 30-34 somitee designated as E10.25.
Embryos with 45 — 47 somites was designated as5Edidd embryos with  well

defined tongue, retina pigmentation but lackingp®s of whiskers were designated

as E12.5. The amniotic sac was retained for genugyp

Embryos were immediately decapitated following itréissection from the uterine
horns and placed either directly in cold Earle’daRaed Salt Solution, 1.8mM
CaCh, 5.3mM KCI, 0.8mM MgSQ@ 117 mM NaCl, 26mM NaHC{ 1mM
NaH,POy-H,0 (for cell culture studies), or ice-cold phosphatéfered saline (PBS)
pH=7.4 (pre-treated with Diethyl Polycarbonate (8&) overnight at 3C) for

staging or further dissection.

Postnatal animals were anaesthetised by intrapeatoinjection of 50mg sodium

pentobarbitone (Ceva Sante Animale) and perfusedstardially with 0.1M
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phosphate buffered saline pH 7.4 (PBS) and 4% @arafidehyde (PFA) and
incubated for 12hr in PFA af@.

2.1.5 Electroporation

ScotPil course Surgery module 4 was completed pieBaber 2009 and training was
kindly provided by Miss Soyon Chun and Dr. Robermddiles at King's College
London. Local supervision by the named veterinamgson, Ms Gidona Goodman

was completed in May 2010.

Surgery was performed on pregnant dams 13.5 dags quitum in principle as
previously described with modifications (Saito, 8p0Anaesthesia was maintained
using inhaled isoflurane (Merial). In short, anhesia was induced by inhalation of
a 2.5-3% lIsoflurane pre-mixed with medical oxygB®(C). Involuntary reflexes to
stimuli were used to confirm that the animal waaemsthetised. The animal was then
placed on a heating pad to prevent heat loss dwimgery. Animals received a
subcutaneous injection of 0.05mg/kg BuprenorphiReckitt Benckiser Healthcare)
dissolved in water for injections (Norbrook). Furasvshaved off around the
abdomen and the skin was sterilised using Medibs¢MediChem) solution to
minimise the risk of infection. Following medialplarotomy uterine horns were
exposed and maintained well hydrated using warf 3ferile PBS throughout the
procedure. Anaesthesia was maintained in accordaitbethe observed breathing
rates with considerable animal-to—animal variatidtlasmid solution was pre-mixed
with Fastgreen dye (Sigma) and injected using pragienpicopump (PV820, WPI))
through 4in. (100mm) 1/0.75 OD/ID filament Thin W#&lass Capillaries (WPI,
TW100F-4) pulled with the flaming/brown micropipetpuller (pressure, 050; heat,
ramp; pull, 30; velocity, 40; time, 1, Sutter Instrent, P87) into the lateral ventricle.
The embryos were then electroporated using theefisrtype electrodes (Nepagene,
CUY650P5) placed at either side of the head ofetinéryo with positive electrode
over the injected area. Each embryo received nertiman 5 square 50ms pulses
generated using the edit-type CUY21 electropor@it@pa-gene, 35V, Pon = 50ms,
Poff = 950ms).
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In order to compare the average numbers of the @HPExpressing cells derived
from the electroporated radial glia by P14.5 betweegenotypes

(Dicerl™ Rosa26YFP and Dicerl"Rosa26YFP), cre expression vector was
injected at the constant concentration of 1.35mg/rdouble -distilled water. For
mMiRNA overexpression studies and co-electroporatiesmids were injected at the

concentration of 2.5 mg/ml in double distilled wate

At the end of the surgery, the uterine horns when treplaced into the abdominal
cavity and smooth muscle layer was sutured usifgvéeryl sutures with cutting
needle (Ethicon, W9825). Skin was stapled using 7Refiex Clips (WPI, 500344)
applied with Reflex Clip Applier (WPI, 500343). Miavere placed back in the cage
and health status was monitored daily. Buprenoghias administered orally at

0.5mg/kg after the surgery.

2.1.6 BrdU analysis

Stock 10 mg/ml 5’-bromo-2’-deoxyuridine (BrdU, Siginwas prepared in normal
saline (0.9% NacCl) at 56 and stored at -2G. Pregnant females received an
intraperitoneal (IP) injection of 0.2ml. For postaP3-P14 BrdU analysis, pups
received IP injections of 50ug/g body weight usin80G insulin needle (BD) before
midday.

2.2 Tissue fixation, preservation, histology

2.2.1 Fixation

Tissue was fixed either in 4% PFA in PBS (pH=9)ubB¢s fixative (Sigma, 75%
saturated aqueous picric acid, 10% paraformaldebpde5% glacial acetic acid) or
the Fekete’s fixative (4% paraformaldehyde, 70%aBth, 5% glacial acetic acid).
Fixation was performed at room temperature forathat £4C for 24hr with constant

agitation.
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Young, E9-E11 embryos were pre-embedded in 2% agardissue was then
processed through a gradient of alcohol solutionseanbedded in paraffin. Paraffin
blocks were sectioned at 6pum using microtome amatdtl on the surface of &7
waterbath before mounting on glass slides pre-doatgéh 100pg/ml of poly-L-

lysine (Sigma) for 6min.

For cryostat sections, tissue was cryoprotecteltb sucrose (Fisher) in PBS until
sinking, equilibrated in 15% sucrose in PBS / optirtutting temperature medium
OCT (Fisher/ Raymond Lamb) for 1 hour with constagitation before freezing on
dry ice. Tissue was stored at °@0or at -76C forin situ hybridisation. Cryosections
were cut at 14um (E9-E12) or at 20um (>E12.5) uding cryostat (Leica,
CM3050S) and collected on Superfrost Plus slideshéf), dried at room
temperature for no longer than 1hr and stored @iG2or at -76C for in situ
hybridisation.

For thick sections, tissue was embedded in 4% agabefore sectioning in cold
PBS at 100-300um using the Leica vibratome. Sestogre collected on Superfrost
Plus slides (Fisher).

2.2.2 Cell dissociation

Cortical areas containing GFP — positive cells aiised using a Leica microscope
were dissected from at least three embryos per littice cold EBSS and placed in
1x Trypsin (Gibco) for 18-20min at 3Z. Trypsin was neutralized by washing the
tissue in 20% Foetal Calf Serum (Gibco) in EBSS&slie was then washed once
with EBSS and triturated in serum free culture mediat 37C until single-cell
suspension was achieved. Cells were plated 3100 cells per glass coverslip
(9mm diameter, VWR) pre-coated with 100pg/ml ofypbllysine (Sigma) and were

allowed to adhere for 1 hour at°8®7before fixation in ice-cold PFA for 20min.
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2.3 Expression plasmids

2.3.1 Cre expression vector

The cre-recombinase expression plasmid (pCAG-cESHEGFP) contains
ubiquitous mammalian CMV promoter with Chick@ractin enhancer (CAG) as
well as internal ribosomal entry site (IRES) folleavby enhanced green fluorescent
protein (EGFP) (Woodhead et al., 2006). The plaswag kindly provided by Drs
Christopher Mutch and Anjen Chenn, Northwesternversity.

2.3.2 MicroRNA expression plasmid

Mature miR-92b expression plasmid GFP-miR92b wasegded by cloning the
genomic pre-miR92b sequence, as annotated in n@iBagGriffiths-Jones, 2010),
into a myristolated, destablilised enhanced GFPr{@BGFP) expression plasmid
downstream of the myr-DEGFP coding sequence, jusfore synthetic
polyadenylation signal (Wu et al., 2002). Genomie-miR92b hairpin sequence
was amplified from the genomic DNA by PCR using &x¢ High Fidelity Plus
PCR system (Roche) following the manufacturer’sruttions using the following
primers: forward — ATA CTC CCC AGA GCA CTC CA anedverse — GCT CGG
TAG AGA TCG AAA GC. Genomic clone was first cloneing blunt-end TO
cloning into pGEM-T Easy (Promega), amplified by APGQo introduce Pstl
restriction sites using the following primers: famd — GCA CTG CAG GCT CGG
TAG AGA TCG AAA GC and reverse — CAG CTG CAG ATA CTCCC AGA
GCA CTC CA. Subsequently, the pre-miR92b was sutedousing into the myr-
DEGFP expression plasmid. Cloning was confirmedséguencing. The resulting
mMiR92b overexpression plasmid will hereafter bemefd to as GFP-miR92b.
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2.3.3 Luciferase plasmid WT 3'UTR

The 3’ untranslated region (3'UTR) of the mou&®mes coding the Tbr2
transcription factor (hereafter referred to asTthe2 mRNA) was amplified from the
genomic DNA by nested PCR using Expand High Figd@&lius PCR system (Roche)
following the manufacturer’s instructions for thellbwing two pairs of primers:
forwardl — GTG GCG CTT ATC AGA GGA AG and reverse GGA TTA AGC
CTG CAG AGC AC and subsequently forward2 — AAG AAGC TTG CCA AGG
AA and reverse2 — GAA AGG GGG CAG AAA GAA AC. Théooe was then
subloned into the Notl site in the multiple clonirsite of the psiCHECK-2
(Promega) dual luciferase vector and is hereadffermed to as WT 3'UTR.

2.3.4 Luciferase plasmid MT 3'UTR

To delete nucleotides 2707- 2714 (GUGCAAU) of themes mRNA coding
sequence, site directed mutagenesis was performéted3’'UTR clone of the using
the QuickChangell XL kit (Agilent) according to m&acturer’s instructions with
the following primers: sense — CCT TCC ACC TTT GBTATCC TGT TTT TCT
CTG AGA GAA GG and antisense — CCT TCT CTC AGA GAAA CAG GAT
ACA TCA AAG GTG GAA GG. The mutagenesis was confanby sequencing
and HpyCH4V (NEB) restriction digest (blunt-endtoug at TG/CA) and the 3'UTR
was subcloned into the dual luciferase vector p&CHK-2 (Promega) and is
hereafter referred to as MT 3'UTR.

2.4 Luciferase assay

To test the ability of miR-92b to interact with tHér2 3'UTR, dual luciferase
reporter assay was performed. HEK-293 cells weleir@d in Dulbecco’'s DMEM
(Invitrogen) supplemented with 10% Foetal Bovingue (Gibco) and were co-
transfected with dual luciferase expression plasmid 3'UTR or MT 3'UTR and
GFP or GFP-miR92b using Lipofectamine 2000 (Ing#&n) according to
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manufacturer’s instructions in 96 well plates befgrassage number reached 27
(100ng luciferase plasmid and 300ng GFP or GFP-2iR8asmid were used per
well with 1pg:2.5ul ratio of plasmid: lipofectaminé.uciferase activity was assayed
48hours later using the dual luciferase reportstesy (Promega) using the GloMax

Luminometer (Promega).

2.5 Immunohistochemistry

Immunohistochemistry was performed using standaadopols. Paraffin sections
were deparaffinised in xylene and rehydrated thincaigiradient of alcohol solutions
before washing with PBS. Cryosections were allowethaw at room temperature
before washing in PBS. Sections for diaminobenedDAB, Sigma) staining were
incubated in 0.3% hydrogen peroxidase with 10% arathfor 15min in dark. Heat
induced antigen retrieval performed by microwavthg slides in 10mM sodium
citrate, pH = 6.0 for 20 minutes at full power witttervals. The 96-well plates were
microwaved in a 2L beaker for 5min at full powemis at medium power and then
10min at low power. Slides were allowed to cool &Imin and sections were
washed with PBS/ 0.1%TritonX-100. Sections werekdal in the blocking solution
containing 10% serum of the same species as tlomdag antibody, 0.2% gelatine,
PBS, 0.1% Triton X-100 for at least 1 hr at roormperature. All antibodies were
delivered in the blocking solution overnight &C4 Primary antibodies included in
this study were againgi:catenin (mouse, 1:400, BD Biosciencgsjubulin type I
(TuJ1, mouse, 1:400, Sigma), BrdU (rat, 1:50, Abcn326), calretinin (rabbit,
1:1000, Swant), CD133 (rat clone 13A4, 1:100, Mdke), cleaved caspase 3
(rabbit, 1:50, Cell Signalling), Cux1 (rabbit, 1;58anta Cruz), Ctip2 (rat, 1:250,
Abcam, ab18465), Dcx (rabbit, 1:1000, Abcam, abB37%5FAP (rabbit, 1:500,
Dako), GFP (goat, 1:400, Abcam, ab6673), HUC/D (seolgG2b 16A11, 1:150,
Invitrogen, A-21271), Ki67 (rabbit, 1:1000, LeicHCL-Ki67p), Musashi (rabbit,
1:10, Cell Signaling, 2154S), Nestin Rat-401 (mous&00, Developmental Studies
Hybridoma Bank (DSHB), University of lowa, lowa @itA), NeuN (mouse, 1:500,
Chemicon), Numb (rabbit, 1:100, Abcam, ab14140)g®krabbit 1:500, DSHB,
University of lowa, lowa City, IA), Pax6 (mousep0; DSHB, University of lowa,
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lowa City, IA), phosphorylated histone 3 pklHserl0) (rabbit, 1:100, Cell
Signaling), RC2 (mouse IgM, 1:100, DSHB, Universily lowa, lowa City, IA),
Reelin (mouse G10, 1:1000, Milipore/ Chemicon),b8afmouse, 1:250, Abcam,
ab51502), Sox2 (rabbit, 1:3000, Millipore, AB5603%0x9 (rabbit, 1:1500,
Millipore, AB5535), Tbrl (rabbit, 1:1000, kind giftom R.Hevner, University of
Washington, WA), Tbr2 (rabbit, 1:100, Abcam, ab2334Binding was revealed
either using an appropriate Alexa-488, Alexa-564jegated secondary antibodies
(1:400, Invitrogen), or using an appropriate bigiated secondary antibody (1:200,
Dako) with the avidin— biotin- peroxidise systeme¥or Laboratories). Nuclear
counterstained 4’-6-Diamino-2-phenylindole (DAPWector) was applied in PBS at
1:10000. Slides with fluorescent staining were mednin Vectashield hard-set
(Vector) while sections developed with DAB were mtad in DPX
(Raymond/Lamb).

All antibodies which had not been optimised presiguwere initially used at a
series of concentrations (1:10, 1:20, 1:50, 1:10PQ0, 1:500 and if further dilution
was needed, 1:1000, 1:2000, 1:4000 were used)amithwithout antigen retrieval,
with DAB and fluorescence as a method of detection.

2.61n situ hybridisation

2.6.1 Probes foriin situ hybridisation

All probes used in this study were DIG-labelled avete stored at -?C in aliquots

to avoid degradation. All locked nucleic acid (LNAjobes for mature miRNAs
were purchased from commercial supplier (Exigort)e Tollowing RNA probes
were used foin situ hybridisations: DIx2 (generous gift from John Ruogiein),

Emx2 (generous gift from Antonio Simeone), Erbb2rgrous gift from Carmen
Birchmeier), Foxgl ((Tao and Lai, 1992), generoifisfgom Thomas Theil), Ngn2
(generous gift from Thomas Theil). Standard methimd<sDIG-labelling of probes
were used. In short, 5ug plasmid was digested % 33r 3hr in the presence of
BSA and an 50U of an appropriate restriction enzyiipe®mega or NEB). The
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linearised plasmid was then purified using pheebloroform extraction. In short,
digested plasmid was mixed 1:1 (V:V) with phenditocoform (Sigma), centrifuged
for 5min keeping the supernatant. The DNA was miwgith 0.1 V or 3M sodium
acetate, and 2V of ice cold ethanol and precigitas -76C. Following
centrifugation and washing of the pellet with 70%amol, the pellet was air-dried
and resuspended in diethylpolycarbonate treatetildetdistilled water. Probes were
generated using an appropriate SP6, T3 or T7 RNAnmrase (Roche) by
incubating at 37 overnight in the presence of DIG-RNA labellingxnfRoche).
The RNA transcripts were then ethanol precipitdtedhe presence of LiCl for 1
hour at -78C and reconstituted in diethylpolycarbonate treadedble —distilled

water.

2.6.2 RNAIn situ hybridisation staining

In situ hybridisation was performed as described beforallde and Raff, 1999)
and the full protocol was kindly provided by Drsrifue Domingos and Valerie
Wallace, Ottawa Hospital Research Institute.

