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Abstract

In this thesis | studied the expression pattdrEmx20S the antisense partner of the
homeobox gen&mx2 in the developing mouse nervous syst&mx20OSwas detectable in
telencephalon, mammillary recess, mesencephal@al pés and otic vesicle, all of them also
expressingEmx2. Within dorsal telencephalorEmx20Speaked in post-mitotic neurons,
specifically at the time when they completed radiagration and turnedmx2 off. Such
pattern suggested thEtnx20Smay be implicated in regulation Bmx2 according to complex
and even antithetic ways. By artificially modulgiemx20Sin primary cortico-cerebral
precursors, via lentiviral RNAi and somatic transggs, we found that such transcript
contributes to down-regulation of its sense partqerssibly by a Dicer-dependent post-
transcriptional mechanism. On the other side, kppmcally activatingEmx20Sin primary
rhombo-spinal precursors, we elicited a robustvattn of Emx2 Further inspection dEmx2
null cortices conversely showed a collaps&mix20Sxpression. Taken together, these results
suggest that a mutual positive loop involviBgix2 and Emx20Sis necessary to adequate

expression of either transcript in the early netubeg.



1 Introduction

1.1 Cerebral cortex formation

1.1.1Development of mammalian telencephalic vesicles

The neural plate is formed from the neuro-ecto@ttayer of the gastrulating embryo and
gives rise to the entire central nervous systemSJCNNeural folds arise in the neural plate,

appose and fuse to form the neural tube (Fig., 1B)e
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Figure 1 | Neural plate and neural tube stages in mouse. a) The anterior neural plate at around E8.5. Téwwal

plate folds in the direction of the arrows to fotime neural tube. b) The brain viewed from the sifter neural tube
closure (at around E10.5). The brain vesicles hee grosencephalon (comprised of the telencephaktih gnd

diencephalon (di)), mesencephalon and rhombencaph@he prechordal plate (pcp) underlies the rbptma of the

neural tube (at the level of the diencephalon) whsithe notochord underlies the caudal neural {daapted from
Zaki et al., 2003).

The mammalian brain arises from three vesiclesiifog at the anterior end of the neural
tube: the prosencephalon (or forebrain), the megdradon (or midbrain) and the
rhombencephalon (or hindbrain). The vesicles areegged at very early stages of the
development; for example, in the mouse embryo thesgmcephalon develops at around
embryonic day 9 and in human embryos around wedlat&r, the prosencephalic vesicle gives
rise to two laterally enlarged bulges, termed tedgmalon and a medial secondary vesicle, the

diencephalon.



The telencephalon is subsequently subdivided itte ventral and the dorsal
telencephalon. The dorsal telencephalon givestose thin sheet, the pallium, where from the
cerebral cortex develops. The ventral telencephatonsubpallium, develops two hill-like
extensions, the Lateral and Medial Ganglionic Emaes (LGE/MGE), which are the forerunners
of basal ganglia (Rubenstein et al., 1998). Thealbganglia, placed in the bottom of the
telencephalic vesicles, consist of three major gsoof neurons: the striatum, the globus pallidus
and the amygdala. The dorsal part of the striatownlved in motor control, includes the caudate
nucleus and the putamen (Fig. 2). Afferents confiiagn three main sources, the cerebral cortex,
the medial part of the thalamus, the substantisan{gars compacta), reach the striatum. The
striatum projects to the globus pallidus. Efferdets/ing the globus pallidus reach the thalamus,
the substantia nigra (pars reticularis) and théhsddmic nucleus. The amygdala is bidirectionally
connected with the hippocampus, the thalamus antpothalamus.
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Figure 2 | Schematic view of a section through the developing telencephalic vesicle at E12.0. Acx, archicortex;
Ncx, neocortex; Pcx, paleocortex; LGE, lateral damic eminence; MGE, medial ganglionic eminence.
(A.Mallamaci, unpublished).



1.1.2Development of the mammalian cerebral cortex

The development of the forebrain and in particofathe cerebral cortex is one of the most
intriguing fields of developmental neurobiology.idtthe result of a concerted action of several
processes, such as proliferation, differentiatiod anigration of neuroblasts, from germinative
areas to different regions of the brain.

The mammalian cerebral cortex has undergone aremaenenlargement during evolution
and two main different cortical regions can beidgiished: a phylogenetically older region, the
allocortex, and a younger region, the neocortexe @tocortex can be further subdivided into
paleocortex (including olfactory piriform cortexdentorhinal cortex) and archicortex (including
subiculum, hippocampus and dentate gyrus), (Fig.,TBese regions are distinguished on the
basis of their lamination: neurons in the allocorsge organized in three horizontal layers,
whereas those of the neocortex form six layersti€ddayers located between the neocortex and
the allocortex display three to six layers, reflegttheir transitional nature. The six layered
neocortex, which is the largest part of the mamamalbrain, is divided into distinct areas
according to their functions and cytological orgation (Brodmann, 1909). Each cortical layer
contains two distinct neuronal types: projectioyr§midal or granule) and interneurons (non
pyramidal) (Ramon y Cajal, 1911). The former argayhatergic and excitatory whereas the latter
are GABAergic and inhibitory. Cortical projectioeurons originate from progenitors located in
the cortical ventricular zone. In contrast, mo§tnat all, cortical interneurons originate from
progenitors located outside the cortex and primarnil the ventral telencephalon, at least in
rodents (Marin and Rubenstein, 2001; Gorski et281Q2). Following their birth in the ventral
telencephalon, interneurons use multiple and coxmaletes of tangential migration to reach their
final position in the developing cortex (Marin aRdbenstein, 2001).

The mouse neural tube, derived from the neuraé pia first distinguishable at embryonic-
day 9.0 (E9.0). In the forebrain, cerebral cortewisible from E9.5-10.0, when it consists of a
unique layer of proliferating neuroblasts, the geative neuroepithelium or ventricular zone
(VZ). Neurogenesis starts here at E11.0 ventra@lyeand at E12.0 dorsomedially, peaks around
E12.5-13.5, and continues at lower levels untiltypadal-day 17 (P17). Neuronal differentiation
and migration also continue after birth (Bayer atithan, 1991). Around E11-12 a first layer, the
preplate (PP), differentiates above the VZ. Thigtacontains the first postmitotic neurons that
will later populate the two layers originated frats splitting, the marginal zone (MZ) with Cajal



Retzius cells (layer 1) and the subplate (SP) (FB). (Bagirathy Nadarajah and John G.
Parnavelas, 2002 ).
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Figure 3 | (A) Schematic diagram of a section through the developing rodent forebrain. (B), (C) lllustrations of
the different stages of neocortical developmente @brsal forebrain gives rise to the cerebral gorféhe lateral
ganglionic eminence (LGE) and medial ganglionicreance (MGE) of the ventral forebrain generate thgrons of
the basal ganglia and the cortical interneurorsdkter follow tangential migratory routes to ttartex (a; arrows).
In the dorsal forebrain (a; boxed area), neurorigtation begins when the first cohort of postmitateurons moves
out of the ventricular zone (VZ) to form the prdapldPP) (b). Subsequent cohorts of neurons (pyrnudlls)

migrate, aided by radial glia, through the interragzizone (12) to split the PP into the outer maagjzone (MZ) and
inner subplate (SP) (c). CP, cortical plate. (Adddtom Bagirathy Nadarajah and John G. Parnavetis).

Cajal Retzius cells provide diffusible signals aal for the migrations of cortical plate
neurons (Frotscher, 1997) (Fig., 4). They secita¢eReelin glycoprotein, essential for neuronal
glia-mediated migration (De Rouvroit et al., 2001).

Moreover, Reelin induces neurons to migrate plasir tpredecessor (D’arcangelo and
Curran, 1998), but it has also been thought to ideoa stop signal to migrating cells, which
detach from the radial glia. In fact, Reelin hagrbshown to inhibit neuronal migration via its
interaction witha3-41 integrin, a downstream component of its signapathway (Dulabon et al.,
2000). This migration-inhibiting activity of Reelishould be relevant at the end of radial
migration, when the neuronal leading process ctstée marginal zone and pyramidal neurons
detach from the radial glial scaffold (Nadarajamlet2001).

The SP is a layer of early-generated neuronspidgerity of which disappear in adult life

and are thought to participate in eduyctionalcircuitry: these cells receive synaptic inputsiiro
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thalamic afferents fibers and make axonal projestim the cortical plate (CP) (Allendoerfer and
Shatz, 1994).

Between SP and ventricular zone (VZ), a “tranadiofield” (TF) develops. It will give
rise to the subventricular zone (SVZ) and the meadiate zone (1Z), which is a transition layer
for differentiating neurons before they migrateoffr E 15.5 onwards) to the CP, the future
cortical gray matter. Moreover, the sub-ventricitane is a source of pyramidal neurons and

glial cells (Tarabikyn et al., 2001).
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Figure 4 | Schematic representation of the cortical wall during cerebral cortex development. Ventricular zone is
at the bottom and marginal zone is at the top.néeroepithelium; ppl, preplate; vz, ventricular @omz, marginal
zone; sp, subplate; crc, Cajal —Retzius cell; amrtical late neuron; rgc, radial glia cell; cp,rtixal plate; iz,
intermediate zone; svz, sub-ventricular zone (Agdfitom Frotscher, 1997).

During the development of the embryo, the VZ beesthinner, whereas the thickness of
the TF and CP progressively increases. At the émdntical development, the CP consists of six
layers originated according to the “inside-out” éeping rule (Bayer and Altman, 1991):
neurons located deep in the cortex are generatgdafid neurons that are generated later bypass
them by active migration, settling above in moréeexal locations (radial migration).

Cellular mechanisms of radial migration of pyraatideurons from proliferative layers to
the forming cortical plate have been the subjecintdnse experimental investigations and two
moving patterns have been recently demonstratethke place. During early stages of the
cerebral cortex development, when the cerebral iwaklatively thin, neurons move by “somal
translocation”. Later, during cortical plate formoat, they proceed by “glia-guided locomotion”.

The cells that undergo somal translocation typicaéve a long, radially oriented basal

process that terminates at the pial surface, asiubd, transient, trailing process. The migratory
11



behavior is characterized by continuous advancethahtresults in a faster rate of migration. By
contrast cells that adopt glia-guided locomotiomeha shorter radial process that is not attached
to the pial surface. These cells show a charatitally slow saltatory pattern of locomotion.
They perform short burst of forward movements #dratinterspersed with stationary phases. For
this reason they display slow average speed. btiegly, neurons showing this saltatory pattern
of movement switch to somal translocation in thenieal phase of their migration, once their
leading process reach the marginal zone (Nadaedjah, 2001).

Two apolipoprotein E (apoE) receptors, the very temsity lipoprotein (VLDL) receptor
and apoE receptor 2 (apoER2), have been shownrticipate in a neuronal signaling pathway
that governs the layering of the developing cort@rommsdorff et al., 1999), and they are
associated with Reelin. ApoE is a component ofdipteins that mediates the transport and
receptor-mediated uptake of these particles byetatigsues (Mahley et al., 1995). ApoE is
produced by several tissues in the body includitigl gells in the brain, predominantly
astrocytes. In the human population, ApoE occutiii@ee major isoforms, among which, ApoE3,
results to be the most common. It has been repdye8chmechel in 1993 (Schmechel et al.,
1993), that the apoE4 isoform is genetically asged with late onset Alzheimer disease.

The lack of Reelin (D’Arcangelo et al., 1995), isceptors (VLDLR) and apoER2
(Trommsdorff et al., 1999), or the cytoplasmic adapprotein Dabl (Ware et al., 1997), all
results in the same phenotype, which is charaetrizy cerebellar dysplasia and abnormal
layering of the neocortex.

After the fetal phase of brain development, Reekpressing Cajal-Retzius neurons in the
subpial layer are largely replaced by Reelin-exgirgs GABA-ergic interneurons that are
dispersed throughout the neocortex and in the lcgppus. The Reelin receptors apoER2 and
VLDLR and the adaptor protein Dabl, all essentiaReelin signaling, remain expressed in the
adult brain, but their function is not clear. Ansasiation of Reelin with synapses has been
reported (Rodriguez et al., 2000), raising the i#y of a potential role in neurotransmission
that might involve signaling through apoE receptdvice lacking the Reelin/apoE receptors
VLDLR and apoER2 have pronounced defects in menfamyation and long term potentiation
LTP and Reelin greatly enhances LTP in hippocanspeé cultures (Edwin et al., 20023n

hypothetical model of the actions of Reelin in LifBuction is shown in figure 5.
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Figure5 | Hypothetical model of the actions of Reelin in LTP induction. Reelin binding to apoER2 and the VLDL
receptor stimulates intraneuronal tyrosine kinastivity and induces Dab tyrosine phosphorylatiomnMeceptor
tyrosine kinases of the Src family are thus actidadind may stimulate NMDA receptor activity, therétcreasing
Cd" influx and LTP. ApoE can compete for Reelin birglio the extracellular domains of apoER2 and th®WVL
receptor and thereby suppress tyrosine phosphmmylatf Dabl. ApoER2 binds members of the JIP fanafy
scaffolding proteins on its cytoplasmic tail andighindirectly interacts with the microtubule-asstedl molecular
motor kinesinBlue ovalsdesignate alternatively spliced ligand bindinge@s in apoER2 (Adapted from Edwin et
al., 2002).