All in situ hybridisation stainings were performed overnigDptimal dilution of
each probe was determined with a series of coratémis. Cryostat sections were
warmed for 30min at room temperature prior to use for cells in 96 well plates,
PBS was aspirated off after washing the fixativebles were diluted in pre- warmed
hybridisation buffer (50% formamide, 10% dextrarifage, 1 mg/ml yeast RNA
(Roche), 1x Denhart’s (Invitrogen), 200mM NaCl, 1ariris-HCI (pH=7.5), 1mM
Tris base, 5mM NapPOy-2H,0, 4mM NaHPQO,, 5mM EDTA (pH=8)). All probes
apart from the LNA probes were denatured for 10 atiif0C. The hybridisation
mix was then applied to the sections and a 22x64gtass coverslip (VWR 631-
0142) was placed on top. The slides were placed ipre-warmed container
humidified with 50% formamide, 150mM NacCl, 15mM-sodium citrate, pH=4.5
and incubated overnight. Incubation temperature &€ for all protein coding
genes and RNA melting temperature °“G®r DNA melting temperature -23 for
LNA probes as outlined by the manufacturer. Aftgbridisation, slides were

decoverslipped and washed in 50% formamide, 150mCIN15mM tri-sodium
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citrate, pH=4.5, 0.1% Tween-20 at hybridisation penature. Slides were then
washed with maleic acid buffer (100mM Maleic acid&0mM NacCl, 0.1% Tween-
20) at room temperature. Sections were incubatexd blocking solution containing
20% sheep serum, 2% blocking reagent (Roche) irimactid buffer for 1-2 hr at
room temperature in a chamber humidified with PB8bsequently, sections were
incubated with an alkaline phosphatase -taggedlA@iantibody (Roche) diluted
1:1500 in the blocking solution for 4 hours at rotemperature or overnight atGt
Sections were then washed in maleic acid buffer thedcolorimetric detection of
alkaline phosphatase was performed with nitro kkteazolium chloride and 5-
bromo-4-chloro-3-indolyl phosphate (Roche) in thHkabne phosphatase staining
solution containing 100mM NaCl, Mg&l 100mM Tris HCI pH=9-9.5, 10%
polyvinyl alcohol (Sigma) and 0.1% Tween-20. Whae teaction was complete,
sections were washed with PBS and either mountddAgjuatex mounting medium
(Merck) or processed through the immunohistocheimgtaining protocol. For
dissociated cellgn sity, all of the above steps were reproduced in theuibvells
and the detection of alkaline phosphatase was peeid for 7 days for all plates

before proceeding with immunostaining.

2.7 Haematoxylin and Eosin staining

Wax sections were deparaffinised in Xylene and dedted through a descending
ethanol gradient and finally in tap water. Tissuaswmmersed in Haematoxylin
(BDH Chemicals) for 3 min following washing in tayater and alkaline tap water
(400ml water with a few drops of ammonia). Sectivese then washed in 70%
ethanol and immersed for 30 seconds in the alcoltasin Y (Sigma). Following a
short wash in tap water sections were dehydrateougin ethanol solutions of

ascending concentrations before mounting in DPXcawerslipping.
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2.8 Electrophysiology

All electrophysiological recordings were obtaingdr. Timothy O’Leary. 30Qum
thick coronal slices were prepared from PDiterl™:R26RYFP and control

1"*:R26RYFP -electroporated pups. Brains were removed anceglat pre-

Dicer
oxygenated ice-cold dissection buffer containingn86 NaCl, 1.2mM NaHPQ,,
25mM KCI, 25mM NaHCQ, 20mM glucose, 75mM sucrose, 0.5mM CaG@mM
MgCl, and cut using a Leica VT1200S vibratome. Slicesvered for 30 minutes at
35 °C in artificial cerebrospinal fluid (aCSF) caiming 124mM NaCl, 1.2mM
NaHPQ,, 25mM KCL, 25mM NaHC@ 20mM glucose, 2mM CagllmM MgCh
continuously bubbled with 95% 5% CQ. For recording, slices were visualized
using infra-red DIC/epifluorescence optics using @tympus BX51WI upright
microscope and continuously perfused with oxygehateSF containing picrotoxin
(50 pM) at 33-35 °C.

Whole-cell recordings were obtained using an AxamtMlamp 700B amplifier and
a custom National Instruments data acquisitionjaigl system. Patch-pipettes
(resistance 3-5 MOhm) were filled with an intermatording solution containing
130mM K-methylsulphonate, 10mM KCI, 10mM HEPES,M EGTA, 10mM
glucose, 10mM Na-phosphocreatine, 4mM Mg-ATP, 0.5MNIGTP, 5mM Alexa-
555 disodium salt, (pH 7.3 with KOH; 290-300 mOsmHeuron-like YFP-positive
cells in layer II/lll of the cortex were visuallyentified and once patched their
identity was confirmed by dialysis with Alexa-555eries resistance was monitored
throughout each experiment; only experiments wlssges resistance was <25

MOhm and varied <15% were included for analysis.

2.9 Dil labelling

Use of the lipophilic dye 1,1’-dioctadecyl-3,3,3*t8tramethylindocarbocyanine
(Dil) (Molecular Probes) has been described be{dmigt, 1989). | followed the
procedure as described for labelling radial gliat@Get al., 1998) and deposited Dil
crystals onto the pial surface of E11.5 embryo® @imbryos were then incubated at

37°C in PFA for 2 weeks before sectioning at 150um.
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2.10 Imaging

Images ofin situ hybridisation and DAB staining were taken usingLe@ica
microscope connected to a Leica DFC480 digital camémmunofluorescent
sections were imaged either using a Leica micrascomnected to a Leica DFC 360
FX digital camera or using Zeiss LSM 150 confocatem. Image processing and
analysis was performed either in ImageJ (NIH), Aeldthotoshop (Adobe) or in
MatlabR2009a (Mathworks).

2.11 Quantification

2.11.1 Analysis ofoxgl1“®-induced Dicer1 mutants

To quantify the proportions of cleaved caspase-8 phosphorylated histone 3
(pHH3) (Guo et al., 1995) immunopositive cells, 6paraffin sections from 3
Dicerl’” and 3Dicerl”” E11.5 embryos were immunostained as describedeabov
One section from rostral and one from central sdphalon were analysed in each
brain for each antigen, along with an additional ®DAounterstained section. For
every section a series of images was taken covérmentire dorso-ventral extent of
the telencephalon at 40x magnification for eacligantand for DAPI-counterstained
cell nuclei. Counting boxes (100um wide, runningptiyh the entire depth of the
telencephalic wall) were positioned along the demsotral extent of the
telencephalon at constant separation of 100um aere@ \&ligned with their base
along the ventricular edge. Tissue thickness w#mated to the nearest 12.5um
along the side of each counting box. For caspasexsdbers of positive cells were
counted through the depth of the telencephalic .wkil determine overall cell
densities, counts of cell nuclei were averaged dhese adjacent sections from
either central or rostral telencephalon and dividsdthe average area of the
counting boxes. For pHH3 immunopositive cells,daled the proportions of cells

that were positive for pHH3 along the ventriculdge for each counting area.
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To quantify the proportions of cells ibicerl” and Dicerl” telencephalon that
were double-positive for TuJl and either Tbrl, Reel Calretinin, or that were
positive for Thr2, a similar approach was takethi quantification described above
except that counting boxes of 50um width were mlaatong the dorso-ventral

extent of the tissue at constant 75um separation.

2.11.2 Analysis of mosai®icer1 mutants

2.11.2.1 Enumeration of dissociated cells

For dissociated cells, 50 images were taken ofi$i@ontaining GFP —expressing
cells from 5 coverslips. Areas were selected basdylon the GFP staining so as to

image as many cells as possible. Cells were thented manually.

2.11.2.1 Quantification of embryonic brain sections

For embryonic sections, three non-adjacent coraswdtions through central

telencephalon were selected for quantification.i@ptsections through the dorso-
lateral telencephalon containing electroporatedscelere acquired at constant
separation and 3-4 optical sections through théreef the section were summed
using image processing software ImageJ. Countiddels consisting of 200um x
40um boxes, 10 for E14.5 and 12 for E15.5 weretiposid in Adobe Photoshop
with the base along ventricular edge. The exceptimetluded counting cleaved
caspase-3 positive cells, where only a single 3@0hox was used, spanning the
thickness of dorsal telencephalic wall (E15.5) drtlwe cortical plate (E18.5).

Between 7 and 12 embryos from three surgeries ama/sed per genotype for each

quantification.
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2.11.2.2 Quantification of postnatal brain sections

For postnatal sections, brains of all surviving enweere sectioned and analysed for
GFP expression. Only brains with GFP+ cells in veatral auditory area were
considered. Counting ladders consisting of 500uh®0um boxes were positioned
with the base along the pial edge. Exception irmtlithe quantification of Sox9
positive cells where 300um x 100um boxes were uedblecortin (Dcx) positive
cells where a single 400um box was placed spanhieghickness of the cortical
wall. Borders between cortical layers were esthblis based on nuclear
counterstaining with DAPI (Vector). Identificatiaf the subventricular zone (SVZ)

at P14 was based on density of cell nuclei andiposif the lateral ventricle.

2.11.3 Image analysis

Image analysis including image intensity, area,ticalr thickness or distance

measurements were performed either in ImageJ MaitabR2009a (Mathworks).

2.10.4 Statistical analysis

Student’s t-tests were performed using Microsofic@fExcel (Microsoft), Tukey’s
tests and three-way ANOVA were performed using egitlbigmastat (Systat
Software) or MatlabR2009a (Mathworks).

2.12 Support

In situ hybridisation staining for miR-124 of coronal sens through the
FoxgL"Dicerl™ and FoxgT™Dicerl” mice was performed by an undergraduate
student, Karolina Mysiak. In addition, Karolina sened some of the P14
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electroporated cortices, performed immunohistochamistaining for cleaved-
caspase 3, Cuxl, Tbrl, Satb2 and Ctip2, took imampes performed initial cell
counts of marker expression. All electrophysiolagjiecordings have been obtained
by Timothy O’Leary.
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CHAPTER 3:
Functional Dicer is necessary for appropriate spefication of radial

glia during early development of mouse telencephato
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3.1 Introduction

The embryonic forebrain (prosencephalon) comprites telencephalon, which

generates the cerebral cortex and the basal garagich the diencephalon, which
generates the prethalamus and the thalamus. deistlafsure of the neural tube, the
telencephalon is a thin neuroepithelium surroundirey ventricles. Proliferation of

neuroepithelial stem cells adjacent to the vemsideads to the thickening of the
telencephalon. Between embryonic day 9.5 (E9.5) &i®.5 in mouse, the

neuroepithelial stem cells mature and elaboraté taelial processes to become
radial glia (Misson et al., 1988), which are thegenitor cells during subsequent
neurogenesis. Radial glial cells generate neurond @termediate (basal)

progenitors (Guillemot, 2005); the latter divideawfrom the ventricular surface to
generate neurons. Newly generated neurons migratards the pial surface along
the processes of radial glia to form the postnutosll layer (Gotz, 1995; Hartfuss,
2001; Kriegstein, 2003; Malatesta et al., 2000).

Mouse Dicer is a type Il endoribonuclease encdaetheDicerl gene (Nicholson,
2002), which catalyzes the cleavage of double dedrRNA molecules (Du, 2008).
Mature microRNAs (miRNAs) are 21-27nt products até activity (Filipowicz,
2005; Gan, 2006). They interact with complementaguences on protein coding
messenger RNA molecules (MRNAs), mainly in the r@ranslated regions (Lewis,
2005; Xie, 2005). This interaction is recognised anstained in the RNA-induced
silencing complex (RISC) (Gregory, 2005; Gregoryakt 2004; Hutvagner, 2002)
and regulates expression via transcript degradéyoendoribonucleolytic cleavage,
deadenylation and decapping, or translational itibib (Hammond, 2000; Martinez
et al., 2002). This process takes place in thegasing (P-) bodies (Ding et al.,
2005), which require RNA for assembly and caaintain mRNA in an untranslated
state (Teixeira et al., 2005).

Mice null for Dicerl are not viable past E7.5 (Bernstein et al., 20@@)cating that
the endogenous RNA interference pathway is criicelmammalian development.

To bypass early embryonic lethality and investigdte role of miRNAs in
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telencephalic development, three mouse mutant kaeying conditional deletions
of Dicerl in the forebrain have been thoroughly analysedhése lines, expression
of cre-recombinase is driven IBmx1 Nesor Camk2promoters (Davis et al., 2008;
De Pietri Tonelli, 2008; Kawase-Koga et al., 200Bje overall conclusion from
these studies is that cells primarily affected dislof Dicer are postmitotic neurons.
Migration of neuronal precursors to the postmittdigers as well as their subsequent
survival are compromised in the mutant tissue, ederapical and basal progenitor
cell populations are not affected detectably Uatér, after E14.5, when abnormally
large proportions of them undergo apoptosis (DériPienelli, 2008; Kawase-Koga
et al., 2009).

A number of studies have shown that miRNAs are lwvea in mouse embryonic
stem cell proliferation and differentiation (Karsgdbulou, 2005; Murchison et al.,
2005; Rybak et al., 2008). It remains possible Dater is required in the early
telencephalic progenitor population vivo and that previous experiments did not
address this. One possibility is that Dicer is regplby this population earlier than
previously addressed; another is that it mightdzpiired in aspects of their biology,
such as cell identity, that have not been exambefdre. To generate a very early
deletion ofDicerl restricted mainly to the telencephalon | useBoxgl™ allele
(Figure 3.01 A). Foxgl is expressed by all cellgha telencephalic anlage at the
anterior end of the neural tube from before neptafle closureFoxgI"™ expresses
cre in the telencephalic progenitors from aroundOE8iebert, 2000). | found that
FoxgT'-induced ablation oDicerl (Figure 3.01 B, C) results in abnormal protein
expression by neural progenitor cells (radial gie)E11.5 coinciding with the
generation of the first postmitotic neurons. Bo#sdl progenitors and postmitotic
neurons, which are normally produced by the radi@ at E11.5, are misplaced
through the depth of the telencephalic wall, yeirtiproportional contribution to the
total number of cells in the tissue is not reduced.
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Figure 3.01: Conditional ablation of Dicer using castitutive Foxgl®® line. Mice expressing cre-
recombinase under the regulation of the endogefaxgl promoter (A) were crossed to mice
carrying theDicer1" allele where exon 23 of tHaicerl coding sequence was flanked by tivaxP
sites (B). Exon 23 encodes approximately 90 residii¢he RNase Illb domain of the Dicer protein
(C) which are required for normal assembly of tbéva site. Although the catalytic Lysine K1790 is
not encoded by exon 23, cre-LoxP mediated recortibmés predicted to result in a truncated protein

being produced.
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3.2 Results

3.2.1 Effects of Dicerl-mutation on telencephalic iRNA levels

To confirm the anticipated effects Dicerl deletion on mature miRNA production,
| examined the expression of the two most abundaRNAs in the E11.5 brain
(Kloosterman, 2006; Landgraf, 2007): miR-124, whegpression is restricted to the
post-mitotic neuronal population (De Pietri Tone®008; Maiorano, 2009) and
miR-9, which is expressed in both the progenitar postmitotic cells (Shibata et al.,
2008). Whereas in the forebrain of contRicerl” embryos mature miR-124 is
detectable in the post-mitotic cell layer (Figur@BA, B, C), inDicerl”embryos
miR-124 expression is absent from the telencephadod retained only in
postmitotic cells in the hypothalamus, which expesslow levels oFoxgl (Figure
3.02 A", B).

In the forebrain of control embryos, mature miR® present throughout the
thickness of the dorsal telencephalic wall (FigBu@2 C, G) and in the spinal cord at
E11.5 (Figure 3.02 D - E) but was undetectablehendiencephalon (Figure 3.02 C,
F). In the dorsal telencephalon of embryos vithkgl-driven Dicerl deletion the
level of mature miR-9 was depleted by E11.5 and wadetectable both in the
cortex and in the diencephalon (Figure 3.02 C’,G7), Mature miR-9 expression in
spinal cord, where Foxgl is not normally expressess unaffected in thBicerl”
embryos (Figure 3.02 D', E).

These results indicate thatcerl” embryos show a telencephalon-specific depletion
of mMiRNAs by E11.5.
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3.2.2 Dicer-deficient neuroepithelial stem cells niatain their cell identity

To analyse the molecular identities of early teégi@lic progenitors, the expression
of markers of neuroepithelial stem cells as wellh&sexpression of markers of radial
glia was examined. Coronal E11.5 telencephalici@estwere immunostained to
detect the presence of four proteins normally esgeé in the most undifferentiated
neuroepithelial progenitors: stem cell marker CD{BBmininl); Notch signalling
inhibitor Numb; Numb inhibitor Musashi; and Sox2Xsdetermining region Y box
2) (Collignon, 1996; Sakakibara, 1996; Uchida, 208@gner, 1999; Zhong, 2000).
The vast majority of cells in the E11.5 controktedephalon are immunoreactive for
CD133, Musashi, Sox2, and Numb.Dicer1” telencephalon, expression of CD133,
Musashi, Sox2 and Numb appeared similar to thabmtrols (Figure 3.03 A-D, A’-
D’). To assess the mitotic activity of the progenitells, the average proportion of
phosphorylated histone-3 (pHHmMmMunoreactive cells directly lining the ventiiau
surface at E11.5 was quantified. In control embraosaverage of 25.7+6.7 (mean +
s.e.m.) % of cells in the dorsal telencephalon 266+5.5 % of cells in the ventral
telencephalon were pHHmmunopositive. IDicerl” embryos these values were
not significantly different with 28.3+2.8 % of cellin the dorsal telencephalon
(p>0.05, n=3) and 26.2+2.1 % of cells in the vdntedencephalon (p>0.05, n=3)
immunopositive for pHHEl (Figure 3.04). Furthermore, expression of geneslued

in forebrain patterning was investigated and nerattons were detected in the
dorso-ventral extent of the expression domainseffbllowing transcription factors
at E11.5: the pan-telencephalic marker Foxgl (EgBu03 G, G’) (Tao, 1992),
dorsal telencephalic markers Pax6 (Figure 3.03 'H($toykova et al., 1996), Emx2
(Figure 3.03 1, I') (Yoshida et al., 1997) and Ndif2gure 3.03 J, J’) (Hartfuss et al.,
2001) or ventral telencephalic markers Olig2 (FegBr03 K, K’) (Gotz et al., 1998;
Rubenstein and Puelles, 1994) and DIx2 (Figure B,Q23) (Rubenstein and Puelles,
1994). Overall, these results indicate that mampeets of neuroepithelial stem cell
identity are not affected by the loss of Dicer.
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Figure 3.02: Loss of mature miR-124 and miR-9 in th telencephalon oDicer1” embryos. Two
most abundant brain miRNAs, miR-124 and miR-9 waertected using LNAn situ hybridisation. At
E11.5, mature miR-124 is expressed in the postimitatyers (A, B). Mature miR-124 was not
detected inDicerl” telencephalon but its expression was maintainedypothalamus (A’, B’). In
control embryos at E11.5, miR-9 is strongly expeesshroughout the thickness of the dorsal
telencephalon (C) and the spinal cord (D). High @oitnages of the staining in the spinal cord (E),
the diencephalon, which is devoid of mature miRF) &nd the dorsal telencephalon (G). Mature
miR-9 was depleted from the dorsal telencephaloEby.5 (C’, G’). Expression of mature miR-9 in
the spinal cord of th®icerl” embryos was not altered (D’, E’). High magnificatiimage of the
diencephalon (F’) is included as a negative contibbreviations: dTel: dorsal telencephalon, vTel:
ventral telencephalon, hTh: hypothalamus. Scale (#arA’) - 200um, (B, B', E, E', F, F', G, G’) -
50um, (C, C', D, D) - 100 pum.
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Figure 3.03: Expression of markers of neuroepithedii stem cells is normal in Dicerl”
telencephalon.In panels A-E and A’-E’ tissue orientation is vecular surface: bottom, pia: top of
the image. CD133/Promininl is expressed by theasmithelial stem cells of control (A) amicerl

" telencephalon (A’). Expression of Numb inhibitorud&shi required to maintain proliferation is
unchanged iDicerl’ telencephalon (B’) compared to control (B). Soxg®up member Sox2 is
expressed by the proliferative neuroepithelium &8y its expression appears normal following the
loss of functional Dicer (C’). Numb protein is eggsed both in the proliferative and differentiated
cells layer (D) and its expression is maintaine®icerl’ telencephalon (D). Radial processes were
labelled using the lipophilic dye Dil to show gras®rphology of the radial glia in control (E) and
Dicerl” dorsal telencephalon (E’) and that it is unchaném@tbwing the mutation. Enriche@-
catenin immunostaining at the ventricular surfatthe control telencephalon (F) was also unaffected
by the loss of functional Dicer (F’). A normal peth of Foxglexpression was obtained using RNA
in situ hybridisation in control telencephalon (G) abiterl’ telencephalon (G’). Pax6 is commonly
used as a marker of dorsal telencephalon, expréssedorso-medial (low) to lateral (high) gradient
and the protein expression was detected using irohistochemical staining of control tissue (H) and
its expression was not different Dicerl” telencephalon (H). Emx2 is expressed in a gradien
complementary to Pax6 atmx2mRNA expression was analysed using RMAsitu hybridisation

in control (1) andDicerl” telencephalon (I). Analysis of Ngn2 mRNA revealbé normal salt-and-
pepper expression in the dorsal telencephalon dsaweeminentia thalami in both control (J) and
Dicerl” tissue (J'). Doso-ventral extent of ventral telgpicalic marker Olig2 expression was similar
in control (K) and Dicerl” tissue (K’). A normal pattern of expression of #mw ventral
telencephalic marker, DIx2, was observed both introd (L) andDicerl” tissue (L). Abbreviations:

Di: Diencephalon, ne: nasal epithelium. Scale P&y (F’) - 50um, (G) — (L") - 100 pm.
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Figure 3.04: Proportion of mitotic cells remains umltered after the loss of functional Dicer.
Immunohistochemical staining using an antibody agfaphosphorylated (ser10) Histone 3 (pHH3)
reveals that at E11.5 most immunoreactive celldarated directly at the ventricular surface (Ajflan
loss of functional Dicer did not cause this patteribe disrupted (A’). Quantification did not revea
any changes in the proportion of mitotic cells ithver dorsal or ventral telencephalon (B). Scale ba

50um, error bars indicate s.e.m.
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3.2.3 Radial progenitors are defective in the expssion of Nestin

Around E10, the neuroepithelial stem cells genethte neurogenic progenitors,
radial glia. This transformation includes elabaratbf the radial processes that run
between the pial and ventricular surfaces of thentephalic wall (Misson et al.,
1988). The radial processes were labelled usingplited on the pial surface at
E11.5 and no difference was found between radiatesses iDicerl’” and in
control Qicerl™) tissue (Figure 3.03 E, E’). Previous experimeintsvhich the
radial processes of the telencephalic progenitdls ceere disrupted showed
alterations in the expression pattern of proteihgclvplay a role in cell adhesion at
the apical surface of the telencephalon, suchp-astenin (Weimer, 2009). |
performed immunostaining fd-catenin and found no difference betweRicer1”

and control tissue (Figure 3.03 F, F).

Nestin is a type IV intermediate filament protexpeessed in neural progenitor cells.
Two commonly used antibodies against Nestin, thé-4Rd and RC2 clones,
recognise its two different isoforms whose expsss largely, but not entirely
identical (Lendahl et al., 1990; Park et al., 20@*gining using the RC2 antibody
was used as the defining criterion of radial gldgntity (Misson et al., 1988).
Progenitors at the neuroepithelial stem cell s{&fd.25) express Nestin mainly at
the pial end-feet of the radial processes bothomtrol (Figure 3.05 A, D, arrows)
andDicerl” telencephalon (Figure 3.05 A’, D"). By E11.5 thepeession of Nestin
is strongly enhanced throughout the radial proses$e¢he progenitor cells (Figure
3.05 B, E). In theDicerl” telencephalon, expression of both isoforms is towe

compared to control levels (Figure 3.05 B’, E).

To quantify the abnormality at E11.5, sections frdmcontrol and 3Dicerl”
embryos were immunofluorescently labelled simultarsty using identical
conditions with Rat-401 or RC2 antibodies. Fluoesm®e image intensity was
recorded from 50um x 50um areas (‘boxes’) place80@um separation along the
dorso-ventral extent of the telencephalon. The baxere positioned adjacent to the
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ventricular edge (Figure 3.05 C, F, box ‘1’) as vasl adjacent to the pial membrane
(Figure 3.05 C, F, box ‘2’). Intensity recordedrfran identical box was placed on
an image of the spinal cord from the same secti®@|{m ventral to the roof plate,
adjacent to the central canal) was used for nosat@in. For each control and
Dicerl’ section analysed, average intensities per pixehfthe series of boxes ‘1’
and boxes ‘2’ along the dorso-ventral extent oftddlencephalon were normalised to
those from the spinal cord in the same sectionesias described above, the spinal
cord was unaffected by the mutation (this corrdotsany residual variation in
staining for technical reasons between differemtises). Both RC2 and Rat-401
immunostaining intensities were significantly lowier the Dicerl” than in the
control telencephalon; in the pial region the di#feces were not significant (Figure
3.05 C, F). In controls, immunofluorescence intiesifor both Nestin isofoms
became significantly higher in the ventricular mrgthan in the pial region (Figure
3.05 C,F), which was a reversal of the pattern athbcontrol andDicer”
telencephalon at E10.25; this did not occubiner” telencephalon. Taken together,
my results indicate that loss of Dicer from thest@lephalon inhibits the normal

enrichment of Nestin protein in the ventricularicegby E11.5.

To test if this difference could be caused by déffe overall cell density iDicer1l”
tissue compared to control, densities of DAPI-s&dircells in dorsal and ventral
telencephalic regions were quantified. | found timatcontrol embryos average
density in the dorsal telencephalon is 22+4*t6lls/mnf and 29+6*18 cells/mnf

in the ventral telencephalon. These values aresigaificantly different inDicer1”
embryos with 20+5*19 cells/mnf in the dorsal telencephalon (p>0.05, n=3) and
24+6*10° cells/mnf in the ventral telencephalon (p>0.05, n=3).
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Figure 3.05: Expression of Nestin, Sox9 and ErbB2sicompromised in Dicer deficient
telencephalon.The RC2 antigen is encoded by thesgene and is expressed in the basal end-feet of
the radial processes of the neuroepithelial prageckells at E10.25 (A). In mutant tissue this gatt

of expression was maintained (A’). Around the ortfateurogenesis when neuroepithelial stem cells
give rise to radial glia, RC2 expression becomedbaiated by E11.5 (B). This expansion was
compromised in th®icerl” telencephalon (B’). Quantification of immunofluscence intensity for
RC2 antigen in ventricular and pial regions of tlemtrol (open bars) anBicerl’ telencephalon
(filled bars) revealed significant reduction of tinemunostaining in the ventricular region. Similarl

to RC2, the Rat-401 is also encoded by Nesgene and its expression follows the pattern of RC2
expression in the radial processes end feet alEXD) and its expression also becomes expanded by
E11.5 (E). In thdicerl” telencephalon, the Rat-401 expression is preseheiend feet of the radial
processes (D) but is reduced compared to control EA1.5 (E’). Quantification of
immunofluorescence intensity revealed a significautuction in theDicerl” telencephalon in the
ventricular region (F). Sox9 transcription factoxpeession is present in the vast majority of
proliferative cells in the dorsal telencephalonEdt0.25 (G) and E11.5 (H). IDicerl” dorsal
telencephalon only few cells are immunoreactiveSok9 (H’). ErbB2 is a receptor for Neuregulinl
and expressed strongly in proliferative cells intcol telencephalon as well as the pia (I)Dicer1”
telencephalon the ErbB2 mRNA situ hybridisation staining was strong in the pia, faibt in the
proliferative cells (I"). Expression levels of EBBNRNA were quantified as described in Results
standardising the levels staining both in pial aadtricular regions to the level of staining in {ha

to show a significant reduction of staining in thentricular region (J). Scale bar: 50um, *p<0.05,

**p<0.01, **p<0.001, error bars indicate s.e.m.
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3.2.4 Dicer deficient progenitors lose expressiorf ranscription factor Sox9 and the

ErbB2 receptor

Previous studies using non-neural tissues idedtthe transcription factor Sox9 as a
co-enhancer for the expression dies gene (Flammiger et al.,, 2009).
Immunohistochemical staining of the telencephaloouad E10.25 and E11.5

reveals that while in control tissue virtually plogenitor cells are stained using the
antibody against Sox9 transcription factor at kaggks (Figure 3.05 G, H), Dicerl

" dorsal telencephalon the expression is presei®1at25 (Figure 3.05 G’) and

almost completely absent at E11.5 (Figure 3.05 H’).

The ErbB2 receptor has been implicated in radig gbrmation by mediating
Neuregulinl signalling that leads to RC2 expresg®chmid et al., 2003)n situ
hybridisation for ErbB2 mRNA in control dorsal amdntral telencephalon shows
ErbB2 is normally expressed throughout the progetatyer and in the pia overlying
the neuroepithelium (Figure 3.05 I). Dicerl” tissue the ErbB2 mRNA is present
in the pia but strongly reduced in the progenityrel (Figure 3.05 I). To quantify
this observation for control (n=4) amicerl” (n=3) sections, | used a densitometric
method as described above with minor modificatiohsseries of 30pum x 30um
boxes were placed over the telencephalic tissuacadf to the ventricular edge
(Figure 3.05 J, box ‘1), adjacent to the pial edgethe differentiating preplate
(Figure 3.05 J, box ‘2") and over the pia for nolisetion (Figure 3.05 J, box ‘3’). A
reading from a box placed over the ventricle wasduto measure background
(Figure 3 J, box ‘4’) which was subtracted fromued in the boxes above it. Values
from box ‘1’ (ventricular region) and box ‘2’ (prigte region) were normalised
against the corresponding value for the pia (bdkx ® both control tissue and
Dicerl” tissue, average intensity in the ventricular reg®significantly higher than
that in the preplate region. The average intensitythe ventricular region is,

however, significantly lower in thBicerl’ than in control telencephalon (Figure
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3.05 J). This indicates that ErbB2 expression gnificantly reduced in the

ventricular zone iDicerl’ telencephalon.

| also examined expression of some of these markiees later age. At E12.5 in
control telencephalon, the expression pattern @@3argely overlaps that of Sox2 in
the progenitor cell layer (Figure 3.06 A-F). Dicerl’ tissue the size of the Sox2
expression domain is markedly reduced, yet the irenga cells retain intense
immunofluorescent labelling (Figure 3.06 A’-C’) vldithe expression of Sox9 is
largely absent (Figure 3.06 D’-F’). The size of thaJl-marked population of
postmitotic cells is also greatly reduced in th@ BEDicerl’ telencephalon (Figure
3.06 A’-C’) compared to control telencephalon (F&3.06 A-C). The radial glial
fibre expression of Nestin (Rat-401) is also gseatiduced in the E12.Bicerl”

telencephalon (Figure 3.06 D’-F’) in comparisonhnétbundant labelling in control
tissue (Figure 3.06 D-F). These data are consisightthe observations from E11.5
embryos, showing a selective reduction in the esgpom of radial glial markers,
including Sox9 and Rat-401. Together, these finglimgdicate that the loss of

functional Dicer causes persistent incorrect spetibn of radial glia.
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Figure 3.06: Dicer deficient telencephalon is sevely disrupted by E12.5.Immunohistochemical
staining for TuJ1 marks the postmitotic neuronsthia telencephalon (A, C). This population is
greatly reduced imicerl” telencephalon (A, C'). Sox2 marks the prolifevatipopulation (B, C),
which is also diminished in thBicerl” tissue (Figure S2 B’, C'). At E12.5 radial gliapegss Rat-
401 (D, F) as well as Sox9 (E, F) and in fhieerl” telencephalon only a small fraction of radial
processes can be detected (D', F') and the expressi Sox9 is greatly reduced (E’, F’). Scale bar:
100pum.
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3.2.5 Loss of functional Dicer results in the expasion of basal progenitor population

and misplacement of postmitotic neurons

Radial glia are progenitor cells and during normeaVlelopment begin to generate
postmitotic neurons as well as intermediate (bagayenitor cells around E11.5.
They also guide the radial migration of neuronalgeny to generate cortical layers
(Malatesta et al., 2000; Noctor et al., 2001) arstughtion of radial glia results in
mislocalised neurons (Hasling et al., 2003). Previstudies identified defects in the
capacity of Dicer deficient stem cells to differaté (Kanellopoulou, 2005;
Murchison et al., 2005). | anticipated that disroiptof radial glia at E11.5 iBicerl

" telencephalon could cause defects in the capatitiyese progenitors to generate

postmitotic neurons and/or guide migration normally

To address this hypothesis | looked at the patiéexpression of markers of early-
born neurons, mRNA binding protein HUC/D and tyglebkta tubulin (TuJ1). In
control telencephalon at E11.5 cells immunoreadireHuC/D (Figure 3.07 A) or
TuJ1l (Figure 3.07 B) were located beneath the peinbrane forming a coherent
layer. InDicer1” tissue the TuJ1 and HUC/D immunostaining revealpdttern that
was discontinuous with numerous gaps of stainingelt the pial membrane
(Figure 3.07 A’, B’, arrows). In addition, a numbef neurons were misplaced
through the depth of the telencephalic wall. Therail proportions of TuJicells in
the Dicer1” telencephalon (15.6+1.7%) and the control telehakm (19.1+1.5%),
irrespective of their location, were not signifitdgraltered (Student’s t-test, p>0.05,
embryos n=9). These findings indicate that eargnigephalic progenitors generate
correct proportions of neurons after Dicer deletibnt many of those neurons

migrate abnormally.