Cortical GABAergic interneurons, generated in galiial telencephalon (both in the
lateral and medial ganglionic eminences), leaveptioéferative epithelium and then initiate their
long tangential migratory routes, moving paraltethe surface of the telencephalon. They cross
the cortico-striatal boundary and enter the cartreall, reaching their appropriate laminar-areal
locations (Anderson et al., 1997; Tan et al., 19%8namaki et al., 1997).

Three general and partially overlapping phasesanfiential migration of GABAergic

neurons can be distinguished.
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Figure 6 | At least three spatially and temporally distinct routes can be distinguished, as depicted here in
schemas of transverse sections through the embryonic telencephalon. a | Early during development (embryonic
day (E) 12), interneurons that migrate to the coaese primarily from the medial ganglionic emisenMGE) and
the anterior entopeduncular area (AEP), and folbowguperficial route. b | At the peak of migratidal8.5),
interneurons migrating to the cortex arise prinyaiibm the MGE and follow a deep route to the depelg striatum
(Str). Some interneurons also migrate superficialllyAt later stages (E15.5), cells migratinghte tortex might also
arise from the lateral ganglionic eminence (LGH) #ollow a deep route. GP, globus pallidus; H, lbiggmpus; LIZ,
lower intermediate zone; MZ, marginal zone; NCxpemtex; PCXx, piriform cortex; VZ, ventricular zar@ddapted
from Marin et al., 2001).

First, an early migration from medial ganglionimieence and anterior entopeduncular
area takes place at around E11.5. In this cads,mele superficially to the developing striatum
and invade the cortical marginal zone and subp&#eond, around mid-embryonic stages (E12.5-
14.5), the medial ganglionic eminence seems tohkeptincipal source of cells that migrate
tangentially into the cortex. (Fig., 6) (Marin aRdibenstein, 2001). These neurons migrate either
deep or superficially to the developing striatumd ahey populate both the sub-ventricular
zone/lower-intermediate zone and the subplate, fwdmre they extend into the cortical plate
(Anderson et al., 2001). Third, at late stageshefdevelopment (E15.5-16.5), cells that migrate
tangentially into the cortex seem to derive fronthbthe lateral and the medial ganglionic
eminence (Marin and Rubenstein, 2001). Interestirgdme migrating cells are directed toward
the proliferative regions of the cortex at thisggtdAnderson et al., 2001). Presently unknown is
the biological significance of this phenomenon.

Reamarkably, a subset of LGE-derived interneuggags a key role in allowing correct
pathfinding of thalamocortical axons (TCAs). Suglorss arise in the dorsal thalamus, and follow
a stereotyped pathway into the developing neocoReypelled by Slit 1 and Slit 2 expressed in
the hypothalamus, TCAs extend rostrally into tHerteephalon and turn sharply before extending
dorsolaterally to enter the MGE. They then extdmdugh the developing striatum and into the

14



neocortex. In order to reach the cortex, such axegsire the formation of a permissigerridor
through non-permissive MGE territory, and that #tosridor is generated by cells which undergo

a tangential migration from the LGE (Lopez-Bendital., 2006) (Fig., 7).

E12.5 E13.5 E15.5

&GP

comidor celis

corndor calls

Figure 7 | Schematic diagram showing how tangential neuronal migration forms a permissive corridor through
which thalamocortical axons (TCAs) extend. TCAs (red) originate in the dorsal thalamus anded
rostroventrally into the developing telencephal@i. embryonic day (E) 12.5 in the mouse, an unidieuti
chemorepellant (purple) prevents TCAs from entetimg medial ganglioic eminence (MGE). Isletl+ ingrrons
migrate from the lateral ganglionic eminence (LGB the MGE. By E13.5, the LGE-derived neurons éhav
generated a permissive corridor, which TCAs usextend through the MGE. Corridor cells express NR@&en
crosses), which contributes to the navigation oA$CThe developing neocortex also expresses NRGIchwmay
be required for the final stage of TCA pathfindi#glapted from Lopez-Benditet al., 2006).
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1.1.3 Cortical field specification

The specification of the cortical field is a fumgental process of neural development. The
development of neural tube follows a rostro-cawatal dorso-ventral pattern of specification. It
starts with secreted factors. These are diffusibtdecules normally expressed around specific
borders of the neural field and along defined grat$i, which, acting as morphogens, regulate the
expression of transcription factors, restrictingrh to different rostro-caudal and dorso-ventral
domains.

Rostro-caudal specification starts with Wnt signadming from the caudal-most neural
plate. In response to them, two different domairesdefined along the antero-posterior axis by
the expression of two homeobox genes: Otx2 and Gbk2 Otx-expressing region, rostrally
located, will give rise to the forebrain and midhrawhereas the Gbx2-expressing region, at
caudal position, will develop into hindbrain andingh cord. The boundary between them
corresponds anatomically to the isthmus, a narrgwihthe neural tube at the border between
mesencephalon and metencephalon. Canonical Wrdlsigrirepresses directly Otx2 expression,
whereas induces Gbx2 (Fig. 8, top row). Wnts atsdrol the expression of other two genes, Irx3
and Six3, confining Six3 to the telencephalon/mstiiencephalon field and promoting posterior
expression of Irx3, caudally to the anlage of tlmmaz limitans intrathalamica (ZLI), placed

between the thalamic and prethalamic primordiaBret al., 2003) (Fig. 8, bottom row).
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Fig 8| Adapted from A. Mallamaci, unpublished lessons.

Slightly later, two other diffusible moleculesbiioblasts growth factor 8 (Fgf8) and Sonic

Hedgehog (Shh), dictate the further rostro-caudaitepning of the neural field. Fgf8 is
16



synthesized by the anterior neural boundary andraréhe isthmus. It promotes the expression of
Foxglin the telencephalon and &n2 in the tectum of mesencephalon (Fig. 9 above). Shh,
initially confined to the notochord, is rapidly imckd within a discrete triangular wedge of cells
that is located at the ventral midline of the nétwbe. Moreover, it is activated in the thin regio
deriving from the collapse of the primary subfighterposed between prethalamic and thalamic
anlagen and corresponding to the ZLI. Such exprasseems to be crucial to the subsequent
subdivision of the anterior brain, promoting theiation of the transcription factors DIx2 and
Gbx2 in the ventral and dorsal thalamus, respdgtiyeeviewed in Kiecker and Lumsden, 2005).
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Gbx2
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x

Shh

Fig 9 | Adapted from A. Mallamaci, unpublished lessons.

The dorso-ventral determination, starts from tkpression of Shh around the Hensen’s
node, at the anterior end of the primitive stread aear the caudal edge of the forming neural
plate. Such early Shh expression commits the whnbterior neural plate to express Nkx2.1, a
transcription factor specifying ventral identityigF 10a). Then, Wnts factors, secreted at the
border between the neural folds and the ectodetigid| activate dorsal, i.e. cortical, genes such
as Pax6 and, at the same time, antagonize Shh effectelsbiting Nkx2.1 expression in the
dorsal neural field (Fig. 10b). After the closurfetlte neural tube, retinoic acid (RA) synthesyzed
by the adjacent lateral ectoderm has a pivotal molthe activation of striatum-specific genes
(Meis2 Gsh2, between the domains of Pax6 axkix2.1 which results in turn inhibited (Fig.
10c). Finally, Fgfs, secreted around the antergural midline, cooperate with Wnts to activate
Emx1 in presumptive cortex and protelitkx2.1 from RA-depenent inhibition in the globus
pallidus anlage (Fig. 10d) (Gunhaga et al., 200&rkiuind et al., 2004).
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Fig 10 | Adapted from A. Mallamaci, unpublished lessons.

So, around E9.5/E10, several transcription factorgerring distinct positional identities
to specific anatomical regions aligned along thesdwentral axis are differentially expressed
along such axis, as shown in Fig. 11.

The importance of the correct function of theseegehas been demonstrated by knocking-
out them. In particular:

(@) In the absence dikx2.1the pallidal program collapses and the striataldfienlarges
(reviewed in Rallu et al., 2003).

(b) In the absence of Gsh2, the striatal prograftagses and pallidal and cortical anlages are
enlarged (reviewed in Rallu et al., 2003).

(c) In the absence of botBmx2 and Paxg cortical development collapses and a rudimentary
structure with features intermediate between stmagnd cortical hem develops (Muzio et al.,
2002).

18
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Fig 11 | Adapted from A. Mallamaci, unpublished lessons.
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1.1.4 Models of regionalization of the cortical paiordium

From embryonic day 7.5 (E7.5) onward the preswsptorsal telencephalic field is
progressively specified, thanks to a complex cascddvents involving secreted ligands released
by the surrounding structures as well as transoripiactors genes expressed by the field itself
(Grove et al., 1998; Acampora et al., 1999; Muziale 2002b; Kimura et al., 2005). The result
of this specification, the cortical primordium dfiet E11 mouse embryo, looks like a thin
neuroepithelial sheet and does not display any mmegion-specific morphological peculiarity.

Subsequently it undertakes a complex and artiedlarocess of regional diversification
and areal differentiation commonly termed “cortiaegalization”, which leads to the development
of the mature cerebral cortex.

Two main models have been proposed for the cellaled molecular mechanisms
controlling cortical arealization: the protomap rabdRakic, 1998) and the protocortex model,
suggested by Van der Loos & Woolsey (1973) and eloently developed by O’Leary (1989).

According to the former, cortical arealization weboccur on the basis of molecular cues
intrinsic to the cortical proliferative layer. Tlreegues would be transferred by periventricular
neural progenitors, lying in distinctive corticagions, to their neuronal progenies, migrating
along fibers of radial glia and sharing with thdm same rostrocaudal and mediolateral locations.
According to the latter, the cortical primordium wd not have any areal bias at all.

Arealization would take place on the basis of infations conveyed to the developing
cortex by thalamocortical and other subcorticakmhts {abula rasa modgl This information
would be used to “write” distinctive areal prograosto the cortical primordium. Both models
are supported by very robust bodies of experimeddtd, which resulted in a very hot scientific
debate. Two main lines of evidence support theopnap model. First, explants taken from
different regions of the cortical anlage at E101R25 (before the arrival of thalamocortical
projections), grownin vitro or heterotopically transplanted, appear speclficabmmitted to
express molecular markers peculiar to their regioorigin (Arimatsu et al., 1992; Ferri & Levitt,
1993; Tole & Grove, 2001; Vyas et al., 2003). Sedhe cortex oMashlor Gbx2 knock-out
mice, constitutively lacking any thalamocorticalojactions, displays a normal molecular
regionalization profile (Nagakawa et al., 1999; BBhita-Lin et al., 1999). Two main lines of
evidence also support thabula rasahypothesis. First, embryonic visual cortex transfad to

the parietalcortex (and thus possibly exposed to informatiomiog from the thalamic
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ventrobasal complex), acquires barrel featuresl@edo the somatosensory cortex (Schlaggar &
O’Leary, 1991). Second, chirurgical misrouting agual information to adult somatosensory or
auditory cortices makes these cortices to acquneghitactonic and high-order functional
properties peculiar to the visual cortex (Schneid&73; Frost & Schneider, 1979; Sur et al.,
1998).

Presently, contrasts between supporters of tataga and protomap models have been
overcome and it is commonly accepted that two rpaisses can be distinguished in the process
of cortical arealization. During the earlier, pritr the arrival of thalamocortical projections,
molecular regionalization of the cortical primondiuwould occur on the basis of information
intrinsic to this primordium, as in protomap modeuring the latter, after the arrival of these
projections (from E13.5 onward), cortical areali@atwould be refined based on information
transported by thalamocortical fibres, as in prottex model.