To test if loss of functional Dicer compromises thlility of early postmitotic
neurons to complete differentiation, | quantifiée fproportion of TuJ1 neurons that
also express a marker of more mature postmitotiwamss, Tbhrl (Englund et al.,
2005). | found that about half of the TuJ1 immursipwee cells express Tbrl both in
control andDicerl” telencephalon (Figure 3.07 C). In addition, | deghthe
proportions of cells (visualised with DAPI) that meeTbrl positive along the dorso-
ventral extent of the telencephalon (for countitrgtegy see Materials and Methods
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as well as Figure 3.07 D). | found no differencewsen control andicerl”
telencephalon (Figure 3.07 D, two way ANOVA, p>(.059).

One possible explanation for misplacement of pdstimineurons could be a loss of
Cajal Retzius cells (Schaefer, 2008). During foagbrdevelopment the Cajal-
Retzius neurons in the telencephalon have beenrstmwriginate from progenitors
located in the ventricular zone of the telencephals well as other regions of the
brain (Bielle et al., 2005). The misplacement ofinoes inDicerl” telencephalon
might result from an absence of Cajal-Retzius cdlls test this, | quantified the
proportion of TuJ1- positive cells double-positifer either Reelin or Calretinin,
both of which mark the Cajal-Retzius neurons at.&EXAlcantara, 1998; Hevner et
al., 2003). | found no difference in the proportioh TuJ1l positive cells that
expressed Reelin between genotypes; the propaoofidiuJ1 positive cells that co-
expressed Calretinin was actually significantlyréased inDicerl’ telencephalon
compared to control (Figure 3.07 E, p€l=9). | conclude that there is no
evidence to suggest that misplaced neurons coustt@unted for by a depletion of

Cajal-Retzius cells frorDicerl’ telencephalon.

Using double immunohistochemistry for Reelin andr&min (Figure 3.07 F, F’) |
found that the proportion of Reelin positive newadhat co-expressed Calretinin in
Dicerl” telencephalon (58.6+5.3%) and control tissue (53%)} were not
significantly altered (Student's t-test p>0.05, h=9This indicates that the
subpopulation of TuJ1 neurons that is expandedDicerl’” tissue expresses
Calretinin but not Reelin.
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Figure 3.07: Neurons and basal progenitors generadeby radial precursors are affected by the
loss of Dicer.HUC/D is normally expressed in early postmitoticumas and immunostaining for
HuC/D is enriched in the postmitotic layer formiagoherent staining beneath the pia (A)Dloerl

" telencephalon HUC/D expressing cells are misplaoexigh the thickness of the telencephalic wall
and the staining in the layer beneath the pia $satitinuous with numerous gaps lacking staining
beneath the pial membrane (A’, arrows). SimilafiyJ1 is expressed by early postmitotic neurons
(B). In Dicer deficient telencephalon, TuJ1 immuesmtive cells are scattered through the depth of
the neuroepithelium (B’). Tbrl is expressed byafightiated neurons at E11.5 and labels about half
of the TuJ1 positive cells in control amicerl” telencephalon (C). Quantification of the distribat

of Thrl immunopositive cells as a proportion oitatumber of cells along the dorso-ventral extént o
its expression domain revealed that differentiatibpostmitotic neurons was not affected anywhere
in the telencephalon by E11.5 following the losDider (D). Calretinin and Reelin are markers of
Cajal-Retzius cells, which are involved in the degion of radial migration of postmitotic neurors t
the postmitotic layer. Quantification revealed gngficant increase in the proportion of TuJ1 c#ilat
were Calretinin double-positive idicerl” telencephalon compared to control whilst the pripo

of TuJl cells that were Reelin double-positive wasiltered by the loss of functional Dicer (E).
Expression of Reelin and Calretinin is not overlagpn all cells (F, F). Thr2 is expressed by the
basal progenitors in control telencephalon (G)Dicerl” telencephalon Tbr2 immunoreactive cells
are misplaced through the depth of the telencephveadill (G’) and their proportion was increased
compared to control tissue (H). Dashed lines oatlive ventricular and pial edges of the telencéphal

wall. Scale bar: 50m. *p<0.05, ****p<10° error bars indicate s.e.m.
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FIGURE 3.07
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Beside neurons, radial glia generate basal pragsniDuring early telencephalic
development, around E11.5 — E12.5 the transcrigtotor Tbr2 (Eomesodermin) is
expressed by the basal progenitors and a smalesobsTbrl positive postmitotic
neurons in the dorsal telencephalon (Englund et28l05) (Figure 3.07 G). In
Dicerl’ tissue Thr2 positive cells are scattered throughdepth of telencephalic
wall (Figure 3.07 G’), reflecting the migration def described above. The
proportion of telencephalic cells expressing Tddhg the dorso-ventral extent of its
expression domain was quantified (see Materialshetthods) and it was found that
the proportion was increased above control levelslli but the most ventral part of
theDicerl” dorsal telencephalon (Figure 3.07 H, two way ANQYWA0.01, n=3).

3.2.6 The proportion of apoptotic cells is increaskat E11.5

Several studies have indicated that cell survivaompromised following the loss of
Dicer in the telencephalon (Davis et al., 2008;Hdetri Tonelli, 2008; Kawase-Koga
et al.,, 2010; Kawase-Koga et al., 2009; Makeyewalet2007). | immunostained
control andDicerl’ telencephalon at E10.25 and at E11.5 with an edyitagainst
cleaved caspase 3 and quantified the proportionapdptotic cells in the
telencephalon (Figure 3.08 A). While the proportafncleaved caspase 3 positive
cells is not significantly different between genuyg (n=3) at E10.25 (Figure 3.08 B,
B), at E11.5 it is significantly increased (p<0,01=3) in Dicerl” telencephalon
compared to control tissue with immunoreactivescetiattered throughout the depth

of the telencephalic wall (Figure 3.08 C, C’).

| then investigated whether apoptosis could hafleenced tissue development by
E11.5. The average thickness of the dorsal teldraepwall in control embryos is
9045 (s.e.m.) um and in ventral telencephalon 185gin. These values are not
significantly different in theDicerl” embryos where average thicknesses of the
dorsal and ventral telencephalic wall are 80+5 por0(05, n=3) and 130+20 pum
(p>0.05, n=3). As described above, cell densitgasdifferent between genotypes.
These data indicate that E11.5 is the first stagermapoptosis becomes significant
and that prior to E11.5 cell death has not sigaifity affected the development of

the telencephalon.
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By E12.5, the proportion of apoptotic cells incehin theDicerl’ telencephalon
(Figure 3.08 A, D’). The average thicknesses ofdbesal and ventral telencephalic
wall in Dicerl” embryos were 85+4 um and 136+12 pm respectivegpjfcantly
lower than in control tissue, which had correspogdialues of 170+8 um (p<0.001,
n=3) and 28632 um (p<0.01, n=3). By E14.5, thes 9t the telencephalon is
greatly reduced (Figure 3.09 B) compared to cosit(Bigure 3.09 A), presumably

resulting from escalating cell death after E12.5.
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Figure 3.08: E11.5 is the first embryonic day whemapoptosis becomes significan{A) Percent of

cells in the telencephalon of control (open bars) Bicerl” telencephalon was quantified at E10.25,
E11.5 and E12.5 to show that E11.5 is the firsgestat which a significantly higher number of
cleaved caspase-3 immunopositive cells due to tes lof functional Dicer is detectable.
Immunohistochemical staining of control tissue @dgeonly a small proportion of cells stain for
cleaved caspase-3 in either E10.25 (B), E11.5 (12.5 (D) control telencephalon, as well as
E10.25Dicerl” telencephalon (B’). E11.5 is the first stage wis@mificant levels of apoptosis are
observed (C) and they are further exacerbated hWg.® (D). Scale bar: 50m, **p<0.01,

***n<0.001 error bars indicate s.e.m.

FIGURE 3.08
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Figure 3.09: Volume of the Dicerl” telencephalic tissue is greatly reduced by E14.5.
Hematoxylin and eosin staining of coronal sectittimeugh the brain at E14.5 (A) reveals a hugely

abnormal telencephalon in tBécerl’ telencephalon (B). Scale bar: 100um.

109



FIGURE 3.09
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3.3 Discussion

Here | describe an analysis of early telencephddicelopment in mature miRNA
deficiency usingFoxgT™Dicerl™ mice. | analysed the expression of markers of
neuroepithelial stem cells as well as more resiigteural progenitor cells (radial
glia) and found strong evidence that around the tindevelopment when radial glia
(Misson et al., 1988) are normally generated, esgpom of Sox9, ErbB2 and Nestin
proteins is compromised. | also found that in theemce of functional Dicer protein,
radial progenitors generate normal proportions oktmitotic neurons and an
increased proportion of basal progenitor cells hBaftthese cell types are misplaced
through the depth of the telencephalic walDicer1l’ telencephalon.

In previous work investigating which processes miyriearly telencephalic
development depend on miRNA maturation, three ¢l mouse mutant models
of Dicerl gene mutation have been studied. First, Enext™ line leads to early
recombination in the dorsal telencephalon and tesiul a reduction of the
postmitotic cell layer through apoptosis. The nembweurons that are generated fail
to migrate to the post-mitotic layer. In this lingpical and basal progenitor cell
populations are unaffected by the loss of matuieNwis until well after the onset of
apoptosis (De Pietri Tonelli, 2008). In the secombdel usingNes™, cre-
recombinase is expressed later than in Enext"™ model. The deletion results in
deficits of number and migration of postmitotic n@s while the proliferative
properties of the progenitor population are conghjeunaffected by the loss of
mMiRNAs. Cell survival is not affected until perinhstages of development when a
significant number of apoptotic cells is observed the ventricular and
subventricular zones (Kawase-Koga et al., 2009% fhivd model utilizedCamk2"™
which expresses active cre from E15.5, and the ggindefect was postnatal
apoptotic cell death. Anterior commissure pathfigddefects and a reduction in

dendritic branching in the hippocampus have alsmbieported (Davis et al., 2008).
My data using a cre strain that deletes earlien thgprevious models that have been

studied in detail indicate that in the absence wicfional Dicer protein, the

neuroepithelial stem cells show defects in genagatadial glial progenitors around
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the onset of neurogenesis. Neural progenitor ckdhtity is an aspect of neural
development that has not, to my knowledge, beemeaddd in previous models of
Dicerl” dorsal telencephalon. | found that the expressfaradial glia markers RC2
and Rat-401 is severely diminished at E11.5, sdtam the tissue begins to generate
the first postmitotic neurons. Both antigens areoded by theNes gene. Their
expression is present mainly in the basal enddéeieuroepithelial stem cells and
normally extends more widely when these generatdalraglia (Gotz, 1995;
Malatesta et al., 2000; Misson et al., 1988). Tass not occur normally after loss
of Dicer. Multiple pathways have been suggestegrimmote Nestin expression
including Neuregulin-1 signalling through the ErbB@ceptor to promote RC2
expression in the telencephalon (Schmid et al.32@Qull mutation of Nestin results
in embryonic lethality, but no evidence has so lieen found for alteration of
cytoarchitecture and the exact role of Nestin resaio be unravelled. Here |
propose that the level of Nestin expression is deéeet upon the presence of mature
MIiRNA processing enzyme Dicer. The effect of losmMdRNAs on Nestin might be
a secondary consequence of loss of ErbB2 and/o®.Sdmportantly, Nestin is a
commonly used marker for neuroepithelial malignasdirohyama et al., 1992) and
further understanding of mechanisms regulating atgpression may provide

therapeutic targets of neuroepithelial tumours.

The expression of Sox9 protein is reduced betwddh2s and E11.5. According to
recent reports, except for a few cases, most miRdbAgrol target mRNA stability
by recruiting deadenylases such as CAF1 therehbycned their stability (Fabian et
al., 2009; Guo et al., 2010). Therefore, loss ofureamiRNAS is predicted to result
in the stabilization of their direct targets andragmsed protein output. Recent study
found that Sox9 mRNA is targeted by miR-124 duripgstnatal neurogenesis
(Cheng et al., 2009). | found that the Sox9 protsirost throughout the dorsal
telencephalic progenitors while miR-124 is lostnfrthe postmitotic layer by E11.5
(Maiorano, 2009). It is plausible that the lossSix9 reflects the altered radial
progenitor identity and that the effect is inditebStonetheless, direct targeting of
Sox9 mRNA by miRNAs other than miR-124, such as +#®jRemains a formal
possibility as miRNAs have been shown to have tgacity to promote protein

expression through non-canonical pathways, althamegy few examples have so far
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been reported (Grandjean, 2009; Vasudevan, 200ijs,Tit is conceivable that loss

of mMiIRNAs might cause direct loss of Sox9 protein.

| found that the loss of Nestin coincides with thes of Sox9 protein. In human
melanoma cells Sox9 has also been identified asnportant regulator of Nestin
expression (Flammiger et al., 2009). The reductib®&ox9 protein in the cortex is
consistent with the reduction in the proportionSafx9 positive cells irDicerl”
mutantretina (Georgi and Reh, 2010), where Sox9 normaédiates the switch
between neurogenesis and gliogenesis (Stolt andn&ve@010) and promotes
generation of the Mduller glia (Poche et al., 2008 the telencephalon, Sox9 is
known to promote the establishment and maintenariceeural stem cells and
promote their potential to generate neurospheresti(8t al., 2010). Many signalling
pathways have been implicated in the regulatiorS0k9 expression in various
tissues. Notably, these include molecules involivefbrebrain development such as
the Fibroblast Growth Factor (Murakami et al., 2080nic hedgehog (Scott et al.,
2010) and Notchl (Meier-Stiegen et al., 2010). Diggotein catalyses the
maturation of most mature miRNAs and it is possitilat at least several key
developmental pathways regulating telencephaliamogenesis would be disrupted.
These signalling pathways have previously been shovbe disregulated in various
Dicer deficient tissues as well as through a diregulation by specific miRNAs
(Andersson et al., 2010; Davis et al., 2011; Hatfal., 2005; Hornstein et al., 2005).
Additionally, Sox9 expression is also known to legulated by pathways directly
involved in cytoskeletal remodelling, such as Rh@Aoods et al., 2005), or
Vimentin (Bobick et al., 2010) and miRNAs have abgen shown to play a role in

regulating neuronal cytoarchitecture (Vo et alQ20

Apoptosis is the most widely reported phenotypeaibfDicerl” tissues. Several
mechanisms have been proposed including miR-24atgu of caspase-3 (Walker
and Harland, 2009) as well as regulation of PDCD4S®D1 in neurospheres
(Kawase-Koga et al., 2010). It is possible thatpapsis is a secondary effect of
Dicer loss. InNes™ mouse telencephalon a high proportion of cellseugoes

apoptosis around E10.5 (Park, 2010) making the ddd¥estin a novel candidate
mechanism for the induction of apoptosis at eadyefbpmental stages of neural

development. In addition, activated caspase-3 lkeas Ishown to cleave Dicer in a
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way that it gains an activity of a deoxyribonucksagxacerbating cell death
(Nakagawa et al., 2010).

Given the misspecification of the radial glia,gtremarkable that the progenitors do
not show an inability to generate the two clasde=lls that they normally generate
by E11.5; postmitotic Thrl positive neurons and @2 positive intermediate
progenitor cells (Englund et al., 2005; Guillem2@05; Sessa et al., 2008). The
increased proportion of cells expressing Tbr2 isine with a previous prediction
based on miRNA profiling of neural progenitor ceilfs rat dorsal telencephalon
which proposed that the expression of miR-92 isrdoggulated around the onset of
neurogenesis and that it could be directly targeflibr2 for post-transcriptional

repression (Nielsen et al., 2009).

The observation that the proportion of either TedITbrl expressing cells is not
altered in theDicerl” telencephalon generated using fhexgL™ line seems to
contrast with other studies looking &t vivo neurogenesis of corticdDicerl’
neuroepithelium (De Pietri Tonelli, 2008; Kawasegigoet al., 2009) as well as
Dicerl’ neural stem cellin vitro (Andersson et al., 2010) which have established
that the ability of Dicer deficient progenitor celio generate postmitotic neurons is
compromised. It is possible that the direct neuneges from the radial progenitors
might be compromised also in my modelRiterl mutation where the radial glial
identity is incorrectly specified around the timé&em the progenitor cells begin to
generate postmitotic neurons, but that the inceb@seportion of the intermediate
progenitors could compensate for this and, in tumormal proportions of TuJl-

expressing cells could be generated in the mutatgxcby E11.5.

During normal corticogenesis, neurons generateor pa E11.5 contribute to the
preplate. This is composed of several subpopulatiooluding the Cajal-Retzius
neurons, subplate and early projection neuronsed bommonly used markers of the
very early-born neurons are Reelin, Thrl and Gairetwith Reelin and Calretinin

being expressed predominantly in Cajal-Retziusscdlhe expression domains of
these proteins are partially, but not completelgrapping at E11.5 (Hevner et al.,
2003). Disruption of the Cajal Retzius cell popuathas been shown to lead to

disrupted organisation of the telencephalon (Caan&976). While it was possible
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that the misplacement of neurons and basal pragsniollowing the loss of
functional Dicer might have been caused by a |6$3agal-Retzius cells, | found this
was not the case. Failure to correctly specifyaladlia cell identity is a possible
explanation for the phenotype given that ablatiérramlial glia has been shown

previously to cause defects in tissue organisdtitasling et al., 2003).

| found that the proportion of Calretinin-expregsiout not Reelin-expressing TuJ1
cells is increased iDicerl” telencephalon. It is interesting that the proportof
Tbrl did not show a significant increase given fr&vious studies in the wild type
have shown that all Cajal-Retzius cells expressl Tbtevner et al., 2003). It is
possible that this relationship does not hold ia Bticerl’ telencephalon and that
some Cajal-Retzius cells fail to express Tbrl. Twsuld need further work to

investigate the nature of Cajal-Retzius cells fwilgg the loss of functional Dicer.

Taken together, my results provide a systematicrgg®n of phenotype following

the loss of functional Dicer protein early duringlencephalic organogenesis. |
propose that during the very early development led nheuroepithelium, the
progenitor cells do not develop the appropriateenalar signature of the radial glia.
| found that the basal progenitor population is amged while the proportion of
postmitotic neurons is not changed (Figure 3.1Qjdidonally, | found that the

postmitotic neurons are misplaced through the depttne telencephalic wall and
that the Cajal Retzius population, which is invalvie regulating the appropriate

migration of postmitotic neurons, is not reduced.
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Figure 3.10: Changes to radial progenitors and theiprogeny in Dicerl” telencephalon.At
E10.25 the telencephalon comprises the neuroejgithglem cells (1) which express stem cell
markers Sox2, Musashi, CD133. Expression of thesmeins is maintained throughout their
undifferentiated state. Dicer deficient neuroegitim (1) does not establish appropriate molecular
signature of radial glia (2) at E11.5 which expresteongly Nestin and Sox9 proteins. Basal
progenitors (3) and neurons (4, 5) are two clas$ggogeny generated by radial glia around E11.5.
The proportion of Tbr2 positive basal progenitasricreased iicerl” telencephalon while the
proportions of early postmitotic neurons labellethwTuJ1 and HuC/D (4) or differentiated Thrl
positive neurons (5) are unchanged. Laminar org#pis of both basal progenitors (3) and neurons

(4, 5) is disrupted following the loss of functiomscer.
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FIGURE 3.10
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CHAPTER 4:
MicroRNA-92b controls the development of intermedide cortical

progenitor cells by regulating T-box transcription factor 2.
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4.1 Introduction

The excitatory neurons of the cerebral cortex areegated from radial glia that form
early in corticogenesis and whose cell bodies @apuhe ventricular zone around
the inner surface of the developing anterior enthefneural tube(Alvarez-Buylla et
al., 1990; Malatesta et al., 2000; Miyata et a2, Noctor et al., 2001; Voigt,
1989). Radial glial cells divide either symmetrigaproducing two new radial glial
cells and expanding the proliferative populationagymmetrically to generate a new
radial glial cell and either a postmitotic neuraliréct neurogenesis) or a secondary
(intermediate) progenitor. Whereas postmitotic naarmigrate to the outer surface
of the neural tube to contribute to the cortexernmtediate progenitors move into the
subventricular zone (Haubensak et al.,, 2004; HevRk@06; Noctor et al., 2004;
Smart, 1976; Takahashi et al., 1995b) where theglinthe production of neurons
by undergoing a further usually symmetric divistongenerate a pair of postmitotic
cortical neurons (indirect neurogenesis) (Haubemtal., 2004; Hevner, 2006; Lui
et al., 2011; Miyata et al., 2001; Noctor et aD0&). In the mouse, these events
occur between embryonic days 11 (E11) and E17 (@asi, 1982; Gillies and Price,
1993; Takahashi et al., 1995a). The transition fradial glia to intermediate
progenitors is controlled by a number of proteid; these, only the T-box
transcription factor Tbr2 (also known as Eomesodeyinas been shown to have a
direct effect on the specification of the internadiprogenitors (Arnold et al., 2008;
Pontious et al., 2008; Sessa et al., 2008).

MicroRNAs (miRNAs) are a class of short non-codRJA molecules involved in

post-transcriptional regulation of protein expressiA range of messenger RNAs
(mMRNAs) have been identified as direct targets pécd#ic miRNAs in the

developing brain (Makeyev et al., 2007; Packerlgt2®08; Shibata et al., 2008;
Shibata et al., 2011). To determine which of thecpsses that occur during
corticogenesis depend on the presence of maturélAsRseveral studies used cre-
loxP technology to induce widespread ablation of thg &ezyme involved in the

biosynthesis of most miRNAs, Dicer, throughout deeeloping cortex (Davis et al.,
2008; De Pietri Tonelli, 2008; Kawase-Koga et 2009; Nowakowski et al., 2011).
One common finding was a large increase in rategpoptotic cell death, making it
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hard to deduce the extent to which loss of miRNAvdg affects neuronal cell
production and limiting the period over which thensequences of loss-of-function

could be studied.

| generated a mosaic cortical ablation of Diceairelatively small subset of radial
glia by electroporating a cre-recombinase expressector into mouse embryos
(Saito, 2006) that were homozygous for Bieer1" allele (Harfe et al., 2005). Under
these condition®icerl’ cells survived well into postnatal life and, to syrprise, |
found increased numbers Bfcerl’ neurons in the cortex. | traced the cause of this
to a change in the development of intermediate gnidgr cells. | then used a gain-
of-function and a loss-of-function approach to shthat miR92b regulates the
development of intermediate progenitor cells, mMi&ly by modulating levels of

their key molecular determinant, Thr2.

4.2 Results

4.2.1 Rapid loss of mature miRNAs following mosaiablation of functional Dicer.

| first tested the efficiency of the electroporated-recombinase expression vector
(CAG-cre-IRES-EGFP) in reducing mature miRNA levielDicerl™ cortical cells

1" or Dicer1™* (control)

(Figure 4.01 A). One day after electroporatiohDicer
embryos, dissociated cortical cells were examingdnbsitu hybridisation with

locked nucleic acid (LNA) riboprobes (Kloosterm&06) against two miRNAs
normally highly expressed in many cortical cellsSR® and miR-124 (Landgraf et
al., 2007). GFP-positive (GFP+) cells (Figure 4Bland C, filled arrows) were
chosen at random and paired with nearby GFP-negéB¥%P-) cells (Figure 4.01 B
and C, open arrows). From the images ofithsitu hybridizations (Figure 4.01 D,
E), greyscale intensity profiles were generatedguyfé 4.01 F — I) and total
intensities were calculated (Figure 4.01 J). Fehgzair, the value for the GFP+ cell
was subtracted from the value for the GFP- celgffé 4.01 K). Estimating the
proportion ofDicerl” cells that underwent depletion was done by examitie

distributions of intensity differences (Figure 4.0 O). All normal cortical cells
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express some level of miR-9 and miR-124 at E14.5ai¢kdno, 2009).
Approximately 50% of dissociatedicerl”* cells showed strong staining for either
miR-9 or miR-124 and so, as expected, the randans pzethod gave differences
normally distributed around zero (Figure 4.01 L difidd bars in N, O). IrDicer1™
cells, distributions were shifted such that thet vaajority of pairs (85-90%) showed
differences of less than zero (Figure 4.01 M anehdpars in N, O). These wholesale
shifts in the distributions indicate rapid and @#nt depletion of these miRNAs
from almost all GFP-Dicerl™ cells, as illustrated in Figure 4.01 M.

4.2.2 Dicer deficient progenitors generate more ctical neurons.

To establish if miRNAs are involved in regulatingriical cell numbers, | labelled

the progeny of cells generated from electroporamutrol or Dicer""

radial glial

progenitors using th®osa26RYFReporter (Srinivas et al., 2001). Electroporated
cells were identified by immunohistochemistry usiaug antibody that recognises
both EGFP and YFP (immunopositive cells will beere¢d to as GFP+ hereatter,

see Chapter 2).

Apoptotic cell death commonly occurs following tivedespread loss of functional
Dicer in mouse embryos (Davis et al., 2008; DerPiatnelli, 2008; Kawase-Koga
et al., 2009). | analysed sections through E136tedporatedicer”* and Dicer™"
cortex at E15.5 (Figure 4.02 A, D), E18.5 (Figuré24B, E) and postnatal day 14
(P14) (Figure 4.02 C, F) for double-immunolabelliftgy GFP and the apoptotic
marker cleaved-caspase-3. There was no evidentehinancidence of apoptosis
was altered when functional Dicer was lost from lkreabpopulations of cortical
progenitors (Figure 4.02 G), suggesting that appts not always an inevitable
consequence of Dicer loss. This finding offered dpportunity to examine other
defects resulting from Dicer loss. As shown in Fgu4.03 A, E13.5
Dicerl™:Rosa26RYFP or Dicerl”*;Rosa26RYFP embryos were electroporated
and coronal sections of lateral cortex were andlygeP14. Both in control (Figure
4.03 B) and inDicerl™ mice (Figure 4.03 C), GFP+ cells were found thtuug
the depth of the cortex, with less in progressivideper layers since many deep

layer cells are generated earlier than the agdectreporation. Greater proportions
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of GFP+ cells were found idicer1™

mice, particularly in layer I, but also in layers
[I/lll, V and VI, than in controls (Figure 4.03 DYhis increased contribution of
Dicerl’” GFP+ cells iDicerl™ mice did not increase the average thickness of the
cortical layers (Figure 1 e) but did increase therage density of cells in most
layers, most notably in the superficial layers ¢ drlll but also in layer V (Figure
4.03 F). There were no differences in the averagesities of GFP- cells between

1f|/f|

Dicerl™ and control mice (Figure 4.03 G).
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Figure 4.01: Levels of two brain-enriched mature niRNAs, miR9 and miR124, are reduced in
cells one day after electroporation(A) Schema showing experimental approach. ED8cgr1™ or

Dicer1™*

embryos were electroporated with cre expressiotove®©n E14.5 tissue containing GFP+
cells was dissected and dissociated cells werdegdor mature miR9 or miR124. (b-e) Examples
showin situ hybridisation staining for miR9 in dissociated IseElectroporatedicerl™ (B) and
control Dicerl™ (C) cells were identified based on the expressibrGFP (filled arrowheads).
Among Dicerl™ (D) and control (e)Dicerl” cells, greyscale image intensity profiles were
determined for pairs of GFP+ and GFP- cells (bax8sgle bar 10um. (F-I) Examples of image
intensity profiles for the individual cells boxed D and E: (G)icerl™ GFP+, (G)Dicerl" GFP-,
(H) Dicerl™ GFP+ and (I)Dicer1” GFP-; lower grayscale values corresponding to rmiemsein
situ staining and hence more miRNA. (J) To evaluateatfmeunt of miRNA staining in GFP+ cells
compared to GFP- cells, values of total image sitgrwere calculated for each cell by integratitgy i
image intensity profile (F — I) according to theuation in j and for each pair of GFP+ and GFP-scell
the total intensity values were subtracted accorttinthe equation in K. (L) With both miR124 and
miR9 being expressed by all cells in the develogiogex (dark shading — cell expressing high level
of miRNA, grey shading — cell expressing low to racate level of miRNA) analysis of miRN#
situ staining using equation in k is expected to reisudtither a number close to zero (case 1 and 3), a
positive number (case 2) or a negative number (dasa cells expressing Dicer. (M) If Dicer is
efficiently depleted, little or ni situ staining is expected in GFP+ cells (bright gregdihg) and so
the differences will be less than zero in all cagis O) Distributions of intensity differences angp
Dicerl™ (filled bars) andDicerl™ cells forin situ staining for (N) miR124 and (O) miR9. Data

represent analysis of results pooled from 3 expamis) each analysing 40-100 pairs of cells.
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FIGURE 4.01
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Figure 4.02: No evidence of increased apoptosis lfaiing the loss of functional Dicer.(A — F)
images of coronal sections containing (A —0Bder1”” and (D — F)Dicerl’” cortex at (A, D) E15.4,

(B, E) E18.5 and (C, F) P14 showing immunostairforgGFP and the marker of apoptosis, cleaved
caspase 3. Scale bars: A - B, D - E, 100um; COgnh (G) Enumeration of density of cells double-
positive for GFP and cleaved caspase 3 in the Htencephalon (dTel) at E15.5 or the cortical
plate (CP) at E18.5 or P14 cortex (Ctx) shows fiedince between genotypes. Data represent means
+ s.e.m., p-values are for two-tailed unpaired 8mid t test for 6 animals from 3 surgeries, lisect

analysed per animal.
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FIGURE 4.02
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Figure 4.03: Dicer deficient progenitors generate anormally many cortical cells. (A) Schema
showing the experimental design. Embryomiicerl™ and controlDicerl™ mice carrying the
R26RYFPreporter allele were electroporated with cre-egpi@n plasmid at E13.5 and allowed to
develop until P14. Cells derived from electropodatadial glia were found reproducibly in the latera
cortex (red box). (A’) Example of a coronal sectittmough P14.5 cortical wall showing DAPI-
stained cell nuclei. Cortical layers LI — LVI aentified based on nuclear density. Borders between
layers are marked with dotted lines. Examples abral sections through cortices containing (B)
Dicerl” and (C)Dicerl” GFP+ cells. Scale bar 50 pm. (D) The overall ébation of GFP+ cells

to cortical layers I, 1I/lll, V and VI was higheniDicerl™ than inDicer1"* mice. (E) Average
thicknesses of cortical layers were not differeatween genotypes. (F) Average densities of cell
nuclei were higher in layers I, II/lll and V of dimes containingDicerl™ cells. (G) Average
densities of GFP- cells were not different. Dat®® represent means * s.e.m. from 6 animals from
3 surgeries with 5 sections analysed per animald&s between cortical layers were identified at lo

power based on DAPI nuclear counterstain. *** - @I, * - p<0.05, Tukey’s test.
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FIGURE 4.03
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Closer examination of the superficially loca@iterl’” GFP+ cells in layers 11/l of
P14 Dicerl™ animals revealed that most cells had a neuronapiotogy (Figure
4.04 B) similar to that oDicerl”” GFP+ cells in these layers in control animals
(Figure 4.04 A). To further validate tha@icerl” cells were indeed neurons |
obtained whole-cell patch clamp recordings fromamgle of themocated in layer
[I/lll at P14 (Figure 4.04 C, D). In all cases (6=ells from 4 animals from separate
electroporations) cells fired fast, regeneratingoacpotentials upon depolarization
(representative recordings are shown in Fig 4.04aB) had passive electrical
properties normal for fast-spiking excitatory coati neurons. Furthermore, these
cells exhibited spontaneous excitatory postsynapticents (Figure 4.04 E) that
were sensitive to CNQX (fM, n = 3 cells examined) (Figure 4.04 F). These
observations indicate thticerl’ cells can differentiate to form functional neurons

capable of responding to synaptic input.