At the moment, two main classes of molecules angpassed to be crucial for early
regionalization of the cortical primordim; secretéggands, released around the borders of the
cortical field, and transcriptions factors, gradyalkpressed within primary proliferative layers of
this field. Secreted ligands would diffuse throutje cortical morphogenetic field where they
would be degraded according to specific kinetioggenerating variously orientated concentration
gradients. Secreted ligands would regulate theessgpwn of cortical transcription factor genes, in
dose dependent manners, so accounting for theefugdgneration of concentration gradients of
these factors. Graded and transient expressiamesétfactors would finally encode for positional

values peculiar to distinctive regions of the aatifield.

1.1.5 Signaling centers involved in cortical aer&ation

Ligands are released around three structures Bfirthe borders of the cortical field and
relevant for its arealization (Fig., 13) (Stormaét 2006):

- The cortical hem, which forms between the coltmad the choroidal fields, at the

caudomedial edge of the cortical neuroepitheliaksh

- The commissural plate, at the rostromedial pbkelencephalon;

- The cortical antihem, a recently discovered digrma structure, which forms on the

lateral side of the cortical field, at the pallgalbpallial boundary.
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B Bmp4, Wnt3a

Figure 13 | Dose-dependent functions of Fgf8 in regulating telencephalic patterning centers. Schema of a
frontolateral view of the telencephalon showing th&tterning centers as marked by expression ofgdmes
indicated, the cross regulation between Fgé8 and Bmp4Wnt3aexpressing centers, and the positive interactions
between thé-gf8 andShhexpressing domains. CP, commissural plate; CxegpCH, cortical hem; @H: corticala
—hem; HT, hypothalamus; LGE, lateral ganglionic menice; LT, lamina terminalis; M, mesencephalon; MGE
medial ganglionic eminence; OC, optic chiasm; $tuem. (Adapted from Storm et al., 2006).

From E10, the cortical hem is a source of Wnts Bnps, expressed in nested domains
which also span the adjacent dorsomedial cortietd {Furuta et al 1997; Lee et al., 2000). Wnt
signalling may normally promote the expansion @& #rchicortical progenitor pool (Fukuchi-
Shimogori & Grove, 2001), further contributing tceal hippocampal determination (Machon et
al., 2007). As for Bmps, little is known about tlide of these ligands in telencephalic patterning,
because the resulting phenotype was confoundedrbydefects in neural tube closure (Solloway
& Robertson, 1999).

Bone morphogenetic proteins (Bmps) are phylogeakgficonserved signaling molecules
that belong to the transforming growth factor (TgGFpuperfamily and are involved in the
cascades of body patterning and morphogenesis. Biogptors consist of heterodimers of
inducible and constitutively active kinases of typ&nd Il receptors, respectively. Both contain
serine/threonine kinase domains and form heter@magh-affinity complexes for BMPs to
transducer external signals to an intracellularsphorylation cascade.

Several Bmps are expressed in the mouse dorsirbon and facial primordia (Barlow
and Francis-West, 1997; Furuta et al., 1997). & $lsown that Bmps antagonize telencephalic
rostro-medial programs. Ectopic application of Bmpd the ventral forebrain leads to

holoprosencephaly in chick (Golden et al., 1999) esduces expression of bdinhand Fgf8
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(Ohkubo et al., 2002). Double knock-out of Chor@@HRD) and Noggin (NOG), encoding for
the secreted factors which specifically bind Bmptgins and prevent ligation of their receptors
(Sasai and De Robertis, 1997), results in severebfain truncations. Bmps have been also
suggested to actively promote dorso-medial prograassBmp signalling and Wnt signalling
synergically promote the transcription of a keytidption factor gene promoting cortical caudal-
medial programs=mx2(Theil et al., 2002). However, the electroporatidra transgene encoding
for a constitutively active Bmp receptor la inte ttelencephalon as well as the conditional
inactivation of Bmprlain this structure, while showing th&mprla promotes choroidal vs.
cortical specification, do not point to any apparamfluence of Bmps on the subsequent
regionalization of the cortical field (Panchisidra¢, 2001; Hebert et al., 2002).

Moreover, the electroporation of a transgene eingofbr a constitutively active Bmp
receptor la into the telencephalon as well as tdmaitional inactivation oBmpr lain this
structure showed th&@mpr lapromotes choroidal vs. cortical specification, withexerting any
apparent influence on the subsequent regionalizatiaghe cortical field (Panchision et al., 2001;
Hebert et al., 2002).

From earlier than E10 to ~ E12.5, the commissulalepand the surrounding regions
release Fgfs secreted ligands, which have beencprddto promote rostral vs. caudal areal
programs (Bachler & Neubuser, 2001). The electrapmm of anFgf8 expressing plasmid into
rostral telencephalon lead to a caudal shift of gagietal cortex. A rostral shift of the
somatosensory cortex was conversely obtained wh#asmid encoding for a truncated form of
the Fgf receptor 3, able to chelate Fgfs and tonmyact them, was electroporated into the same
region (Fukuchi-Shimogori & Grove, 2001). Moreov&lencephalon-restricted inactivation of
the Fgf receptor gerfegfr 1laresults in olfactory bulb agenesy as well as itgpaing defects of
the frontal cortex (Hebert et al., 2003). Finalygymozygosity for a hypomorphi€gf8 loss-of-
function allele elicits a sensible caudalizationttwé rostrocaudal cortical molecular profile, even
in the absence of any apparent anomaly in theiloision of thalamocortical afferents (Garel et
al., 2003).

Around E12.5 and afterwards, neural progenitothiwithe antihem specifically express
five secreted signalling moleculgsgf7, the Wnt-secreted inhibitdsfrp2 and three Egf-related
ligands (Assimacopoulos et al., 2003). Even thotinglir patterning activities on the cortex have
not yet been characterized, the Egf family memksm¥em to be involved in the regional
specification of cortical areas associated with lthibic system. This is suggested by the up-

regulation of the limbic system associated membraraein LAMP occurringin vitro, in
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nonlimbic cortical domains, in response to Egf figrigands (Ferry & Levitt, 1995; Levitt et al.,
1997).
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1.1.6 Transcription factors genes regulating aregentity

Several transcription factors genes, includidmx2 Emx1, Lhx2 Paxg FoxglandCoup-
tfl, are expressed by neural progenitors within patn@ular proliferative layers, in graded
manners along the tangential axes (Fig., 14) (Madla and Stoykova, 2006).

Figure 14 | Graded transcription factor genes in the early cortical primordium. E12.5 brains, dorsal views: t,
telencephalon; d,diencephalon; m, mesencephalatagi&d from Mallamaci and Stoykova, 2006).

Furthermore the analysis of mice mutant for ealcthem has confirmed the hypothesis
that these genes were crucial for imparting distrecregional identities to neural progenitors.

The homeobox genemx2 expressed by the cortical primary proliferativatnx along a
caudomedidi®"-rostrolaterd?™ gradient, shapes the cortical areal profile asrampter of
caudomedial fates (Simeone et al., 1992; Gulisamh ,€1996; Mallamaci et al., 1998; O’Leary et
al., 1994; Bishop et al., 2000; Mallamaci et a0@). In the absence &mx2 the full repertoire
of areal identities is preserved but caudomedigasrare shrunken and rostrolateral ones
expanded. It was pointed out that abnormalitiesoimical distribution of thalamic afferents taking
place in Emx2° mutants might reflect subpallial misrouting of skeafferents rather than
problems in their final cortical sorting and taiggt(Lopez-Bendito et al., 2002). However, the
overall areal profile is finely tuned to tliEmMx2dosage: relative and absolute sizes of occipital
areas ofEmx2* mutants are intermediate between null and wilektgpce and an expansion of
caudal medial areas can be achieved by introduariegor better two alleles of a nestin-promoter-
drivenEmx2expressing transgene into a wild-type genome (tsakiat al., 2004).

The Emx2paralogeEmx1is expressed in the primary proliferative layetha# cortex along

a gradient similar to that dEmx2 Its expression, however, is not confined to miéstic
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neuroblasts but extends into postmitotic glutangiteneurons (Simeone et al., 1992). As such, it
was suspected th&mxl,like Emx2 promoted cortical caudomedial fates and the amalgf
double mutants confirmed this hypothesis (Shinoeakil., 2004; Muzio and Mallamaci, 2003).

Pax6 encodes for an evolutionary conserved transcripfamtor, including two DNA
binding motifs, a paired domain and a paired-likenkeodomain. Its expression in the mouse
begins at E8.0 and is restricted to the anterioiasa ectoderm and the neuroepithelium of the
closing neural tube in the regions of the spinaticéorebrain and hindbrain (Walther & Gruss,
1991; Grindley et al., 1995). Within the telencdphaPax6is mainly expressed by the dorsal
part and contributes to its pallial vs. subpalijpécification (Stoykova et al., 1997). In the alogen
of functional Pax6 protein, as seen in Bex6 mutantSmall eygHill et al., 1991), a progressive
ventralization of the molecular identity of the Il progenitors occurs (Stoykova et al., 2000;
Kroll & O’Leary, 2005). Within the developing cokePax6is expressed in a subpopulation of
cortical progenitors, the radial glial cells (Gdt al., 1998). Remarkably, within the cortical
periventricular proliferative layerPax6 expression shows a rostrolat8f8icaudomedidl”
gradient (Stoykova et al., 1997; Muzio et al., 280ZThis suggests th&ax6 plays a role
complementary to that exerted Bynx2in the determination of cortical area sizes andhefr
distribution along the rostrocaudal axis of thetewi(Bishop et al., 2000).

The winged helix transcription factor geRexgl, expressed in the early telencephalon
along a caudomed|¥-rostrolaterdl®" gradient and relevant for basal ganglia morphosjeres
well as for cortical neuroblast differentiatias, also crucial for the proper laminar histogenetic
progression of cortical progenitors (Xuan et al93;9Hanashima et al., 2002; Martynoga et al.,
2005). In its absence, neocortical neuroblasts rgémenainly preplate elements and only a few,
poorly differentiated cortical plate cells, finaljyving rise to an aberrant cerebral cortex where a
large fraction of neurons express the Cajal-Retzaels marker Reelir{Hanashima et al., 2004;
Muzio and Mallamaci, 2005).

The LIM-box-homeobox geneLhx2 is expressed in the whole telencephalic
neuroepithelium except the cortical hem, alongaimamedial®-rostrolateraf” gradient. As for
regionalisation control, first, it represses findmtoroidal programs, committing neuroblasts
within the dorsal telencephalon to cortical fatBsil¢hand et al., 2001; Monuki et al., 2001),
second, within the cortical field, it promotes hjgpmpal and neo-cortical vs. paleocortical
programs (Vyas et al., 2003). In the absence o2l ixe choroidal region and the cortical hem
are considerably enlarged (Bulchand et al., 200anki et al., 2001), the residual pallium fails
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to activate archicortical markers and the sameiypmaliconversely expresses specific sets of
markers normally limited to ventral pallium (Bulatthet al., 2001; Vyas et al., 2003).

The nuclear receptor ge@up-tflis specifically restricted to the caudolateral enrtlts
inactivation leads to a complex areal phenotypeluting an enlargment of hippocampus at
expenses of paleocortex, plus a reshaping of nepgawith a collapse of primary sensory areas

and a dramatic expansion of frontal motor areas. (Eb), (Armentano et al., 2007).

Coup-1f1

Coup—tﬁ‘/ oy %

Coup-tf1 +/+ wild type Coup-tf1 /-
D6:Coup-tf1 +/-

* only by molecular profiling @ E15.5

VR

Coup-tf1 ** Wild type Coup-tf17/1
D6::Coup-tf1 *- Emx1 +ere

** only by molecular profiling @ E16.5

Figure 15 | Areal phenotypes of mice knock-out for the graded transcription factors (A) Emx2, Pax6 and Coup-
tf1, (B) Foxgl and (C) Lhx2. (A) E19 brains, dors@ws: M, motor cortex; S, somatosensory cortexaéditory
cortex; V, visual cortex. (B) E19 brains, mid-frahsections: S, subiculum; CA1, cornu ammonis [ fi€A3, cornu
ammonis 3 field; DG, dentate gyrus; F, fimbria; M#arginal zone. (C) E15 brains, frontal sectionkt, Cortical
hem; ACX, archicortex; NCX, neocortex; PCX, palamtex. (Adapted from (Adapted from Mallamaci and
Stoykova, 2006; Muzio and Mallamaci, 2005; Mallamaapublished lessons; Armentano et al., 2007).