Next | tested the molecular properties of the abwadly large population obicerl”
GFP+ cortical cells generated in the superficialeta I-1ll of electroporated

Dicer1™

mice. The molecular markers Cux1l and Satb2 armaldy expressed by
most neurons (Britanova et al., 2008; Nieto et2004) in layers II/lll and similar
proportions ofDicerl”” GFP+ and of the expanded populationDiéerl’” GFP+
cells expressed these markers in LI/l (Figure44G, H). Normally, most neurons
in layer | are generated around E11, which is lgefoe age of electroporation. Cux1
and Satb2 are expressed by very few of them (Figuié G, H, I) and many later
disappear (Price et al.,, 1997) to be replaced Inyp@ges born during postnatal
development (DeFelipe et al., 2002; Levison et H93; Levison and Goldman,
1993; Voigt, 1989). IrDicerl™ mice, however, about 50% of ticerl” GFP+
cells in layer | expressed superficial layer neatanarker Cux1 (Figure 4.04 G, K).
Whereas most of the relatively few GFP+ cells iyetal of control P14Dicer1™”
mice expressed the astrocyte marker GFAP (Figudd 4), most of the more
abundantDicerl” GFP+ cells in layer | did not express GFAP (Figdre4 L), in
line with their neuronal identity. From all thesata | conclude that loss of Dicer
from cortical progenitors between E13.5 and E1dsults in their overproduction of
superficial layer neurons with many of the Cuxl+egsing neurons being displaced

into layer I.
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Figure 4.04: Loss of functional Dicer results in aroverproduction of cortical neurons by P14,
(A) Cells generated fronDicerl”™ and (B) Dicerl” radial glia were able to adopt neuronal
morphologies (arrows). Scale bar 50 um. (C — F)alidate thatDicerl’” GFP+ cells can develop
into functional neurons, whole-cell patch clamporelings have been obtained from layer 11/11l GFP+
cells at P14. (C) Wide-field image showing theifios of recording electrode. (C’) A layer 1I/111
GFP/YFP-expressinBicerl’ cell filled with AlexaFluor 555 dye following theecording. Scale bar
is 100 um. (D) Depolarization of a patched layétlIDicerl™ neuron causes the neuron to fire
action potentials. (E) Whole cell patch-clamp relog from a representative layer Il/IDicerl™
neuron showing that the neuron is able to recewmtic input. (F) Postsynaptic currents were
sensitive to CNQX. (G) Cux1, a molecular markersaperficial layer neurons, is expressed by
normal proportions of GFPBicerl” cells in layer II/lll and by an abnormally largeoportion of
GFP+Dicerl” cells in layer | at P14. (H) The proportionDicerl’” GFP+ cells expressing Satb2 is
not different from the proportion ddicerl”” GFP+ cells expressing Satb2 in layers | and IIDiata
represent means = s.e.m from 6 animals from 3 siegy&vith 1 section analysed per animal. *** -
p<0.001, Tukey's test. (I — L) Representative igmgf GFP+ cells iDicerl”* animals showing that
in layer | cells generally do not express neuranatker Cuxl (1), but most cells in layer | are GFAP
positive (J, arrows). IDicerl” animals, abnormally many GFP+ cells expressedomalimarker

Cux1 (K, arrows) and most GFP+ cells do not immenot for GFAP (L, arrows). Scale bars 50 um.
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Figure 4.05: Expression of deep layer neuronal masss. Images show examples of staining of
P14 lateral cortex with antibodies against marleqsressed by deep layer neurons, (A) Thrl, (B)
Ctip2 and (C) Satb2. Graphs to the right of eacagenrepresent quantification of the proportion of
GFP+ cells expressing the respective protein anuetig that areDicerl” (filled bars) orDicerl”
(open bars). Data represent means * s.e.m., * 0ps<@-value calculated using Student’s t-test test

for n = 6 animals from 3 surgeries. AbbreviationvVW white matter. Scale bar 100 um.
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Normal proportions oDicerl’” GFP+ cells in the deep layers V and VI expressed
the neuronal layer V marker Ctip2 and callosal aral marker Satb2. There was a
significant reduction in the proportions of cellgeessing layer VI neuronal marker
Tbrl (Figure 4.05). It is likely that this reduati@ccurred due to the dilution of a
relatively normal complement of Thrl-expressings;ahost of which would have
been generated before electroporation on E13.81ébgubsequent overproduction of

neurons after electroporation.

My overall conclusion is that following the loss foinctional Dicer around E13.5-
E14.5 progenitors generated more cortical neuramributing particularly to the

superficial layers.

4.2.3 Expansion of the Tbr2-expressing progenitorgpulation amongDicer1” cells

| next examined embryonic neuronal output fréieerl” progenitors in the days
immediately following electroporation. Dissociatetklls from cortical areas

1" or Dicer1™ embryos at E14.5,

containing electroporated cells from eittzicer
E15.5 and E16.5 (Figure 4.06 A) were immunoreadtedGFP and HuC/D, a
marker of early postmitotic neurons (Figure 4.06 Bluantification showed that
three days after electroporation slightly mdbécerl” than control GFP+ cells
expressed HUC/D but this was preceded by an eatiase during which fewer
Dicerl” than control GFP+ cells were double-labelled farG#D (Figure 4.06 C).
One possible explanation was that, at around EideSprogeny of the Sox2+ radial
glia (Figure 4.06 D) enter the indirect neurogem@sithway at an increased rate and
are specified as Tbr2+ intermediate progenitors1¢it et al., 2008; Bulfone et al.,
1999; Ochiai et al., 2009; Sessa et al., 2008uf€igd.06 E). An early increase in the
specification of intermediate progenitors at th@emnse of neurons could lead to a
later boost in neuronal production from the lartiEm-normal intermediate

progenitor pool, as shown by the diagram in Figuts F.

To test this | quantified the proportions of celleat expressed Sox2 and Tbr2.
Normal proportions oDicerl” GFP+ cells expressed Sox2 at E14.5 and E15.5
(Figure 4.06 G) but the proportions Bicerl” GFP+ cells expressing Tbr2 were
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increased (Figure 4.06 H). The distributions of ZFbxpressindicer’” and control
cells were compared by analysing proportions oPGId Tbr2 double-positive
cells in counting bins through the cortex (Figur@sdl). This showed increased Thr2
expression amon@icerl"' GFP+ cells in the abventricular portion of the tvienlar
zone and lower part of the subventricular zone a#.& (Figure 4.06 J) and
throughout the normal Tbr2 expression domain at.&1bigure 4.06 K). These
results are in excellent agreement with the progposedel (Figure 4.06 F).

135



Figure 4.06: Increased generation of intermediatenegenitor cells following the loss of miRNAs.

1f|/+

(A) Schema showing experimental design. Electrapgordissue was dissected frdmicerl”™ and

Dicera""

brains and dissociated. (B) Dissociated cells vimraunolabelled for GFP and a marker of
early born neurons HUC/D (arrows). Scale bar 50@nOne day after the electroporation, a reduced
proportion of GFP+Dicerl” cells were HuC/D-positive but over the subsequenta®s this
difference reversed. Data represent means * s.t:p<0.05, ** - p<0.01, two tailed Student’s ste
experiment was performed 4 times for E14.5 and &£&8d 3 times for E16.5; for each dissociation
tissue from at least 3 embryos was combined; &4a6@3978Dicerl”” and 3109Micerl” cellswere
assessed. (D, E) Cell bodies of the Sox2 expressidigl glia are located in the ventricular zone
(VZ). One day after electroporation, GFP+ cells barfound in the VZ and the subventricular zone
(SVZz), where the Tbr2-expressing intermediate pnitge cells are located, and in the intermediate
zone (1Z). Scale bar 100 um. (F) Schema repregehtinv neuronal production can be enhanced by
an increased incidence of indirect neurogenesidigRglia (red) can produce neurons directly upon
cell division in the ventricular zone (VZ) (case 2), or indirectly by generating a Tbr2-positive
intermediate progenitor (purple), which will furthgroliferate at the subventricular zone to amplify
the neuronal output of the radial glia (case 3sdme cases, radial glia proliferate to expandtiad

of progenitors (case 4). If morBicerl” progenitors differentiate via the indirect neunogsis
pathway, the proportion of neurons will be inityaleduced and later increased, consistent with the
observations shown in (c). (G, H) A normal ovepatyportion ofDicerl’” GFP+ cells expressed Sox2
at E14.5 and E15.5, while a higher overall proportdf Dicerl’” GFP+ cells expressed Tbr2. Data
represent means + s.e.m.; ** - p<0.01, *** - p<QlQ@wo tailed unpaired Student’s t test for 7-9
embryos from 3 surgeries at both E14.5 and E15.5e@ions were quantified for each brain. (1)
Example of an image used to quantify the distrdoutof GFP+/Thr2+ cells with counting ladder
consisting of 10 boxes (200um x 40 um). (J, K) iibsttions of GFP+ cells double-labelled for Thr2
at (J) E14.5 and (K) E15.5. Expression of Tbr2 jsegulated inDicerl™ GFP+ cells in the
abventricular part of the ventricular zone and lw tsubventricular zone at E14.5 and in the
intermediate zone as well at E15.5. Data represgans = s.e.m.; * - p<0.05, ** - p<0.01, *** -

p<0.001, Tukey's test for 7-11 embryos from ati&asurgeries with 3 sections analysed per brain.
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4.2.4Dicer1” cortical progenitors continue to generate increasenumbers of cortical

neurons postnatally

Comparison of the migration dbicerl” and control postmitotic neurons using
pulses of bromodeoxyuridine (BrdU) at E13.5 or Bl@igure 4.07 A) revealed no
differences by E18.5 (Figure 4.07 B - E). Thus,thg time of birth there was no
clear explanation for the large increaseDicer’” neurons observed postnatally in
layer | (Figures 4.03 D and 4.04 G). Therefore,ohsidered whether increased

neurogenesis persists postnatally ambiagprl” cortical cells.

In P14 brains of either genotype, GFP+ cells cdaddound in the SVZ, along the
white matter (WM) and in the cortex (Ctx) (Figur@8 A). During normal postnatal
development of the cortex, the Thr2-expressing [adjmun decreases in size until
only a few cells can be found in the subventricalame (SVZ) by P14 (Figure 4.08
B, B’). At P14, | found a greater proportion of GFEells in the SVZ expressed
Tbr2 in Dicer?™ animals than in control animals (Figure 4.08 C, B), with no
difference in the densities of surrounding GFP-ZHbcells (Figure 4.08 E). | noted
that, in the P14 cortexDicerl” GFP+ cells were often arranged in chains in the
superficial layers (Figure 4.08 H, outlined) where@FP+ cells in P14 control
superficial layers were generally evenly spread(Bigure 4.08 F). These chains of
Dicerl” cells expressed neither the mature neuronal ma&dkeN (Figure 4.08 H)
nor the immature astrocyte marker GFAP (Figure 43)8), suggesting that they

might be recently-born and perhaps still migrating.

Both Dicerl” and control cells in the P14 white matter expresthedmarker of
migrating neuroblasts, Doublecortin (Dcx) (Figur®8 J). When | examined the
cortex of controls at P14, | found very few cebigressing Dcx most of which were
GFP- (Figure 4.08 K, K’, M). Significantly more Dexcells were found ilicer1™
cortex and most of these Dcx+ cells co-expressed (Gigure 4.08 L, L', M). There
was no difference between genotypes in the avetagsity of Dcx+/GFP— cells in
the cortex (Figure 4.08 M). Overall, these datagssy abnormal persistence of
cortical neurogenesis from Thr2-expressing inteliatedorogenitors amorigicerl"'

cells.
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To test if the output of cortical progenitors wameged postnatally in cells that had
lost mature miRNAs, | administered a daily pulsé8adU to electroporateBicer™"

and controlDicer* animals between P3 and P14 (Figure 4.09 A). Callsbib-
labelled for GFP and BrdU could be found in bBticer1” and Dicer1™ cortices
(Figure 4.09 B, C, arrows). Significantly moRicerl” GFP+ cells than control
GFP+ cells were labelled with BrdU the P14 cortexyre 4.09 D), particularly in
layers |, II/lll, V and VI (Figure 4.09 E, F), ca&sponding with the increased
contribution of Dicer” GFP+ cells to these layers shown in Figure 4.03Tbe
average densities of GFP- BrdU+ cells were notediffit between genotypes (not
shown). InDicer1™ cortices (n=3), NeuN, BrdU and GFP triple-positoedls could

be detected (Figure 4.09 H - H’”, arrows). | nesgserved triple-labelled cells in
control animals (Figure 4.09 G — G™). Togethdrese data suggest that one or more
mMiRNAs normally restrict cell-autonomously the pwoton and persistence of
Tbr2-expressing intermediate cortical progenitoitscelhe loss of these miRNAs
results in an increased specification of intermiediprogenitors whose activity
through into postnatal life leads to the generatbrincreased numbers of cortical
neurons. In the following experiments | tested pussible involvement of one

particular miRNA in this regulation.
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Figure 4.07: Loss of mature miRNAs does not affeamigration of postmitotic neurons. (A)
Schema showing experimental design. E1Biger1";R26RYFP or Dicerl”*;:R26RYFP embryos
were electroporated with cre-expression plasmid expbsed to a pulse of BrdU on E13.5 or E16.5
and sacrificed on E18.5. (B) Representative imdgeamronal section through the cortical plate of a
embryo pulse-labelled with BrdU on E13.5 showingaunting ladder composed of 11 counting
boxes (50pm between steps) used to quantify thdveldistribution of GFP+/BrdU+ cells. Scale bar
100um. (B") Higher magnification image showing exdenof a GFP+ cell which retained BrdU
(arrow). Scale bar 25 um. (C) Relative distributmnGFP+ cells at E18.5 that were labelled with
BrdU given at E13.5 shows no difference betweerotgres (data represent means * s.e.m., p-value
calculated using Tukey'’s test for 10 control andekgerimental embryos from 3 surgeries, 5 sections
analysed per brain). (D) Image of an E18.5 cortdate immunolabelled for GFP and BrdU after a
pulse given at E16.5. Scale bar 50um. (D’) High @owmagnification showing a GFP+ cell which
retained BrdU (arrow). Scale bar 25 pum. (E) Perdepth of cortical plate migrated was calculated
by measuring the distance ‘d’ of each cell from wtdte matter (WM) as indicated by arrows in d
and expressed as a percent of the thickness afottieal plate ‘D’ as shown by the broken line in d
There was no difference in the distribution of GEr#U+ double labelled cells between genotypes
(data represent means * s.e.m., p-value calculesied Tukey's test for 7 control and 5 experimental

embryos from 3 surgeries, 8 sections analysed naém)b
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Figure 4.08: Increased numbers of cortical progendrs expressing Tbr2 persist until P14
following the loss of functional Dicer.(A) Schema and example of a low power image shg\he
distribution of GFP+ cells typically seen in theaior of bothDicerl"* and Dicerl" animals in the
cortex (Ctx), along the white matter (WM) and ire thubventricular zone (SVZ) at P14. Scale bar
200um. (B — B’) Representative images at (B) lovd 4B’) high magnification showing that in
Dicerl” SVZ at P14 GFP+ cells generally do not express Ti@2- C’) InDicerl" SVZ images at
(C) low and (C’) high magnification GFP and Tbr2ubte-labelled cells are easily detectable (arrows
in C"). Scale bar b, ¢c- 100um, b’, ¢’- 50 um. (D)higher proportion of GFPBicerl’ thanDicerl™
cells express Thr2 while (E) the density of GFPrZRbcells in the SVZ was not different between
genotypes. Data represent means + s.e.m; *** - @&0. Student’s t test for 8 animals from 4
surgeries, 7-8 sections counted per brain). Celtsveld from the radial glia electroporated at E13.5
are expected to have reached their terminal destiaby P14 and in line with this (Ficerl™
GFP+ cells are found scattered in the P14 cosdrere neurons can be labelled with NeuN
and (G) astrocytes express GFAP. (H) Group®icerl’” GFP+ cells could be found arranged in
chains (outlined) with most GFP+ cells negative fguN or (I) GFAP. Scale bar 50 um. (J)
Representative image d@iicerl” GFP+ cells in the WM expressing migrating neurabkasrker
Doublecortin (Dcx). Scale bar 50um. (K) Most Dexsjive cells (e.g. arrow) in the cortex at P14 did

1" animals were

not express (K’) GFP in control animals. (L) Numesdcx+ cells (arrows) iDicer
double- positive for (L") GFP (arrows), primarilp deep layers of the cortex. Scale bar 50um. (M)
More Dcx expressindicerl’” than Dicerl” cells were found per unit area of the electrommtat

cortex, while densities of Dcx+/GFP- cells were ddferent. Data represent means + s.e.m., * -
p<0.05, Student’s t test for 6 animals from 3 stigge a single section was analysed per animal,

counting box was 400um wide and spanned the ehtipéh of the cortical wall.
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FIGURE 4.08
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Figure 4.09: Increased postnatal neurogenesis follong the loss of Dicer.(A) Schema showing
the experimental desigmicerl”" and Dicer1™ embryos were electroporated with cre-expression
vector at E13.5. Pups aged P3 - P14 received dgégtions of BrdU. (B, C) BottDicerl” and
Dicer1” cells retaining BrdU were readily identifiable i@ws). Scale bar 25 pm. (D) A significantly
higher proportion obicerl” cells in P14 cortices retained BrdU (data represeans + s.e.m., ****

- p<10* Student’s t test for 6 animals of each genotyjta & sections counted per animal). (E, F)
The distribution of GFP+/BrdU+ cells was quantifieding a counting ladder consisting of 12
identical 300um x 100um boxes, shown in e. Sigaiftty more GFP+ cells retaining BrdU derived
from Dicer— deficient radial glia were found in &g I, Il/lll, V and VI retained BrdU (data represe
means + s.e.m, *** - p<0.001, * - p<0.05, Tukey®sst for 6 animals from 3 surgeries of each
genotype with 2 sections counted per animal). (G) Bepresentative image showing layer | of the
electroporateddicerl™ embryos immunolabelled for (G) GFP, (G’) NeuN, (@rdU showing that
(G™) triple labelling was not detectable. (H- H’In cortical layer | of electroporateBicer1l™
embryos immunolabelled for (H) GFP, (H') NeuN aht!’\ BrdU shows at least songicer1l’ cells

triple- labelled (arrows). Scale bar 50um.
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FIGURE 4.09
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4.2.5 MiR92b limits Tbr2 expression and intermediag¢ progenitor cells

| decided to test the possible involvement of miR®& several reasons. First, it is
known to be strongly expressed in neural progermigdis, although its physiological
target is not known (Kapsimali et al., 2007; Meas&et al., 2012). Second, a single
conserved site complementary to the seed regiomiBB2b (miRBase (Griffiths-
Jones, 2004) accession: MI000521) is predictechéenX UTR of the mouse Thr2
MRNA (Refseq: NM_010136.3), between nucleotides72¢@714 (Figure 4.10 A)
(Betel et al., 2008). Third, a previous study usimgroarrays to profile miRNAs and
MRNAs in rat dorsal telencephalic progenitor cgisposed that miR92a and/or
miR92b might regulate Thr2 expression (Nielsen.e2809).