1.1.7 Role of Emx2 in mouse cerebral cortex devehamt

Emx2is one of the two vertebrate homologues of Evesophila melanogaster empty
spiracleshomeodomain transcription factor. It was origindthynd in mouse and man (Simeone
et al., 1992a,b) and subsequently isolated in eémdMallamaci, unpublished data; Fernandez et
al., 1997), frog (Pannese et al., 1998), and fMubrita et al., 1995; Patarnello et al., 1997)slt i
expressed in the central nervous system whereaisph critical role in brain and skeletal
development, as well as in urogenital tissues dudavelopment, with mRNA evident in the
earliest stages of differentiation in the primorthiat will give rise to the kidneys, gonads, and

genital tract.
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The onset of expression BMx2in mouse embryonic CNS is around E8.0-E8.5 (Gutisan
et al., 1996). In mouse embryemx2is expressed predominantly in extended regionshef t
developing rostral brain, including the presumpieeebral cortex, olfactory bulbs and olfactory
epithelium. It is also expressed in the inner eat @git primordia, as well as in adult ovary tssti
(Simeone et al., 1992) (Fig., 16).

E12.5

Figure 16 | Emx2 expression profile. In situ analysis on sagittal sections of embryatag 12.5 (E12.5) and E16.5
mouse embryos shows that Emx2 gene is highly sgprkein the telencephalon, particularly in cereboalex (CC)
and olfactory epithelium (OE) from the very begmmiof their development. Later on, at E16.5 a gfrsignal for
Emx2 is detected in the hypothalamus (Hy) (dieneé&pt), in the IE, in the digits primordia (DP), aindthe gonads
(G) and K. Scale bars, 1 mm in the E12.5 embryasdamm in the E16.5 embryos. Abbreviations: OBacibry
bulb; UR, uro—genital ridge. ( Adapted from Simeenal., 1992).

Emx2is one of the earliest dorsal markers for the dwpiah cerebral cortex. From E8.5, a
signal is visible in anterior dorsal neuroectodeeagions of the embryo. By E9.5, the expression
domain extends to the olfactory placodes, and ismded by an anterior boundary, which
overlaps that oEmxJ, and a posterior one, which is located within tbef of the presumptive
diencephalon. From E10.0 and during the formatiocecebral cortexemx2mRNA is detectable
only in the neuroepithelium, whereas it is abseainf most post mitotic neurons of the TF and
CP, as confirmed by bromo-deoxyuridine (BrdU) pdigmeling experiments (Gulisano et al.,
1996). At E12.5Emx2 expression in this layer follows a gradient aldhg anterior-posterior
axis, wich becomes more pronounced from E14.5 asvgBimeone et al., 1992; Gulisano et al.,
1996). The signal appears to be stronger in théepos dorsal telencephalon, where it shows a
sharp boundary, and gradually decreases in infengitanterior and ventrolateral regions.
Moreover, the distribution of the Emx2 protein (ERMollows the same anterior-posterior and

medial-lateral gradient (Fig., 17) (Mallamaci et 4098).
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Figure 17 | Immunohistochemical analysis showing a coronal section of an embryonic-day 15.5 mouse cer ebral
cortex. EMX2 distribution covers the ventricular zone (Va&)d the marginal zone (MZ) where Cajal-Retziusscell
lie (arrowheads). EMX2 seems to participate in thscade mediated by reelin and to regulate neunuakidl
migration across the cortical plate. Scale barni (Adapted from Mallamaci et al., 1998).

Interestingly, cortical neurogenesis follows thgpasite gradient, with a rostro-lateral
maximum and a caudo-medial minimum (Bayer and Atid®91). EMX2 might therefore have
a role either as an inhibitor of cell proliferation as a positive regulator of cell differentiation
Graded expression &mx2,both at the mRNA and protein levels, indicatesghre contributes
to cortical polarity, cell identity and patternimgan early arealization process that takes place i
the VZ ( O’Leary et al., 1994). Finally, the loation of EMX2 in the proliferative layer of the
forming cerebral cortex suggests a potential rale this protein in the control of neuronal
migration of cortical neuroblasts, as well as ia fneparation of their subsequent differentiation.

The early graded expression Bmx2in the VZ suggests that it could be involved in
controlling early, thalamus-independent phases astical arealization and the phenotype of
Emx2" mice confirms this hypothesis and indicates a imlemination. INEmx2™ mice, rostral-
lateral areas, wher&mx2 is poorly expressed (Mallamaci et al., 1998), wergarged and
caudally shifted (Bishop et al., 2002; Mallamaciaét 2000), while caudal-medial areas, where
Emx2products are normally very abundant (Gulisanol.et1@98, Mallamaci et al., 1998) were
strongly reduced (Mallamaci et al., 2000), indicgtithe involvement oEmx2in the caudal-

medial area identity determination (Fig.,18).
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Emx2

Emx2 -/~

Figure 18 | Hypotheses, predicted results, and interpretations of analyses in this study. Diagrams are of dorsal
views of the mouse neocortek,. Graded expression patterns of the transcriptietofsEmx2 across the embryonic
neocortexEmx2is expressed in a high caudomedial to low rosteotdtgradientArrows indicate the direction of the
predicted shifts in markers of area identity inslaé-function mutants.On the right Organization of the mouse
neocortex into areas predicted by our findings.Mdi1), Somatosensons(l) and Visual {1) areas are showk,
CaudaliL, lateral;M, medial;R, rostral. (Adapted from Mallamaci et al., 2000).

In the absence oEmx2 indeed, tangential expansion rates of the pséuadibied
ventricular epithelium (PVE) are reduced. The fresison is that cortical progenitors proliferate
slower: inEmx2" mice, there is an elongation in neuroblast cyctinge (Tc) due to lengthening
of Ts (DNA synthesis phase). Due t@ €longation, the proliferative pool of the mutaaudal-
medial cortex “loses” one cell cycle out of fow#i with respect to its wild type counterpart.

Moreover, cortical progenitors leave cell cycle renofrequently. So, because of
exaggerated neuronal differentiation, the caudaltateproliferating pool is deprived of its
components at even doubled rates. Those kinetimgesa are associated to increased
proneural/antineural gene expression ratio, dowgHegion of lateral inhibition machinery and
depression of canonical Wnt signalling. Remarkaltly, pharmacologically reactivating Wnt
signaling in Emx2" mutants, the neurogenic rates are rescued. Wnt Bmg signalling
synergically promote Emx2 transcription, through a beta-catenin/Smadl,4 bipdmodule
located within theEmx2telencephalic enhancer (Theil et al., 2002). Imt&mx2up-regulates
the final output of the canonical Wnt-signaling miaery, thanks to concerted modulation of
ligands Wnt3a Wnt8h Wnt5g Wnt2h), surface receptorsF¢d9 Fzdl1Q, intracellular beta-
catenin agonistd_efl) and intracellular beta-catenin antagonisisofichg (Muzio et al., 2005).

In this way, near the cortical hem, a positiveutatpry loop establishes betweEmx2
and Wnt signaling, crucial for proper sizing of mial cortex and hippocampus. All these
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phenomena are much more pronounced in caudal-m#gial in rostral pallium, substantially
contributing to selective hypoplasia of occipitalrtex and hippocampus in the late gestation
Emx2null embryos.

Radial migration of cortical plate neurons is sfieally affected inEmx2" mice, similar
to that observed imeeler mutant mice. Inreeler mice, early cortical plate neurons do not
penetrate the preplate, which is not split in mabzone and subplate and give rise to the so-
called super-plate.

Moreover, late born cortical plate neurons do awércome earlier ones, so that the
classical inside-out rule is not followed. feeler mutants, these migratory defects originate from
constitutive functional ablation of tliRelngene, whose expression in the cortical marginagéZsn
necessary and sufficient to properly orchestrateorical neuron layering (D’Arcangelo et al.,
1995). In theEmx2" marginal zoneRelnmRNA expression is apparently normal at E11.5 it
reduced at E13.5 and completely absent since E16.the same mutants, early phases of cortical
plate radial migration are poorly affected wherdate phases are impaired irreelerlike way
(Mallamaci et al., 2000). It is reasonable to hiyesize that the same Cajal-Retzius neurons do
not require the products &mx2at the very beginning of their life and only sulpsently become
dependent on them for surviving and/or retainingjrtproper differentiation state. However, the
increase of the absolute total numbeRa&inexpressing cells taking place in wild-type animals
between E11.5 and E15 (Alcantara et al., 1998)ealbas E10.5-E19 and E12-E19 birthdating-
survival data (Mallamaci et al., 2000), suggesit it least two different populations Reln
expressing cells do exist, which can be operatipndistinguished on the basis of their
dependence olmx2 function. We have an early transient populatiorevalently generated
before E11.0 and not dependent on #mx2 function, and a later one, still detectable at
approximately birth, prevalently generated afted Bland dependent on tlenx2function for
crucial steps of its development.

Furthermore, the caudomedial telencephalic wall ttve cortical hem are one of the main
sources of neocortic&elnpositive Cajal-Retzius (CR) cells (Takiguchi-Hayaset al., 2004),
being the other two the ventral pallium and thew®ep(Bielle et al., 2005). Cortical hem-born CR
cells tangentially migrate beneath the pia materan overall posterior-anterior direction, and
finally distribute throughout the entire neocortelpng a caudomedial-high to rostrolateral-low
gradient. Embryos lackingmx2display an impaired development of their corticabdomedial
region. Thus, absence of CR cells in these mutaiatg be a subset of this regional phenotype,
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possibly arising from dramatic size-reduction ok tlkaudal-medial proliferating pool that
generates them.

Finally, Emx2 together withPaxg plays a key role in telencephalic development as
promoter of cortical versus non cortical morphogenprograms. Indeed, if the two homeobox
genes, normally expressed at high levels in thesldping cortical primordium, are inactivated,
(Fig., 19) (Muzio and Mallamaci, 2003) the telerttapc pallial neuroblasts are respecified as
subpallial neuroblasts and this is followed by fatimn of an additional striatum-like structure in

place of the cerebral cortex (Muzio et al., 2002).

wild type Emx2”"Pax6™'-

Figure 19 | Area identity shifts in cerebral cortices of perinatal Emx2—/—and Pax6—/—brains, dorsal views.

telencephalic wall: choroid plexus (cp, gray); @at hem (ch, blue); cortex (cx, green); laterahgjaonic eminence
(Ige, yellow); medial ganglionic eminence (mge, vnd; anterior hypothalamus (ahy, red). VZ is inldaolor,

extraventricular layers in light color. (Adaptedrn Muzio and Mallamaci, 2003).

As for the role of Emx2 in controlling neural poesors proliferation and differentiation
kinetics, published data are not fully consistéxdute inspection of embryonic brains and short
term analysis of neural stem cells derived fronnthiedicate that Emx2 promotes cell cycle
progression and inhibits premature neuronal diffeagion (Heins et al., 2001; Muzio et al.,
2005). Kinetic profiling and molecular analysisps#rinatal neural stem cells upon their long term
in vitro culture gives opposite results (Gangemalet 2001; Galli et al., 2002; Gangemi et al.,
2006). Molecular and cellular mechanisms underlyivege apparent inconsistencies are presently
unknown. It is possible that, depending on theestaghbryonic or post-natal, Emx2 may undergo
different post-translational covalent modificatiamsalso may be bound by different age-specific
co-factors. That might modify its recruitability thstinct chromatin loci and/or its transcription
trans-modulating properties, so making it altenedsi able to promote neural precursors self-

renewal or neuronal differentiation.
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1.2 Natural Antisense Transcripts (NATS) in the geme

1.2.1 Antisense transcription: structural and funonhal aspects

Natural antisense transcripts (NATs) are endogen&NA molecules containing
sequences that are complementary to other tratsciipe role of antisense RNAs in regulating
gene expression is well established in prokarysyistems. The first cellular antisense RNA,
micF, was identified in E. Coli in 1984 and was showndpress translation of its targémpF
MRNA, through base pairing with its 5’-end (Colen&tnal., 1984). Since than other antisense
RNAs have been described in bacteria and have bkewn to repress (and in some cases
activate) gene expression through RNA-RNA basearmga{iWagner and Flardh, 2002). Recently,
a large number of Natural Antisense Transcripts TB)Ahave been described in mice and
humans. Antisense transcripts in eukaryotes araniably diverse. They can be distinguished by
size, coding potential and orientation with resgectomplementary target sequences. The term
“antisense regulation” generally refers to regolatf expression of an RNA target through direct
base pairing with a complementary RNA. NATs candaded into cissNATs, which are
transcribed from opposing DNA strands at the sasmmic locus, anttansNATSs, which are
transcribed from separate loci (for example theroaRNAS).

cisNAT pairs display perfect sequence complementdasyexpected from their genomic
overlap), whereatransNAT pairs display imperfect complementarity and ¢aerefore target
many sense targets to form complex regulation nédsvéLi et al, 2006). Conventionally, the
term sense transcript refers to the protein-codgion in cases where only one partner of the
sense/antisense pair (S/AS) is a non coding RNRN#). When both are either non-coding or
coding, the distinction is arbitrary. Generallye thense gene is presumed to be the more abundant
and more widely expressed partner that usuallyahastter characterized or more direct function
(Munroe et al., 2006). Often, the sense strandmsidered the one that undergoes splicing or has
longer intronic sequences ( Chen et al., 2005).

Not surprisingly, an huge amount of contributionantisense transcription comes from
non coding RNAs (ncRNAs) and it is a question ahawon agreement that the dominant fraction
of NATs is made up of ncRNA. Moreover, several sggachave shown that a significant amount
of NATs are not polyadenylated and have a restticteclear localization (Cheng et al., 2005;
Katayama et al, 2005; Kiyosama et al., 2005).
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The importance of NATs is now apparent, and thdolespread prevalence has been
reported in many genomesis-NATs can be categorized according to their retativientation
and degree of overlap: head-to-head or divergergri@ping 5 ends), tail-to-tail or convergent
(overlapping 3’ ends), or fully overlapping (onengeincluded within the region of the other),
(Fig., 20) (Lapidot & Pilpel., 2006).
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Figure 20 | Relative orientation of cis-natural antisense transcript pairs. (A) Head to-head (5to 5) overlap
involving 5-untranslated regions and coding exons. (B) Tathtb(3' to 3) overlap. (C) Fully overlapping (one gene
included entirely within the region of the othe@oloured boxes represent exons, grey boxes refrestanslated
regions. (Adapted from Lapidot & Pilpel., 2006).

While earlier works reported convergent S/AS pdios be more prevalent in the
mammalian genome (Lehner et al., 2002; Shenduat.,e2002; Yelin et al., 2003; Chen et al.,
2004; Veeramachaneni et al., 2004), more recerdiesuargue in favour of the divergent
orientation (Katayama, et al., 2005; Li et al., @0@hang et al., 2006; Finocchiaro et al., 2007).

Several studies conclude that NATs tend to beesgad in a cell/tissue-specific manner
and/or display a tendency to be linked to the esgom pattern of their sense counterparts
(Bertone et al., 2004; Chen et al., 2004; Richatsl., 2006; Werner et al., 2007). Their
expression pattern is also time dependent, a finthiat is corroborated by few specific examples
of antisense transcripts implicated in embryonieefi@dment and cancer progression (Ross et al.,

1996). There is increasing evidence that gene andewkaryotic genomes is not random (Hurst et
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al., 2004; Poyatos et al., 2006; Sémon et al., @l genes that have similar and/or coordinated
expression are often clustered along the genomex@ression can be mediated on the small
scale by usage of shared regulatory elementscbkemon enhancers or bidirectional promoters
(Adachi et al., 2002; Trinklein et al., 2004; Caiiet al., 2006; Li et al., 2006; Lin et al., 2007
or, on a larger scaleja chromatin-mediated processes (Gierman et al., 2BQ¥imann et al.,
2007; Kalmykova et al., 2005; Sproul et al., 2005).

Although previous analysis of the mammalian trapseme suggested that up to 20% of
transcripts may contribute to sense —antisense)Spairs (Kiyosawa et al., 2003; Yelin et al.,
2003; Chen et al., 2004), recent studies indidad¢ @antisense transcription is more widespread
(RIKEN Genome Exploration Research Group, Genomen8e Group and the FANTOM
Consortium 2005). Basic studies using mRNA and esggd sequence tag (EST) libraries
combined with information like exon-intron splicisgructures and poly(A) signals, estimated the
extent of the NAT phenomenon in mammals to be & rfnge between 15 and 25 % of all
transcriptional units (Li et al., 2006; Yelin et,a2003). However, because there is only partial
overlap among published data sets, and becausega feaction of non-polyadenylated and
unspliced NATSs is generally excluded from theselisti ( for the sake of higher stringency), it is
highly likely that numbers of NATs are considerabigher. Many complementary sources of
expression data including cap analysis of gene esgpsn (CAGE), serial analysis of gene
expression (SAGE), massively parallel sequencingDifiA pools, and tiling arrays, give rise to
an expansion of NATs in the mammalian transcript¢kempa et al., 2004; Ge et al., 2006). It
has been estimated that at least 40% of all trgotemral units may have concurrent overlapping
antisense partners (Engstrcm et al., 2006).

One of the most fundamental criteria used to mgstish long ncRNAs from mRNAs is
ORF length. Since short putative ORFs can be egdei occur by chance within long non-
coding sequences, minimum ORF cutoffs are usuglpfied to reduce the likelihood of falsely
categorizing ncRNAs as mRNAs. For instance, the FANI consortium originally used a cutoff
of 300 nt to help identify putative mMRNAs (Okaza#ti al., 2002). However there are some
exceptionsH19, Xist, Mirg, Gtl2 andKcnqOr'l all have putative ORFs >100 codons, but have
been characterized as functional ncRNAs (Prasainti.,e2007). Applying a traditional ORF
cutoff of 300 nt will therefore misclassify manyRNAs as mRNAs, and this is especially true
for very long ncRNAs (Fig., 21) (Dinger et al., 3)0
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Figure 21 | Incidence of open reading frames (ORFs) in randomly generated transcripts of increasing length.
Twenty thousand transcripts of varying length aaddom nucleotide composition were computationaéipegated
and scanned for ORFs. The maximum ORF and tratderigths were plotted and fitted to a logarithmicve. The
shaded regions represent incidences of randomiyrong ORFs at 1, 2, or 3 standard deviations fthenmean. The
red line indicates the 300 nt ORF threshold thatoisimonly used to distinguish protein-coding geinesanscript
classification pipelines. Therefore, this plot $iltates that for transcripts longer than ,1000sobgh a threshold may
define transcripts as protein-coding that wouldelxpected to occur by chance. The function y = 9(&)2830,
which approximates random ORF incidence accordinganscript length at two standard deviations abitve mean
(i.e., 95% confidence interval, indicated in greeeguld be used to discriminate noncoding from giretoding
transcripts in a transcript-length—dependent mar(Aelapted from Dinger et al., 2008).

For example, murinist is ~15 Kb in size (Brockdorff et al., 1992) andntains a
putative ORF of 298 aa, wich led to the erroneausclusion that it was a protein-coding gene
when first discovered (Borsani et al., 1991). Toidwerrors, a few methods has been introduced
to detect ORF conservation and distinguish ncRNAsfmRNAs on a transcriptome-wide scale.
The combination of different complementary straésgisuch as computational methods and
artifact filtering, can be used to obtain the lre¢tiéect. For example, the program CRITICA, uses
statistical techniques in addition to its compasatapproach (Badger et al., 1999) and was the
best-performing of ten bioinformatic methods usediscriminate ncRNAs and mRNAs from the
FANTOM cDNA collection (Frith et al., 2006).

A number of other programs use sophisticatedssitzdl approaches based on integrating a
range of characteristic protein-coding signatur@scluding splice acceptor/donor sites,
polyadenylation signals, ORF length, and sequermmology. For example, to discriminate
coding regions, DIANA-EST employs a combinationasfificial neural networks and statistical
approaches (Hatzigeorgiou et al., 2001). Two rdgeiéscribed tools, CPC and CONC, use
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supervised learning algorithms known as supportovemachines to distinguish mRNAs from
ncRNAs (Liu et al., 2006; Kong et al., 2007). Thedgorithms take into consideration multiple
features such as peptide length, amino acid cor@osprotein homologs, secondary structure,
and protein alignment information. Both showed highels of accuracy when cross-validated
against reference protein and ncRNA datasets, emtlkaly to represent the vanguard of future
discrimination methods.

The relative length of ncRNAs is also an indextldir proper functiongis or trans,
respectively:transacting functions are associated with short ncRNAgh as short interfering
(si) RNAs (21 nt), micro (mi) RNAs (~22 nt), piwieracting RNAs (26-31 nt) and short
nucleolar (sno) RNAs (60-300 nt). By contrasis-acting functions have so far only been
associated with macro ncRNAs. Interestingly, wherd@ number of protein-coding genes is no
indication of an organism’s morphological complgxithnacro ncRNA number increases with

complexity, indicating a potential functional rategene regulation (Amaral and Mattick, 2008).
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1.2.2 Antisense function

Conservation of NATs across kingdoms, (Wagner &dhh, 2002) implies that they might
constitute a common mechanism for regulating geqpeession. Based on various relationships
occurring among AS expression levels and thosbef sense partners, it has been predicted that
the former ones might differentially promote or agunize the expression of such partners,
depending on the gene and on the context. Suchcpogdhas been substantially confirmed in a
variety of functional studies, indicating that: (Ap transcription is not simple transcriptional
noise or epiphenomenon of S transcription (He t28l08), but often results a prerequisite for
proper regulation of “coding” sense genes; (2) maler mechanisms by which AS transcripts act
are extremely complex and largely diversified (esved in Munroe and Zhu.; 2006, and Beiter et
al., 2009). In some cases, poor sequence congmrvatit similar exon/intron organization
characterizing antisense transcripts from differgmgcies suggests that transcriptper seand
not the AS RNA molecule may be crucial to the fiorct

That has been demonstrated in the case of th& &ilenan retrovirus HERV-K18, where
AS transcription promotes S transcription (Leupirak, 2005), as well as in a variety of other
cases, where AS transcription inhibits S transionptbecause of competition between the two
transcriptional machineries for shared cofactorsgjue to collision between them (Mazo et al.,
2007). However, the AS transcript may agsx as suchplaying at distinctive regulatory levels
(some examples are shown in Fig., 22).

First, it may regulate the epigenetic state of oratne: the non coding antisense RNk
promotes cytosine-methylation and repression obtleglapping, paternally imprintetyf2r gene
(Sleutels et al., 2001). Another non coding antige®RNA, Kcnglotl recruits H3K9- and
H3K27-methyltransferases to the overlapping, malgrrmethylated KvDMR1 gene (Pandey et
al., 2008). Recruitment of a H3K27-methyltransfer#s also elicited byHOTAIR an antisense
NncRNA encoded by thidoxC locus: here, however, the recruitment does na pd#ice ircis, but
in trans at the paralogoudoxD locus (Rinn et al., 2007).

Second, the AS ncRNA may facilitate recruitmenttrainscription factors to enhancers
impinging on the partner sense gene, so promotmganscription. This is the case of thef2
NncRNA. TheDIx-5/6 ultraconserved region is transcribed to generage NncRNA Evf2 Evf2
specifically cooperates with DIx2 to increase tfams$criptional activity of the DIxX5/6 enhancer in
a target and homeodomain-specific manner. A stadnglex containing thEvf2 ncRNA and the
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DIx2 protein forms in vivo, suggesting that tBef2 ncRNA activates transcriptional activity by
directly influencing DIx2 activity (Feng et al., @6).

Third, the AS ncRNA may modulate the splicing o partner sense pre-mRNA, as
supposed for th€Ra2andZeb2 loci (Hastings et al., 2000; Beltran et al., 2008

Forth, AS transcripts may regulate the half-life thieir sense partners. Pairing of
retrotransposon sense and antisense transcripts faa’ way to Dicer -dependent (Dicer is part of
the RNAselll-family protein) cutting of resultingsBNAs. This is in turn followed by siRNA-
instructed silencing of sense transcripts, from shene or paralogous loci (Tam et al., 2008;
Okamura et al., 2008; Watanabe et al., 2008). Reegports, in fact, have established that co-
expressed sense transcripts/NATs are processedhntd RNAs, the so called “endo-NATSs” by
analogy with the recently defined “endo-siRNAs.” i not new that S/AS hybrids could
potentially provide the templates for transcripeastage involving Dicer, (Hausecker and
Proudfoot, 2005) which forms the molecular basrsRBIA interference (RNAI) (Ambros, 2004).
Dicer cleaves the RNA duplex to produce siRNAs, ohin turn catalyze cleavage of the
corresponding mRNA.

Processing of NATs, implies that they are abldraffic within the nucleus and are
deemed to be exported to the cytoplasm. Exonic temmgntarity, on the other hand, suggests that
RNA hybridization represents an essential stephen grocessing of endo-NATs. The selective
pressure favoring exonic complementarity suggdsds the processing of endo-NATs involves
hybridization with the sense transcript. Consedyesénse and antisense transcripts would have
to be co-expressed in a single cell. Indirect evigesupports this scenario; for example, endo-
NATs and the corresponding sense transcripts arehead in the same cDNA libraries, a
tendency that is not observed with sense/antisgasscript pairs that lack exonic overlaps. In
addition, the same transcription factor bindingesitare often found upstream as well as
downstream of protein coding genes (Cawley et28l04), indicating potential co-regulation of
sense and antisense transcripts expression (Wetrakr 2009).