In situ hybridisation staining for mature miR92b was pnéséroughout the
developing cortex at E14.5. In the lateral cortelich is more advanced at this age
and where the SVZ is visibly formed, staining wa®rgger in the ventricular and
intermediate zones and the cortical plate thahen3VZ, where immunostaining for
Tbr2 was strong (Figure 4.11 A — B”). This sugge#tat high levels of miR92b

could limit Tbr2 expression.

| generated a miR92b overexpression vector (GFPO&WRby cloning the genomic
sequence containing the pre-miR92b stem loop seguémiRBase accession:
MIO00521) downstream of a stop codon in a GFP esgioe vector (Figure 4.10 A).
The GFP expression vector lacking the pre-miR92mdbop was used as a control
(Figure 4.10 B). Overexpression of miR92b in HEK328ells reducedRenilla
luciferase reporter activity when the reporter ssme was joined to the full length
wild-type 3'UTR of Tbr2 (construct WT 3'UTR) but havhen the response element
between nucleotides 2707-2714 of the full-lengthr2ZTbB3’'UTR (Refseq:
NM_010136.3) was deleted using site-directed mutagie (construct MT 3'UTR)
(Figure 4.10 B - C).
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Figure 4.10: Mature miR92b interacts with the 3'UTR of Tbr2 in vitro. (A) MiR92b
overexpression plasmid was generated by cloninggégm®mic sequence of the pre-miR92b hairpin
downstream of a GFP coding cassette. Only one nsgpelement has been predicted for the 3'UTR
of Tbr2, nt. 2707-2714 (red). (B) Vectors generatedest the ability of miR92b to interact with the
3'UTR in vitro. GFP expression plasmid was used as a controlplitative response site to miR92b
in the 3'UTR was deleted to validate specificityC) (Dual luciferase assay in HEK-293 cells
demonstrates that miR92b can inhibit the expressidenillaluciferase by interacting with the wild
type 3'UTR sequence of the Thr2 mRNA shown in a bat when nucleotides 2707-2714 are
mutated. Data represent means + s.e.m., * - p<0*05p<0.01, two tailed unpaired Student’s t test

for n=3 transfections.
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FIGURE 4.10
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Figure 4.11: Expression of miR92b at E14.5A — B”) Images ofin situ hybridisation for miR92b
(A, B), immunostaining for Thr2 (A’, B') and the exays (A”, B”). Mature miR92b staining is
enriched in the ventricular zone (VZ), part of theermediate zone (1Z) and the cortical plate (CP)
while in the lateral cortex it is less intensehie subventricular zone (SVZ), which has formechis t
region due to its relative maturity compared to enmedial cortex. There is reciprocity in the stagni
for Tbr2 and that for miR92b: staining for Thr2sisong in the SVZ, where staining for miR29b is
relatively weak, and regions of the VZ that stainsinstrongly for miR29b do not stain for Thr2.
Scale bars 100um. To verify the specificity of theitu hybridisation probe GFP-miR92b vector was
electroporated into E13.5 embryos. (C - C”
GFP, (C) miR92b, (C”) Thr2 and (C') their oveal. In electroporated hemisphere containing (D)

GFP+ cells stronger (DIn situ staining for miR29b and (D) less staining for fRbcan be seen in

) Imagd control hemispheres immunostained for (C)

the dorso-lateral telencephalon, (D™’) coincidingth GFP+ cells. Scale bar 100um.
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FIGURE 4.11
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The ability of miR92b to regulate the expressionTbf2 in vivo was assessed by
electroporating the GFP-miR92b vectorutero into the cortex of wild type E13.5
embryos (Figure 4.11 C — D). Overexpression wesnfirmed at E14.5 by
comparing the pattern of miR92Mb situ hybridisation staining between control and
electroporated hemispheres; staining was incre@asesjions containing GFP+ cells
(Figure 4.11 C, C’, D, D’). This increase was ass®el with a reduction in Thr2
staining on the electroporated side (Figure 4.21@", D”, D'’). Electroporation

of the miR92b overexpression vector resulted inele@FP+ cells that were double-
positive for Thr2 than electroporation of contrdfionly vector (Figure 4.12 A, B;
compare black and blue bars in E). This phenotyae rescued when GFP-miR92b
was co-electroporated with the WT-3'UTR vector (Kig 4.10 B) which expresses
the wild type 3'UTR of Thr2 to act as a competiteith the endogenous 3'UTR
(Figure 4.12 C; orange bar in E). Conversely, thE3/UTR vector (Figure 4.10 B)
expressing the 3'UTR of Tbr2 mRNA lacking the miR9@utative binding site
failed to rescue the phenotype (Figure 4.12 D; mrear in E). Analysis of the
laminar distribution of GFP+/Tbr2+ double positiveells revealed that the
downregulation of Tbr2 at E14.5 after miR92b overession is greatest in the
abventricular portion of the ventricular zone awgvér SVZ (Boxes 2 and 3 in
Figure 4.12 F, G), which corresponds precisehhtdreas where Thr2 was found to
be upregulated at the same age following the naustatfDicerl (Figure 4.06 K).

To test whether endogenous miR92b can limit Thrpressionin vivo | co-
electroporated the GFP and WT-3'UTR plasmids, sitiee competition between
WT-3'UTR and the endogenous binding site in the TRJof Tbhr2 mRNA would
lower the levels, and hence the function, of miR@2kkhe endogenous site. This
resulted in an increased proportion of cells exgrgsGFP and Thr2 as compared
with cells electroporated only with the GFP expi@ss/ector (Figure 4.12 E, G:
purple bar and line). Conversely, the MT 3'UTR phés lacking miR92b binding
site did not produce the same effect (Figure 4.12CE red bar and line)
demonstrating that miR-92b is an important phygmal inhibitor of Tbr2

expression.

Finally, | correlated changes in the expressioflmf2 as a result of modulation of
miR92b levels with changes in cell proliferation.ptedicted that soon after

electroporation with the GFP-miR92b overexpressientor, as a consequence of
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resulting Thr2 downregulation, fewer proliferati@&é&P+ cells would be found in the
SVZ but not the ventricular zone. To test this o, wild type E13.5 embryos
were electroporated either with GFP or GFP-miR92pression vectors. The
embryos were exposed to BrdU for 1 hour on E15Jaltel cells in S-phase (Figure
4.13 A — C’). The result of overexpression of miR32as to significantly reduce by
about 30% the overall proportion of GFP+ cells ihabrporated BrdU (Figure 4.13
D), as a consequence of reductions specificallthenSVZ and not in other layers
(Figure 4.13 E). Overexpression also caused aeaserin the relative proportion of
GFP+ cells (most of which did not contain BrdU)tire intermediate zone (Figure
4.13 F), suggesting that the decrease in the pratie population in the SVZ was
accompanied by a corresponding increase in theoéxdells from the proliferative
zones towards the cortical plate. My data strorgilggest that miR92b, via its
significant role in regulating Tbr2, is importamt tontrol the balance between the

intermediate progenitor and the postmitotic stéfggure 4.13 G).
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Figure 4.12: miR92b targets Thr2in vivo. (A — D) Images show representative examples of@est
through the E14.5 telencephalic wall electroporated13.5 with (A) control GFP expression vector,
(B) miR92b overexpressing GFP-miR92b vector onlg@electroporated with (C) GFP-miR92b and
a vector expressing the full 33UTR of Tbr2 or (DFBE-miR92b and a vector expressing the mutated
3'UTR of Tbr2 lacking nt. 2707-2714. Arrows indiea&GFP and Tbr2 double-labelled cells. Scale bar
50um. (E) Overexpression of miR92b results in degotation of Thr2 protein expression (blue)
compared to control GFP-vector expression (blackjch can be rescued by overexpressing the full
length 3'UTR of Tbr2 (orange) but not when the n?RYesponse element was mutated (green).
When the action of endogenous miRNAs was competagdnith the full-length 3'UTR the Tbr2
expression increased (purple) but not when the BUdckied the miR92b response element (red)
(data represent means + s.e.m., ** - p<0.01, *$<0.001, two-tailed unpaired Student’s t test for 8
11 embryos from 3 surgeries, 3 sections analysedbpan). (F) Example of an image used to
quantify the distribution of GFP+/Tbr2+ cells at43 with a counting ladder consisting of 10 boxes
(200um x 40 um). (G) Analysis of the distributioh@FP/Tbr2 double-positive cells manipulated as
in e shows that by E14.5 changes in Thr2 expregsimkplace mainly in the abventricular portion of

the ventricular zone (VZ) and the subventriculane(SVZz2).
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Figure 4.13: miR92b regulates intermediate progenitr cell specification. (A) Schema showing
electroporation of either GFP or GFP-miR92b expossplasmid into wild type C57BL/6J mice on
E13.5 followed by BrdU labelling of cells in S-plea®n E15.5. (B, C) Example images of
telencephalon electroporated with control GFP dR32b expression plasmid showing GFP+ cells
some of which incorporate BrdU, with high power mydes shown in B’ and C’ (arrows). (D)
Overall, fewer GFP-miR92b expressing cells incoaped BrdU and (E) the analysis of the
distributions of GFP+/BrdU+ cells showed fewer GIRR92b cells incorporating BrdU on E15.5 in
the subventricular zone. (F) Analysis of the rektilistribution of GFP+ cells showed more cells in
the intermediate zone following miR-92b overexpi@s¢data in D — F represent means + s.e.m., ** -
p<0.01, *** - p<0.001, Tukey's test for 12 embryfrem 3 surgeries, with 3 sections analysed per
brain). (G) Schema showing my model proposing thd#&92b overexpression results in fewer cells

entering the indirect rather than the direct neenagis pathway.
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4.3 Discussion

Intermediate progenitor cells are thought to bekdyeneuron- producing cells in the
developing cortex (Kowalczyk et al.,, 2009). An imase in the size of the
intermediate progenitor population and the pro#dimy of the neurogenic period
are believed to have coincided with the expansibthe neocortex in mammals
(Kriegstein et al.,, 2006). Mechanisms controllinge tsize of the intermediate
progenitor population during development remainlegacbut are of great interest for

understanding the mechanisms of cortical developiaueth evolution.

Several factors regulating the specification andnteaance of the intermediate
progenitors have been described and most are thoogitt both in the radial glia
and in the intermediate progenitors (Pontious et 2008). Unlike most of these
factors, Thr2 seems to act specifically in cellsnirthe time of their exit from the
radial glial cell state, driving them towards tinéermediate progenitor state. Loss of
Tbr2 results in loss of intermediate progenitotscblut causes no detectable changes
to the radial glial population (Arnold et al., 2Q0(8essa et al., 2008). My discovery
of a microRNA that regulates Tbhr2 adds significand our understanding of how
the numbers of intermediate progenitor cells, apdck of cortical neurons, are

regulated.

The abnormal presence Biicer’” neurons in layer | was a striking result whose
explanation fits well with my model of prolongedrtcal neurogenesis after loss of
Dicer. Cajal-Retzius neurons, which are generatedral E11.5, are known to safe-
guard layer | from new neurons entering it but tltkyappear during postnatal
development(Chowdhury et al., 2010; Hashimoto-Tetrial., 2008). In layer | of the
P14Dicerl™ andDicer1™ cortex the densities of non-electroporated cetisewnot
significantly different and so it can be anticightdat the disappearance of Cajal-

Retzius cells takes place at a normal ratdicer1™

electroporated areas. This
might explain whyDicer’ neurons born late during postnatal development and
arriving in the cortex following the loss of Cajdktzius might have failed to

terminate their migration before entering layer I.

It is unclear if the increased specification of embediate progenitors and
prolongation of neurogenesis following the lossTORNAs are both caused by the
increased expression of Tbr2, or whether the los&NAs extends the neurogenic
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period by a separate mechanism. To the best of mowledge, long term gain of
Tbr2 function study has not been performed andt $® mot possible to determine
whether increased production of intermediate pragecells would be sufficient to
extend the time-span of mouse cortical neurogendsmvever, it could be
speculated that an abnormally large populatiomt#rmediate progenitors generated
during embryonic development could result in a gethpostnatal depletion of that
population. Another possibility is that due to thereased expression of Thr2 the
intermediate progenitor cells increase their rdteadl cycle re-entry. It has been
recently suggested that the intermediate progenitmre instrumental to the
maintenance of radial glia proliferation (Yoon dt, 2008) and so an enlarged
population of subventricular progenitors could ieguan extended maintenance of
undifferentiated radial glia.

This study describes experimental evidence thato2iiRregulates the expression of
Tbr2 in the developing cortex. This miRNA has poasly been described to be
expressed at high levels in proliferating populaiocsuch as neural progenitors
(Kapsimali et al., 2007), to target cell cycle diemnt gene p57 in mouse
embryonic stem cells (Sengupta et al., 2009) anckkopf-3 in neuroblastoma
(Haug et al., 2011). It is believed to target ailsimif not identical, repertoire of
transcripts as miR92a (Ventura et al., 2008). Hsponse element to miR92ab in the
3'UTR of Tbr2 mRNA is conserved in mammalian spsci€igure 4.14 A) and so it
is likely that the interaction between miR92b ahd B'UTR of Thr2 mRNA is also

conserved.

The expansion of the neocortex has been recentjyoged to be largely due on the
expansion of the subventricular zone and the piitmsnresiding therein acting to
amplify the cellular output of the radial glia bgdirect neurogenesis (Lui et al.,
2011). It remains to be investigated if miR92b dobbhve contributed to this, for
example due to changes in its expression. Mechanisgulating miRNA expression
at the transcriptional level are very poorly untiesd, although it has been
appreciated that the upstream genomic sequencaigssimilar chromatin structure
as that of protein coding genes (Ozsolak et al0820In addition, several factors
have been shown to regulate the processing anditgtalb pre-miRNA hairpin and

these include the secondary structure of the maitgelf, sequence modifications

and RNA binding proteins (Krol et al., 2010b). Seace comparison of some of the
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mammalian pre-miR92b hairpins (Figure 4.14 B) shdtest while most of the
sequence is very highly conserved, a few discresfentide differences exist
between rodents and primates, particularly in thpaired regions of the hairpin
(Figure 4.14 C), and could result in changes to MARprocessing or activity.
However, very little is currently known about theokitionary conservation
mMiRNAs and whether changes in their hairpin premurgequence or expression

levels could have contributed to the evolutionisgues, such us the cerebral cortex.
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Figure 4.14: Conservation of miR92b and the respomrselement in the 3'UTR of Thr2. (A)

Multiple sequence alignment of sections of Thr2 8N ontaining the response element to miR92b
from 16 mammalian species (highlighted in yello(®) Alignment of precursor miR92b sequences
from 9 mammalian species including rodents and gt@s (MirBase accession numbers next to
miRNA name). Mature miR92b is highlighted in yell@amd most of the nucleotides are identical in
all species (*). Mouse miR92b differs from otheesies at a few residues (highlighted in green). (C)
Predicted secondary structure of the mouse pre-BiiRSairpin shows that residues which are
different between the mouse and other mammals@rpart of the mature miRNA sequence and are

not involved in base-pairing. All sequence aligntsemere performed using ClustalWw.
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FIGURE 4.14