Fifth, antisense RNAs may modulate translation. t&@ for example, encode large
numbers of small-non-coding RNAs (sncRNAs) (Majdalat al., 2005; Romby et al., 2006;
Storz et al., 2004) and translational repressiandmaerged as the primary mode of their action. It
occurs at the level of translation initiation, bycBRNA binding to the 5 untranslated region
(UTR) of a target. In order to repress translatioiiation, an sncRNA has to successfully
compete with the 30S ribosome for target mRNA bigdiFollowing the block of translation,

some target mMRNAs are irreversibly inactivated bglaucleolytic degradation (Darfeuille et al.,
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2007; Masse’” et al., 2003; Morita et al., 2006) rébwer, ShcRNA can also act repressing trans-
encoded mRNAs by sequestering the 5’ proximal piatthe CDS of the target downstream of the
AUG. (Bouvier et al., 2008). Presently, there apecases of non coding-dependent-translational
inhibition in mammals.

Sixth, antisense ncRNAs may be necessary for pragtesity of their sense partners. This
is the case of the best known functional mammatre@cro ncRNAs, namely thimactive X-
specific transcript (Xist)and X (inactive)-specific transcript, antisense (TsiX)hese are
overlapping transcripts required for X chromosometivation in female mammals. They follow
an epigenetic dosage compensation mechanism thatizgs X-linked gene expression between
the sexesXist is expressed from, and localizes to, the inactivecifomosome, targeting
repressive chromatin modifications and gene silento this chromosom@sixoverlaps with the
entire Xist gene in an antisense orientation and silerXiss on the active X chromosome
(reviewed by Wutz and Gribnau, 2007). Pairing betweist, the triggerer of mouse X-
chromosome inactivation, antkix its antisense partner, is a prerequisite for Dispendent
fragmentation of the resulting dsRNA, driving irriuhe subsequent epigenetic changes which
lead to X-inactivation (Ogawa et al., 2008).

Finally, there is a large number of AS ncRNAs, s#enachanisms of action have been
not yet elucidated. Among them, there are the ncRM#plicated in mammalian gene imprinting.
About 90 genes in mouse show imprinted expressimh their imprinted status is mostly
conserved in humans. These genes includegé(insulin-like growth factor 2) anBlk (delta-
like 1 homologue), paternally imprinted genes, dadr-Igf2r (insulin-like growth factor 2
receptor), Kcngl (potassium voltage-gated channel, KQT-like subkammember 1),Gnas
(guanine nucleotide binding protein stimulating) and PWS-AS (Prader-Willi and Angelman
syndromes), maternally imprinted. Imprinted genessthy occur in clusters that contain 2-12
genes, in most of these clusters at least one geaemacro ncRNA and the imprinted macro
NncRNA is often required for the imprinted expressiof the whole cluster (Barlow and
Bartolomei, 2007).

Imprinted expression of genes in a cluster is et by onecis-acting imprint control
element (ICE) (Spahn et al., 2003; Lewis et alQ8&)0 Importantly, it is the ICE and not the
imprinted genes themselves that carries parenfainmation in the form of a DNA methylation
imprint, which is acquired during male or femalangdogenesis and maintained only on one
parental allele after fertilization. Six well chaterized clusters are known. Significantly, the

parental chromosome carrying the unmethylated IEEhe one that expresses the ncRNA,

40



indicating that the ICE is a positive regulatomeRNA expression (Spahn et al., 2003). In all six
imprinted clusters, expression of the ncRNA cotedavith the repressian cis of some or all of
the imprinted protein-coding genes (O’Neill 2005uker and Barlow, 2006). In this context,
imprinted ncRNAs seem to be an ideal model to sthdynew level of gene regulation because
they control expression of small groups of flankiggnes. Although many features of the
silencing effect generated by imprinted ncRNAslkarewn, the actual mechanism is not yet clear.
In particular, it is not know whether imprinted M¢Rs silence through the transcript itself or

through the act of transcription.

Mechanisms of antisense action
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Figure 22 | M echanisms by which natural antisense transcripts regulate gene expression. (A) Transcriptional
interference. Two bulky RNA polymerase Il complexesopposite DNA strands might collide with andlstae
another. The interference occurs mostly in the gdtion step, resulting in either transcription satrer
transcription in one direction (sense or antiseesdy. Such a mechanism might occur in cases irchvinverse
expression is observed. (B) RNA masking. A spediéise is shown in which the antisense masks aesgilie on
the sense pre-mRNA sequence. (C) Double-stranded-dRipendent mechanisms such as RNA editing and RNA
interference require the simultaneous presencemgesand antisense transcripts for duplex formatind might
therefore account for the observed co-expressiatuoferous sense—antisense pairs. (D) Chromatindeling.
Transcription of non-encoding antisense transcrigtgvolved in monoallelic gene expression. (Adapfrom
Lapidot and Pilpel, 2006). An additional list ofrgs undergoing NATs mechanisms’ regulation is shimaable
1.
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1.2.3 Antisense transcription in development

NcRNA and antisenseRNA are often associated teldementally relevant genes. Among
the first reported cases, there are non-coding sergstion associated toglobin and
immunoglobul genes (Ashe et al., 1997; Gribnau et al., 20@llaBd et al., 2004). Remarkably,
it was proposed that intergenic transcription ie ¢fobin gene cluster may contribute to the
opening of large chromatin domains necessary ferptoper developmental regulation of the
globin genes (Gribnau et al., 2000), playingcis. Moreover, intergenic transcripts in the human
B-globinlocus, upregulated in the absence of Dicer, coalthticative of RNAi-related silencing
processes, where they would be the source of Diependent small RNA molecules, to be used
for the targeting of silencing complexes (Hauseeket Proudfoot, 2005).

More recently, antisense transcripts have beeaorithesl to be associated to a variety of
transcription factor genes implicated in developtaknprocesses, among which several
homeobox-containing genes. A group of newly idéditranscripts originating from the opposite
strand of different homeobox-containing genes, iplaytheir action incis, was shown to be
expressed in the embryonic and postnatal retinaci®haw et al., 2004; Alfano et al., 2005). One
of these, the non codingax20$ corresponds to the antisense of the homeoboxaicing gene
Vax2and its expression level was found to be signitigareduced invax2null mice. Moreover,
the adenoviral-mediated overexpressionCoxOS (predicted to encode a protein of 246 amino
acids) in the mouse adult retina, leads to a significadrease in the expression levels of the
corresponding sense gene, the homeobox g¥rgAlfano et al., 2005). The expression was
restricted to the retina, also fOtx20S RaxOSandPax60S Six30Sand Six60S cDNAs instead,
were detected in retina/brain and retina/skeletagate, respectively.

Antisense transcripts are also associatedSix3 a homologue of theDrosophila
homeobox geneOptix, playing a key role during vertebrate forebraind avisual system
development (Olivier et al., 1995; Seimiya and @Gefjr2000; Lagutin et al., 2003; Liu et al.,
submitted), whose inactivation abolishes in the seotelencephalon formation (Lagutin et al.,
2003). This gene has been associated with elevetisease transcripts (Alfano et al., 2005),
whose expression was found in the optic cup of gorbc day 10.5 (E10.5) mouse embryos and
also in the adult chicken and mouse retina (BlaaWsht al., 2004; Alfano et al., 2005). Among
these transcripts, onlgix30Slcontains a putative short open reading frame (QR&dlicted to
encode a 200 amino acids long protein. The otheofosite strand transcripts do not contain

any putative ORFs and they are classified as ndmgeRNAs. Non coding transcription may be
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also fundamental for the opening and maintenandbeofctive state of HOX clusters. Antisense
transcription from the intergenic spacer regionthim human HOXA cluster positively correlates
with the activity state of adjacent HOXA genes mbeyonic human carcinoma cells. This non-
coding transcription is regulated by the retinomdamorphogen and follows the collinear
activation pattern of the cluster. Opening of tester at sites of activation of intergenic
transcripts is accompanied by changes in histondifioations and a loss of interaction with
Polycomb group (Sessa et al., 2007). Finally, Agcripts are associatedMizx1 niRNA, a key
factor for the development of tooth and craniofbskeleton Msx |is negatively controlled by its
antisense non-coding RNAMEXINCRNA) at a post-transcriptional level aktdx1ncRNA is in
turn positively controlled bivsxl. The tight link between these two genes consstatesgulatory
loop resulting in a fine-tuned expressionMéx | which appears to be significant for adult mice
homeostasis (Petit et al., 2009).

Intriguingly, antisense transcripts are often asged to genes which underwent
accelerated evolution during the transition frontemtors of hominids and other primates to
modern humans. Among genomic regions showing a@tektk evolution since our divergence
from chimpanzee there AR part of the first exon of a 2.8 kb spliced ncRNAnedHARF1,
that is specifically expressed in Cajal-Retziusroes in the developing human neocortex, as well
as in ovary and testis. HARF1 is coexpressed wWiHEERN, a protein that is critical for
neuroblast migration from paramedian stem cell gene zones and for the specification of the
layered structure of the human cortex. Remarkahhe are two alternatively spliced antisense
transcriptsHAR1Raand HAR1Rb,which also contain the HAR1 region in their fieston and
which are expressed in the brain and testis, réispgc(Pollard et al., 2006). The temporal and
spatial pattern of expression HAR1Rsuggests that it may have later developmental tsffiec
downregulateHAR1F by antisense mediated inhibition. Interestinglyelire exhibits enhanced
expression during primate evolution (Molnar et 2006) and also undergoes A-to-I RNA editing
(Levanon et al., 2004).
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1.2.4 Emx20S in mouse cerebral cortex development

Recently a transcript encoded Bynx2 opposite strand was found both in human and
mouse. This gene overlaps wiEmx2head-to-head. The group that first discovered sugbne,
called itEmx2S (Fig., 23) (Noonan et al., 2003).
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Figure 23 | Genomic location of ESTs expressed in the uterus and located within the 10926 endometrial cancer
deletion region. Above large arrow, black boxes represent exonEMK2 Arrowhead is ESTAA025031 derived
from EMX2 Below large arrow, black boxes are exons EfIX20S composite cDNA linking three ESTs
(AA931409, H14416, AA046239) together. The mosEMX20Sexon overlaps with that &MX2,and introns are
indicated by a dotted line. EST AI767901 is alspressed in the uterus and represents an alternaen@ for
EMX20S Arrowheads indicate the direction of transcripti@he accession numbers for the ESTs used in gsipre
analysis are indicated and their representativeGene clusters are shown in bold. (Adapted from Idooet al.,
2003).

The humarEmx20S is expressed in adult uterus, kidney and bradhita length is 8.5 Kb.
The murineEmx2S was identified from the adult uterus and kidmeg its length is 5035
nucleotides. It is expressed also in mouse braihas four exons and three introns and it is
polyadenylated. Both of them show splicing variaitse nucleotide sequences of the human and
murine Emx2 opposite-strand sequences show no detectable bgynother than those regions
that overlap theEmx2 transcript. Several open reading frames of 450 emiicles or less are
present in the human and murine antisense tramsckowever, none of the predicted peptides
are conserved between the two species nor do tieg similarity to sequences in GenBank. In
human the expression Bimx2andEmx20S resulted concordant: they are both highly exgaes
in normal postmenopausal endometrium, reduced emenopausal endometrium, reduced in a

majority of primary endometrial tumors and absenfdur of six endometrial cancer cell lines
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investigated. The murinEmx2andEmx20S transcripts revealed endometrial cellular exqoes
patterns identical to each other and with the huoréiiologs. Remarkably, at the beginning of the
preparation of this thesis no data were availalleus Emx20S in situ expression in the
developing CNS and nothing was know about any ptesanplication of it in fine regulation of

its sense partner in such structure.
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1.3 Aim of the work

In this study, | reconstructed the expressiongpatof Emx20SncRNA in the developing
CNS, by quantitative reverse transcription polirsera&hain reaction (QRT-PCR) and in situ
hybridisation (ISH). Then, by integrating lentiMicDNA delivery, drug-induced perturbation of
patterning pathways and gain- or loss-of-functi@@Of and LOF, respectively) designs, |
addressed possible roles of this transcript onla¢iga of its partner gen&mx2 on primary CNS
cultures as well as on cell lines. As suspectdduihd thatEmx2antisense transcripts may both
stimulate and refinEmx2expression. Moreover, such effects seemed to eeezkat two distinct
regulatory levels, transcriptional and post-traimimnal. These results, beyond their contribution
to the comprehension of mechanisms regulatingamderebral development, suggest a possible
general exploitation of AS-based methods, as afwodrtificial triggering of endogenous gene

expression.
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2 Results

2.1 Espression pattern of Emx20S-ncRNA

Espression pattern of Emx20S-ncRNA
To get a first insight into expression and pumtifiunctions of Emx20ShcRNA, |

compared its abundance with that EBinx2mRNA, in cortico-cerebral and rhomboencephalic
tissues, at four embryonic developmental ages, £1012.5, E14.5 and E18.5. As expected
(Gulisano et al., 1996; Mallamaci et al., 199Bimx2mRNA was specifically detectable in the
cortex, where its levels went progressively dovanfrE10.5 up to E18.5. Interestinggmx20S
NcRNA displayed similar spatial specificity and gantemporal progression (Fig. 2).

Then, | studied th&mx20ShcRNA expression pattern in the developing centeal/ous
system (CNS), by non-radioactiue situ hybridisation. At E12.5, within the CNS, the trangt
was detectable in the telencephalon (Fig. 3A,Bjluiding both pallium and basal ganglia (Fig.
4A), in the mammillary recess of the hypothalamig.(3A, arrowhead) and in the midbrain,
including tectum and tegmentum (Fig. 3C). No sigwak detectable within the rhombo-spinal
domain (Fig. 3A,D)Emx20Swas also expressed by the nasal pits (Fig. 3E)ptie vesicle (Fig.
3G), the choroid plexus of Il and IV ventricle (FigA,D), as well as by two clusters of head
mesenchyme cells, in the snout region (Fig. 3Aeradt) and in the surroundings of the
hypothalamic optic recess (Fig. 3F, arrowheadsis €kpression pattern was essentially retained
at E14.5 (Fig. 3H). At this age, howevEmx20Swas expressed within the mesencephalon along
a rostraf"-to-cauddl®" gradient and a new expression domain appearednviite superficial
cerebellar bud (Fig. 3H,l). Focussing our attentoonthe developing cerebral cortex, we found
Emx20Stranscripts within periventricular proliferativaylers, from E12.5 to E18.5 (Fig. 4A-F),
as well as in the cortical plate (CP), especiallits more superficial part (Fig. 4E,F). Conversely
no signal was detectable within the preplate (P&td its derivatives, marginal zone (MZ) and
subplate (SP) (Fig. 4D-F). In particular, Bonx20OStranscripts could be found within Cajal-
Retzius (CR) cells, aligned beneath gh@ materand specifically expressirfgelnmRNA, in both
neocortex and hippocampus (Fig. 3G-L, empty anid sotowheads).
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A mouse chromosome 19: 59,498,000 - 59,540,000 (UCSC, assembly July 2007)
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Figure 1. Synopsis of molecular tools used for studying expression and function of Emx20S

(A) Representation of the murifigmx2locus, with theEmx2mRNA and theEmx20OShcRNA transcription
units (red). Genomic localization of the riboprobised forin situ hybridization analysis oEmx20S(blue bar).
Genomic localization of the oligonucleotides emgldyor quantitative RT-PCR evaluation Bimx20SncRNA (P1
and P3)Emx2mRNA (N2F and N2R) anEmx2pre-mRNA (11, 12, 13 and 14) (blue arrowheads).

(B) Structure of the bi-cistronic plasmids empldy®r assaying activities of artificial miRNAs agat
Emx20SncRNA in Hela cells and of lentivectors for ovepeassing these miRNAs in primary cells. Localizatad
MiR-aEmMx20S-542 and -774 (blue arrowheads) as well abeaif responsive elementiR-RE with respect to the
antisense transcripmiR-RE(dark yellow), showed enlarged over the antiseremescript, extends across tHe &nd
the 4" exons of it.

(C) Structure of the “driver” lentivector, guidingpnstitutive expression of rtTA-M2, and of “expses’
lentivectors, guiding rtTA/doxycyclin-dependent esgsion of EGFPcds/ncRNA modules. Genomic locadinadf
0S1-179(+) and 0OS1-179(-)ncRNAs (blue arrows), @apgared tEEmMx20SNcRNA andEmx2mRNA (for sake of
clarity, the sense/antisense ovarlapping region idsurroundings are represented enlarged; red, auming
sequences; violet, coding sequences).
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Figure 2. Time cour se quantitative RT-PCR analysis of Emx2-mRNA and Emx20SncRNA expression levelsin
the developing cerebral cortex and rhombencephalon.

Sense and antisense transcripts display concoggetial distributions (abundant in the cortex, abse
rhombencephalon), from E10.5 to E18.5. Within thetex, they share a similar temporal trend, beiraggessively
down-regulated from the pre-neuronogenic (E10.5)dst-neuronogenic stages (E188J.sare primed by random
hexamers and PCRs by oligos shown in Fig. 1. De¢anarmalized on E10.5 cortical samples. Abbrewiati c,
cortex; r, rhombencephalon.
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Emx20S

Figure 3. Distribution of Emx20Stranscripts on sagittal sections of E12.5 and E14.5 mouse brains.

(A-D) Within the E12.5 developing CNSEmMx20SncRNA is detectable in telencephalon (A,B),
mesencephalon (me), including both tectum (te) tagdhentum (tg), (panels A,C) and diencephalonuitialg the
mammillary recess (arrowhead in panel A). It is padsent in rhombencephalon (rh, panel G), exdeptchoroid
plexus of the IV ventricle (chp, panels A,D). Odtsithe CNSEmx20Sis expressed in primordia of sense organs,
nasal pits (np, panel E) and otic vesicle (ov, p&) as well as in mesenchyme underlying snoutlenpais (A,
asterisk) and surrounding the hypothalamic (hyjcotcess (F, arrowheads). .

(H-1) The E12.5 expression pattern is retainedEs4.5. At this age - however - a rosttato-cauddl®"
gradient is evident in the mesencephalon, with gimmam in the torus semicircularis (ts, panel H).iglaver, a new
expression domain appears within the superficiedlellar bud (cb, arrowheads in panel I). Scalel208um in A-
C,H,l, 50um in D-G.
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Figure 4. In situ hybridization profile of Emx20S-ncRNA in the developing mouse telencephalon.

Distribution of Emx208ncRNA (A-l) andRelnmRNA (J-L) on mid-frontal sections of E12.5 (A)1£5
(B) and E18.5 (C,G,J) mouse telencephalons. (D)a(i (F) are magnifications of boxed areas in (B),and (C),
respectively. (H) and (I) are enlargements of boaeghs of panel (G), respectively; the same appligmnels (K)
and (L) with respect to (J); (G) and (J) are adjasections from the same brain.

Emx20Sis expressed in periventricular proliferative leyeat all ages subject of analysis (A-C). An
additional signal is detectable within the cortipkdte starting from E14.5 (B) and gets confineitganarginal-most
part at E18.5 (C). N&mx20Sexpression can be detected in the neocorticalim@rgone (G,H, empty arrowheads)
as well as in the archicortical stratum lacunosuaieculare (G,l), both rich dRelr” Cajal-Retzius cells (J-L, solid
arrowheads).

Abbreviations:; CA1, cornu Ammonis field 1; CA3prau Ammonis field 3; cp, CP, cortical plate; DG,
dentate gyrus; HF, hippocampal fissure; iz, intefiae zone; mz, MZ, marginal zone; ppl, preplateMSstratum

lacunosum-moleculare; sp, subplate; svz, subvetdrizone; vz, ventricular zone; Scalebars, @60
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2.2 Emx20S antagonizes Emx2 expression in a Dicependent way

The mutually exclusive distribution &mx2mRNA andEmx2S-ncRNA among cortico-
cerebral neurons (the former expressed by CR neutba latter by CP neurons) suggested that
reciprocal down-regulation between them could ol that, in particulaEmxZ0S-ncRNA
could be implicated in repressionBix2nRNA.

| first assayed this hypothesis by a LOF approaeh, by knocking-dowrEmx20S-
NcRNA via RNAI and monitoring consequences of traEmx2mRNA levels.

As for the choice of RNAI reagents, | selected best two SIRNAs suggested by the
Invitrogen “BLOCK-iT™ RNAI Designer” software (miREmMx20S-542 and miREEMXZS-
774) plus the BLOCK-IT™ negative control-miR andrqmared their activities on Hela cells. For
this purpose, | built up a set of three plasmi@sheharboring two distinct transcription units and
designed to assay the activity of one specific MiRe former transcription unit, the “sensor”,
included the CMV promoter, the DsRed2 coding segegethe cDNA fragment corresponding to
Emx20S-ncRNA nt 795-915 (target in silico of the twoRmiabove) and the SV40 polyA site.

The latter unit, the “miR expressor”, harbored @MV promoter, the eGFP coding
sequence, a modified 230bp fragment from pri-mmB-+1%5 (where the miR-155 and miR-155*
moieties were replaced by those of the artifici@rm order) and the TK polyA site. A fourth
plasmid was built up as well, similar to the premothree, but harboring inis sequences
encoding for both mIRFEEMXx20S-542 and mIREmMx20S-774 (Fig.1B). | transfected HelLa cells
with these four plasmids, counted fluorescent cafigl calculated for each plasmid the ratio
between red cells and total fluorescent cells, a®raprehensive index of pri-miR processing
efficiency and mature miR activity. The DsRéff®tal fluorescent cells) ratio varied from 65%
(negative control miR), to 39% (MIREMx205542), 10% (MmiRAEmMx20S774) and 2% (MiR-
0EmMx20$642 & miRaAEmx208774), suggesting that the combinatiorcis of the two miRs, -
542 and -774, would be the best choice (Fig. 5Aweler, | noticed that, using the -542/-774
plasmid, the ratio between eGFeells and total cells in the plate was consisyeiotiver (data not
shown), possibly because of enhanced Drosha-depeddstabilization of the chimaeric eGFP-
cds/Pri-miR molecule. As this could pose seriousbf@ms in subsequent production of miR-
encoding lentiviruses as well as in tracing catifec¢ted by these virions, | prudently opted for

simple miRaEmx20S-774 for the following knocking-down experiments.
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To assess the role &mx2S-ncRNA in the developing cerebral cortex, | krextht
down in primary neurospheres derived from E12.5icartissue, infecting them with a lentivirus
constitutively expressing miREmx20S-774. Infection was performed at m.o.i. (multpli of
infection) = 20, which resulted in a generalizedl anbust green fluorescent staining of all
neurospheres. RNA, extracted from neural cells @R2rs after infection, was profiled by
guantitative RT-PCR (Fig. 1A). | confirmed the chiity of miR-aEmx20S-774 to silence
Emx2S-ncRNA, whose signal was reduced by more tham@st(p<0.002; n=9) (Fig.5B, left).
Concomitantly, | observed a modest (+25%), buistteally significant (p<0.03; n=9) increase of
Emx2mRNA.

To assess if upregulation dEmx2 induced by mMIRREmMx20S-774 took place at
transcriptional or post-transcriptional level, ethmeasure®&mx2 pre-mRNA levels, following
infection of neurospheres with midEmx20S-774 or negative control lentiviruses. For sake o
sensitivity and specificity, measurements were donéwvo-step quantitative RT-PCR, using two
sets of nested primers annealing within the fnsix2intron (Fig. 1A). Interestingly, no change in
Emx2pre-mRNA levels was found (Fig. 5B, right), suggesthatEmx20Sdependent regulation
of Emx2took place at post-transcriptional level.

Remarkably, in previous sets of experiments, reardtures were performed in
DMEM/F12/N2 medium, containing the standard growabtors (GFs) mix which promotes the
intermitotic/stem state (Gritti et al., 1996). Asirthg embryonic developmerEmx2mRNA
disappears in post-mitotic neurons, where Emx2C8N#& is transiently upregulated, the
guestion arises: IEmMx20&n1cRNA able to down-regulaemx2mRNA alsoin nascent neurons?
To assess that, tleMx20S-LOF tests were repeated culturing the infectdld i the presence of
5% serum, stimulating neuronal differentiation, place of GFs. Moreover, in this new
experiment an aliquot of miR-C-infected cells waptkunder GFs, as a control. Consistent with
expectations, under 5% serum plus miR-C lentivineyronal differentiation was dramatically
stimulated, as confirmed by massive activation @firon-specifig3-tubulin (Fig. 5C, top), and
Emx2mRNA level decreased, by about 30% (p<0.05; nE8).(5C, bottom-right). Remarkably,
knock-down ofEmx20S induced by miRrEmx20S-774 rescued such decrease to large extent
(Fig. 5C, bottom-right), suggesting tHainx2DS-ncRNA substantially contributesEmx2down-
regulation at the time when CP neurons are born.