P.troglodytes CTTG-ATGCATCCTGTTITTGTGCAATTCTCTAAAAGAAGGTGCCARAGCTTTTTGATTGC 5158
H.sapiens CTTG-ATGCATCCTGTTTTGTGCAATTCTCTAAAAGAAGGTGCCAAAGCTTTTTGATTGC 5594
G.gorilla CTTG-ATGCATCCTGTTTTGTGCAATTCTCTAAAAGRAAGGTGCCAAAGCTTTTTGATTGC 5367
M.mulata CTTG-ATGCATCCTGTTTTGTGCAATTCTCTAAAAGAAGGTGCCAAAGCTTTTTGATTGC 5026
N.leucogenys CTTA-ATGCATCCTGTTTTGTGCAATTCTCTAAAAGAAGGTGCCAAAGCTTTTTGATTGC 5346
C.jacchus CTTG-ATGCATCCTGTTTTGTGCAATTATCTAAAAGAAGGTGCCAAAGCTTTTTGATTGC 5371
M.murinus CTTG-ATGCGTCCTGTTTTGTGCAATTCTCTTAAAGAAGGTGCCAAAGCTTTTTGATTGC 5384
L.africana CTCC-CTGCATCCCGTTTTGTGCAATTCTCTAAAG-AAGGTGCCAAAGCTTTTTGATTG- 5270
O.cuniculus CTTG-ATGCATCCTGTTTTGTGCAATTGTCTCAAAGAAGGTGCCAAAGCTTTTTGATTGC 5103
M.musculus CTTTGATGTATCCTGTTTTGTGCAATTCTCTGAGAGAAGGCGCCAAAGCTTTGCCACGGC 6822
C.familiaris CTCG-ATGCATCCCGTTTTGTGCAATCCTCTAAAAGAAGGTACCAAAGCTTTTTGATTGC 5416
E.caballus CTTG-ATGCGTCCCGTTTTGTGCAATTCTCTAAAAGAAGGTGCCAAAGCTTTTTGATTGC 5292
S.scrofa CTTG-ACGCATACTGTTTTGTGCAATTCTCTAAAAGAAGGTGCCAAAGCGTTTCGATTGC 5200
B.taurus CCCG-ATGTGTCCTGTTTTGTGCAATTCTCTAAAAGAAGGTGCCAARAGCTTTTTGACTGC 5172
T.truncatus CCTG-ATGCATCCCGTTTTGTGCAATTCTCTAAAAGAAGGTGCCAAAGCTTTTTGATTGC 5530
F.catus CATG-ATGCATCCTGTTTTGTGCAATCCTCTAAAAGAAGGTGCCAAAGCTTTTTGATTGC 6138
* . * .*.* * ok ok ok k ok kkkkok ok * K Kk ‘k" * kK Kk .****‘k** * k * *
pre-miR-92b
hsa-mir-92b MI0003560 CGGGCCCCGGGCGGGCGGGAGGGACGGGACGCGGUGCAGUGUUGUUUUUUCCCCCGCCAA 60

ppy-mir-92b
mml-mir-92b

MI0014809

CGGGCCCCGGGCGGGCGGGAGGGACGGGACGCGGUGCAGUGUUGUUUUUUCCCCCGCCAA 60
MI0007607 CGGGCCCCGGGCGGGCGGGAGGGACGGGACGCGGUGCAGUGUUG 'UUUCCCCCGCCAA 60

eca-mir-92b MI0012719 ------------ GGGCGGGAGGGACGGGACGCGGUGCAGUGUUG 'UUUCCCCCGCCAA 438
cfa-mir-92b MI0008119 ------------------- AGGGACGGGACGCGGUGCAGUGUUG 'UCUCCCCCGCCAA 41
ssc-mir-92b MI0013126 ---------- GCGGGCGGGAGGGACGGGACGCGGUGCAGUGUUG 'UUUCCCCUGCCAA 50
bta-mir-92b MI0009906 CGGGCCCCGGGCGGGCGGGAGGGACGGGACGCGGUGCAGUGUUG 'UUUCCCCUGCCAA 60
rno-mir-92b MI0006167 --------- GGIGGGCAGGAGGGACGGGACGCGGUGCAGUGUUG 'UUUCCCCUGCCAA 51
mmu-mir-92b MI0005521 --------- GG GGGCGGGAGGGACGGGACGIGGUGCAGUGUUG 'UUUCCCCUGCCAA 51

hsa-mir-92b
ppy-mir-92b

mm

eca-mir-92b
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MI0007607 UAUUGCACUCGUCCCGGCCUCCGGCCCCCCCGGCCC 96
MI0012719 UAUUGCACUCGUCCCGGCCUCCGGCCC-~-------~-

MI0008119 UAUUGCACUCGUCCCGGCCUCC---------
MI0013126 UAUUGCACUCGUCCCGGCCUCCGGCCCCCC
MI0009906 UAUUGCACUCGUCCCGGCCUCCGGCCCCCHCGGCCC 96
MI0006167 UAUUGCACUCGUCCCGGCCUCCGGCCCCCHCG---- 83
MI0005521 UAUUGCACUCGUCCCGGCCUCCGGCCCCCUCG---- 83
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CHAPTER 5:

General Discussion
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Inspiration to pursue the research questions asedeis this thesis was driven by a
paper from Gregory Wulczyn's lab which looked at ttemporal variation of
MIiRNA expression during the development of mousenbfSmirnova et al., 2005).
The data suggested that miRNA expression may belaj@wentally regulated. This
project was focused initially on an attempt to mwehat developmental processes
are crucially dependent on miRNA production. Thiaswirst addressed by ablating
functional Dicer throughout the developing telertedpn using the conditional cre-
LoxP system using mice expressing cre under thalaggn of the endogenous
Foxglregulatory region. It was concluded that neurdegial stem cells which are
unable to produce mature miRNAs fail to correcppafy the radial glia. Second, |
generated a mosaic ablation of functional Dicedblvering a cre expression vector
by in uteroelectroporation into a subset of the radial gliaalsis of the short and
long term effects on the populationicerl” cells generated in this way suggested
that miRNAs are important regulators of the speatfon of intermediate progenitor
cells in the developing cortex. Third, miR92b waswn to regulate the expression
of Thr2 in the developing corter vivo. Together, the data presented in this thesis
support the idea that the miRNA pathway is impdrfan normal development of

the progenitor cells of the cortex.

As a result of miRNA depletion in the early teleplealon, a large proportion of the
neuroepithelial cells undergo apoptosis and théspsienotype found in every model
of Dicer deficient cortex generated using geneticlines described so far (De Pietri
Tonelli, 2008; Kawase-Koga et al., 2009; Konopkaakt 2010). The onset of
apoptosis following thé&oxgT™ induced Dicer ablation takes place earlier than in
the cases of other cre drivers and this is comgist&h the idea that the onset of
defects following miRNA depletion correlates withet timing of cre activity
(Kawase-Koga et al., 2009) (Figure 5.1). In corjrdee result showing absence of
apoptosis of Dicer deficient cells following the saec loss of Dicer in the radial glia
remains to be reconciled with the literature. Tdlifference might be accounted for
by the fact that different studies used differenétmods to assess cell death
(immunostaining for cleaved caspase-3 versus gamst- mediated biotinylated
UTP nick end labelling staining) which may havdeafiént sensitivity to recognising
apoptotic cells and it is possible that | have wesimated the proportion of

apoptotic cells in the absence of functional Dif#lowing the electroporation of
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cre- expression vector. It has been suggestedhbatate of clearance of apoptotic
cells may be very rapid in the telencephalon (Wilkit al., 2004) and therefore
differences in the sensitivity of detection of apmij cells between different
approaches may lead to different conclusions. Nmess, the fact thddicerl”
cells were found to contribute to a higher promortof cells at P14 strongly suggests
that if Dicer- deficient cells undergo apoptosis thss ofDicerl’ cells had a lesser
effect than the embryonic and/or postnatal ovenpetidn of cortical cells by the

electroporated radial glia.

An alternative explanation could be that the pdahature miRNAs is not restricted
to individual cells and so the wild type cells mesin the vicinity of Dicer deficient
cells could rescue the apoptotic phenotype. Intietae RNA interference is known
to take place in plants (Dunoyer et al., 2007). Hoev, this has never been
successfully demonstrated in animals. Nonetheless,a provocative thought that
mMiRNAs may be travelling between cells and the canspn of two models of Dicer
ablation in the retina, induced wihx1G" andaPax6™, would support this idea.
Both Chx1G"™ andaPax6™ lines (Marquardt et al., 2001; Rowan and Cepk®420
recombine the Rosa26 locus (Soriano, 1999) aroubd.5: but the pattern of
recombination differs in that thehx1G" recombines cells in a more mosaic fashion
(stripes) while theaPax6™ induces a more widespread recombination in the
developing retina (Georgi and Reh, 2010; Rowan@epko, 2004). It is intriguing
that the study which used ti@hx10™ to ablate Dicer function found a phenotype
only in postnatal animals (Damiani et al., 2008)jile the study usingiPax6"
found a phenotype as early as E16.5 (Georgi and R&t0). Mechanism which
could account for this are poorly understood, altio recent demonstration that
MIRNAs can be found in extracellular microvesicfgsian et al., 2009) hints at the
possibility that these molecules can indeed traeéiveen cells. However, if this was
the case, it would be difficult to explain why othghenotypes, including the

increased expression of Thr2 were not rescued.

Another important difference between my results awitht could be anticipated
based on the published data is the decreased amendBmiRNAS one day after the
electroporation of the Cre- expression plasmid. ekent study looking at the
dynamics of miRNA turnover in Dicer- deficient celireported that it takes

approximately 3 days after the wild typécerl mRNA is lost for the miRNA levels
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to be affected (Gantier et al., 2011). Howevergeptieports indicate that the rates of
mMiRNA turnover may differ greatly between cell tgpé&rol et al., 2010a). It is
important for the progress of the field that tlasfurther pursued, but the dynamics
of miRNA turnover has not been the key focus os thiudy. Instead, this study
aimed to present evidence that the levels of matiRNA are affected by the
manipulation and the data obtained suggest thatadyr one day after the
electroporation the miRNA levels are detectablyngeal. It is possible that mature
mMIRNA turnover rates are very tissue and contegtHsig.

The finding that following the loss of functionalid@r corticogenesis is enhanced
during postnatal development with at least a sub$atells destined to become
neurons may have important implications for futwesearch. Increasingly many
studies have investigated mechanisms that couldlaegthe neuro- to gliogenesis
switch in the developing radial glia (see Chapteaidd this study provides a new
class of candidate molecules that should be takiEnaccount. | anticipate that the
extension of neurogenesis following the loss otcfiomal Dicer could be an indirect
effect. Loss of mature miRNAs increases the proporof cells that express Thr2
and this is predicted to specify the differentigticells to become intermediate
progenitors. A recent study showed that intermedm@bgenitors are necessary to
maintain stable Hes1 oscillation in the developiadial glia (Yoon et al., 2008) and
so it is theoretically possible that increased siz¢he intermediate progenitor cell
population could result in a prolonged maintenantethe radial glia. Another
possibility is that following the loss of miRNAsdlexpression of Tbr2 is prolonged
in the intermediate progenitors and that this ezmlthem to re-enter the cell cycle
more times than normal, hence prolonging their teaiance. It is known that while
the mouse intermediate progenitors generally onlide once, they can also divide
twice and thrice (Noctor et al., 2004), and thas ttould be under the control of
some of the transcription factors expressed ingbaulation, such as Cux2 (Nieto et
al., 2004). The understanding of the molecular raeigms of cell cycle re-entry is
of further importance to the field in view of re¢dimdings which have undermined
the predominant belief that the quiescent stens eéeladult animals can re-enter the
cell cycle, divide and then return to quiescence #rat they can do so infinitely
many times. Recent evidence suggested that thé stdui cells are much more like

the embryonic progenitors in that they can onlyidéva few times before
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differentiating (Encinas et al., 2011). It can bei@pated that better understanding
of the molecular processes that regulate theseteweitl help to design novel
therapies to treat neurodegenerative diseases lay de prevent age related

cognitive decline.

This study identifies a new interaction between @8R and the 3'UTR of Tbr2. The
finding that the interaction is functional and thia¢ overexpression of this miRNA
causes fewer cells to express Thr2 was surprisiagause the 3'UTR of the Thr2
MRNA contains only a single site which is completagnto the seed sequence of
the miRNA. Other investigators looking for candelahiRNAs tend to focus on
candidates which have multiple binding sites (Sari8anfi, Telethon Institute of
Genetics and Medicine and Stefano Piccolo, Unitiersif Padua, personal
communication) and so obtaining a positive resaftdal on minimal interaction was
surprising. However, miRNA- target mRNA interacsonan be highly contextual
and are still very poorly understood. It is notaclefor example, if a given miRNA
can control most or all of the mMRNAs containing tesponse element or if there are
additional mechanisms regulating the availabilityarticular mRNA transcripts for
MIiRNA- dependent inhibition of translation or mRN&gradation. The possibility
to address this questian vivo is further complicated by the fact that most genes
contain multiple predicted binding sites in theldBRs and so if one was to mutate
a response element to a given miRNA, other miRNAsIc have compensatory

effects.

This study opens several interesting research ignsstrequiring future work.
Firstly, it needs to be assessed whether the stterabetween miR-92b and Tbr2
has an impact on cortical cell generation from ahdiia over a longer period of
time, which would be the prediction of this stu@gcondly, it would be informative
to know which, if any, other transcripts are taegeby miR92b, particularly with an
aim of determining if miR92b regulates only Tbr2eonetwork of genes involved in
the regulation of intermediate progenitors. It atemains to be established if the

closely related miR92a, a member of the miR17~88tel, can regulate Thr2.

Another interesting question is about the exaaineaand function of the miR92b —
Thr2 mRNA interaction. Thr2 expression has neverthe best of my knowledge,
been reported in the radial glia, but Ngn2, a puoaletranscription factor which has
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recently been demonstrated to directly promoteettpgession of Thr2 (Ochiai et al.,
2009), is expressed in the radial glia (Shimojalet2008). It not clear at this stage
whether mRNA encoding Tbr2 is produced, but un@igld quantitative PCR data
from iPS- derived neural stem cells where Thr2 mRbbdn be detected would
support this hypothesis. Given that miR92b appeatse expressed throughout the
ventricular zone (Figure 4.11 A — A’) it is conig@able to hypothesise that miR92b
could be repressing the translation of Tbr2 mRNAwoer possibility is that
miR92b controls the dynamics of Thr2 productionthe postmitotic cells. It has
been proposed Tbr2 is expressed during both daedtindirect neurogenesis and
that its prolonged expression would promote thecifipation of the intermediate
progenitors (Hevner, 2006). It is possible that 8B promotes direct neurogenesis
by limiting Thr2 expression (Figure 5.01).
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Figure 5.01: Proposed function of miR92b in the regjation of cortical neurogenesislt has been
proposed that cortical neurogenesis is controlied bequential action of transcription factors, ax
Ngn2 > Tbhr2 > NeuroD1 (Hevner et al.,, 2006). Itpessible that miR92b promotes indirect

neurogenesis by limiting the expression of Threhimdifferentiating cell.
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FIGURE 5.01
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Additionally, it would be interesting to know if éhinteraction between miR92b and
Tbhr2 3'UTR is conserved in other species. Thisnienesting not only because the
cross-species comparison of the miRNA:mRNA inteoaichetwork has not been
investigated in great detail (Griffiths-Jones et, &011) but also because the
expansion of the subventricular zone precursorguding the Thbr2- expressing
neural progenitors, is thought to have underlam ¢lolutionary expansion of the
neocortex (Cheung et al., 2007). It has been pexpdbat the action of most
MiRNAs can only induce moderate changes to theepradutput from their target
MRNAs (Guo et al., 2010), rather than acting asark switch. The data presented
in Chapter 4 of this thesis, showing that overesgian of miR-92b resulted in about
25% (luciferase assay) — 50%a {ivo) changes in protein expression are in excellent
agreement with this hypothesis. Changes to theessmn levels of these molecules
or their processing in various tissues could, gotlg, be an excellent mechanism of

modest evolutionary variation.

As | pointed out in the Discussion section of Clagt the sequence of the precursor
hairpin of miR92b differs between rodents and ptesaat discreet residues and it is
subject to a further study whether these chandestahe efficiency of the precursor
processing and whether these differences couldiled to the evolutionary

expansion of the neocortex.

Finally, it remains to be determined what factars i@volved in the expression of
miR-92b. The molecular determinants of miRNA expr@s patterns are essentially
unknown. Several approaches have been taken tofjddre binding sites for RNA
polymerase Il and RNA polymerase Il for intergerand intronic miRNAs
(Monteys et al., 2010; Zhou et al., 2007), busihot clear whether the expression of
mMiRNAs is additionally regulated by enhancers ac#ic transcription factors in a
similar way to the protein coding genes. These @obé obvious candidates
explaining spatial and temporal patterns of expoes®f some mature miRNAs
(Kloosterman, 2006; Smirnova et al., 2005). It wasposed that the expression of
intronic MiIRNAs could correlate with the expressumtheir respective host genes,
but this was not corroborated by the sequencing (fbnteys et al., 2010). It is
clear that posttranscriptional mechanisms are gigolved in regulating miRNA
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expression since, at least in the few examples i®NAs that have been more
extensively studied, mature miRNAs are only preserat subset of cells expressing
the pre-miRNA hairpin (Maiorano, 2009; Shibata &t 2011). However, the
molecular factors that could be involved in thie arot known. One possible
mechanism involves modifications of the 3’ end dfe tmiRNAs, such as
adenylation, ubiquitination or RNA editing which ynae important determinants of
the efficiency of miRNA or target identification Boughs et al., 2010; Krol et al.,
2010b). However, it still needs to be determinecitndould regulate the specificity
of these modifications. The work described in thissis indicates that even minimal
interaction between the miRNA and the target mRN& the seed region may be
biologically significant, raising the possibilitiidt all other residues could be subject
to modifications.
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