Then, to confirm this model, | verified it by amplementary GOF approach, i.e. by
delivering antisens&mx2 cDNA to embryo-derived neurospheres, via lentlviractors, and

scoring consequences of that.
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Unfortunately, the full-length 5.0kbEmx2S c¢DNA harbors two canonical
polyadenylation signals, which make it hardly doigafor our lentiviral expression system. So, in
place of it, | used its 5’-most 179bp fragment,noading with theEmx2-mRNAMx20SncRNA
overlapping region minus a low-complexity 74bp polgymidine tract. Assuming - in fact - that
Emx2S-ncRNA worked by interacting witEmx2mRNA via Watson&Crick base-pairing, this
short fragment should recapitulate key regulativ@pprties of the full-lengtiEmx20ShcRNA.
Moreover, in order to assay both consequencestseause overexpression and their reversibility,
| performed Emx20SGOF manipulations by a dual, TetON-based, lerdlvdelivery system,
triggered by doxycyclin.

Neurospheres were infected by a “driver virusthloaing a constitutively expressed rtTA-
M2 transactivator gene (at m.0.i.=10), plus an fegpor virus” (at m.o.i.=10 as well), harboring
the cDNA sequence subject of investigation. Morecizely, the “expressor virus” encoded for a
chimaeric transgene, which includes the eGFP codeguence, as a tracer, plus the cDNA
fragment subject of analysis. The transgene wagidrby a tTA/ItTA responsive element, tight
(TREY) (Fig. 1C). Two “expressor viruses” were buip: the former harbored the cDNA fragment
corresponding to nucleotides 1-179 BMx20SncRNA [0S1-179(+)], the latter the reverse-
complementary sequence [OS1-179(-)] (Fig. 1C). ikdtkirus, not including anfEmx2sense or
antisense sequences was used as a negative control.

24 hours after cell infection, doxycycline was edand, 48 hours later, cell RNAs were
collected and analyzed. Compared to the controlL-O®(+) reduced thEmx2mRNA level by
24.2% (p<0.001) and OS1-179(-) increased it by %@4.Rwhile not reaching statistical
significance). MoreoverEmx2-mRNAlevels under OS1-179(+) and OS1-179(-) differed-by
43.7% (p<0.01) (Fig. 6A). Remarkably, these chargesmx2mRNA levels were mirrored by
opposite concomitant changeskEbhx2OSncRNA. In synthesis, OS1-179(+) both down-regudate
Emx2mRNA and promotes the expression of the endogeantisense transcript, which may in
turn contribute to such down-regulation.

As for molecular mechanisms mediatirgmx2S-dependentEmx2-mRNA down-
regulation, | hypothesized that the antisense ncRhght destabilize the sense mRNA, forming a
double strand with it and so preparing its degiadaby double-strand ribonucleases. Among
these enzymes, a reasonable candidate might berlDiéevolved in dsRNA-mediated
destabilization of retrotransposon transcripts (Edral., 2008; Okamura et al., 2008; Watanabe et
al., 2008) and crucial to generation and surviatartico-cerebral neurons (De Pietri Tonelli et
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al., 2008). To test this hypothesis, | decidedepeat the GOF experiments described above in
cells alternatively provided with Dicerl activity deprived of it.

The morpholino technology (Summerton et al., 200&s selected for Dicerl knock-
down. Sequences of anti-Dicerl morpholino anddtserse negative control were obtained from
the Gene-Tools free design serviceRQicerl and C, respectively) and the former molecués
validated, by testing its capability to inhibit @id-dependent pri-miR-124a maturation (Winter et
al., 2009) [this is assayed by a DsRed2 sensor lggtel to a miR-124a responsive element, co-
trasfected into these cells with pri-miR-expressiasmids (for details, see Fig. S1)]. To get the
best knock-down, NIH/3T3 cells, among the easiestransfect by established morpholino
reagents, were selected as a substrate.

With these tools, combined Dicerl-knock-down (BKd®) and OS1-179(+/-)-GOF
manipulations were performed, according to the daleein Fig. 6B. Results were as follows.
Lentivirus OS1-179(+) downregulatemx2mRNA in all tested conditions. Compared with
lentivirus-C treated controls, relative levelsEahx2-mRNAIpon OS1-179(+) infection, changed
by a factor of 0.56/1=0.56 (p<0.001) - and 1.43%®87 (p<0.01), in wild type and Dicerl-KD
NIH/3T3 cells, respectively. As fan-Dicerl, this morpholino gave conversely rise toohust
increase oEMx2mRNA. Compared with morpholino-C-treated controidative levels oEmx2
MRNA undera-Dicerl changedby a factor of 1.42/0.56=2.54 (p<0.001), 1.65/1851(j6<0.001),
and 1.82/1.31=1.39 (p<0.01), in cells infected 1€179(+), control or OS1-179(-) lentiviruses,
respectively. The stronger effect elicited by OS®8(*) in the presence of normal levels of
Dicerl and the more pronounced effect elicitedabpicerl when associated to OS1-179(+)
suggested the likely occurrence of a specific fionetl interaction between Dicerl and the
antisense transcript. Remarkably, two-ways ANOVAamnalysis of Emx2 expression data
confirmed this suspect, with p<0.025 (Fig. 6B). Suamnizing: (1)Emx2-mRNAs normally down-
regulated by Dicerl; (2) the antisense RNA fragnmrdrlappingEmx2mRNA destabilizes it;
(3) Dicerl promotes such antisense-dependent mR¥¢faldilization.
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Figure 5. Setting-up Emx20SncRNA knock-down by RNAI, in HelLa cells. Up-regulation of Emx2-mRNA in
cortico-cerebral neurosphere cultures, via Emx20Sknock-down. Rescue of Emx2-mRNA downregulation in
differentiating neurons, via Emx20Sknock-down

(A) Down-regulation of the miR-RE-sensitizdasRed2reporter in Hela cells, upon overexpression of
artificial miRNAs designed againEmx20S

(B) Down-regulation oEmx20SncRNA, up-regulation of maturEmx2mRNA and unchanged levels of
immatureEmx2pre-mRNA in E12.5-derived cortical primary celisx), acutely infected by miREmx20S-774-
expressor lentivirus, kept in Sato medium and hetece 72 hours later. Data are normalized on contiBl-treated
samples (miR-C).

(C) Neuronal differentiation of lentivirus-transmid neural precursors kept 72 hours under 5% sexam,
assessed bf-tubulin immunoprofiling. Down-regulation &mx2mRNA in miR-C-infected neural precursors, kept
72 hours under 5% serum in place of growth fac{@Es). Rescue of such down-regulation, elicited midr-
0Emx20S-774-induced knock-down &mx20ShcRNA. gRT-PCR data are normalized on control-riigted
samples (miR-C), kept under GFs.
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Figure 6. Down-regulation of Emx2 and up-regulation of endogenous Emx20Sin cortical neural precursors,
upon lentiviral transduction of the artificial antisense transcript OS1-179(+). Assessing the requirement of
Dicer1 for Emx2 antisense-dependent Emx2 knock-down, in NIH/3T 3 cells.

(A) Emx2mRNA andEmx20SnhcRNA expression in primary neural precursor c¢alsrived from E12.5
cortices (cx) and acutely infected with the “driviemtivector, plus “expressor” lentivectors [OSTA+), OS1-179(-
) and control (C)] in different combinations. Onaydafter sample dissociation, cells are adminigtength
doxycyclin and, two more days later, profiled foN/R Data are normalized on control lentivirus-teghtsamples.
0S1-179(+) induces a moderate (around -25%), ltissgtally significant down-regulation &mx2mRNA, as well
as a moderate up-regulation (+35%) of the endogeantisense transcript.

(B) Emx2mRNA expression in NIH/3T3 cells, acutely infectsith the “driver” lentivector plus each of the
three “expressor” lentivectors [0S1-179(+), OS1{1)6r C]. Cells are administered 6 hours aftee@tion with an
anti-Dicerl or a control (C) morpholino and 18 mwurs later with doxycyclin. Two more days latdrey are
RNA-profiled by gRT-PCR. Data reported in the higam are normalized on samples infected by coterdlvirus
and exposed to control morpholino. Compared wittiverus-C-treated controls, levels Bmx2-mRNAhange upon
0S1-179(+) infection by a factor of 0.56/1=0.56 @B301) and 1.42/1.65=0.87 (p<0.01), in NIH/3T3 sé¢teated by
control morpholino andx-Dicerl, respectively. Compared with morpholinor€ated controls, levels dEmx2
MRNA change upom-Dicerl administration by a factor of 1.42/0.56=2 (#<0.001), 1.65/1=1.65 (p<0.001), and
1.82/1.31=1.39 (p<0.01), in cells infected by OSB{}), control or OS1-179(-) lentiviruses, respesl. Two-ways
ANOVA data analysis points to the occurrence otuacfional interaction between Dicerl and OS1-179¢i)h
p<0.025 (Fig. 6B).
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2.3 Emx20S transcripts promote both Emx2-mRNA anthf20S-ncRNA expression

The specific co-expression &Mmx20SncRNA andEmx2mRNA by neural precursors
belonging to defined regions of the developing Cbéiffjgested that antisense transcripts, in
addition to trigger destabilization dEmx2mRNA, might be also basically implicated in
promoting its transcription. This hypothesis midig easily tested, by over-expressiBgx2
antisense sequences in neural precursors from sggfeghe embryonic CNS which normally do
not expresEmx2 among these, for example, the rhombo-spinal {@icheone et al., 1992a and
b).

So, we infected neural precursor cells obtainedhfthe dissociation of E10.5 rhombo-
spinal tracts with the rtTA-M2 driver virus, altatively associated to OS1-179(+) or control
viruses, each at m.o.i. = 10 (Fig. 1C). Moreovex,basal expression levels Bmx2in the
rhombo-spinal tract are very low, (near the expental background), to circumvent potential
problems arising from that, the experiment was agnording to the following design. Some
aliquots of the infected cellsvere kept under standard neurosphere medium (&adli., 2002),
whereas some others were further added with a akedicdrug mix. ASEmx2 expression is
stimulated by canonical Wnt signalling, via up-riegion of the transcription factor (TF) beta-
catenin (Theil et al., 2002), and should be redume8hh signalling, via repression of the TF Gli3
(Theil et al., 1999; Rallu et al., 2002), aliquotdhe infected rhombo-spinal cells were kept under
additional 1mM lithium cloride, potentiating therfioer (Clément-Lacroix et al., 2005), and\M
cyclopamine, down-regulating the latter (Incardenal., 1998), so as to increase the baseline of
the assay and ameliorate its signal-to-noise ré&tinally, telencephalic cells, infected by the
rtTA-M2-expressor “driver” and control viruses, \weegrown under the same lithium/cyclopamine
mix, as a positive control. All cells were keptdulture for 72 hours and then profiled by gRT-
PCR (Fig. 7A).

As expected, thEmx2expression level in rhombo-spinal cells, infectath control virus
and kept in the absence of drugs, resulted farrdlagn in the positive control. THemx2level
slightly rose, upon treatment of rhombo-spinal <dlly either the OS1-179(+) virus or the
lithium/cyclopamine mix (about 2 and 4 times, wigx0.01 and p<0.001, respectively).
Interestingly, simultaneous exposure of rhomboapicells to both OS1-179(+) virus and
lithium/cyclopamine elicited a much more dramatpraegulation effect (almost 30 times, with
p<<0.001), suggesting a powerful synergy between limactive virus and the drug cocktalil

(p<0.001) (Fig. 7A, upper histograms). In other dgyras hypothesizeBmx20S3ranscripts may
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activateEmx2 expression and the amplitude of this phenomenanuish more prominent, upon
appropriate pharmacological modulation of the raclBF milieu impinging orEmx2regulation
(Theil et al., 1999; Rallu et al., 2002; Theil ¢t 2002). Noticeably, changes Bmx2mRNA
levels elicited by pharmacological and genetic rpalaitions described above were paralleled by
strikingly similar changes dEmx20SncRNA (Fig. 7A, lower histograms). This indicatdtht
both reasonably originated from concerted stimafatf sense and antisense transcription at the
Emx2 locus. This also suggested that the upregulatioErox2mRNA triggered by artificial
0OS1-179(+) administration might be further sustdiby endogenous antisense transcripts from
the same locus, induced by OS1-179(+) itself (FA).

As the previous experiment was done by keepingQB&-179(+) transgene chronically
on, it was poorly informative about the kineticddam patrticular, the reversibility of thEmx2
activation triggered by antisense transcripts. @idress this issue, we repeated the OS1-179(+)
overexpression test, according to a different tempschedule. Briefly, E10.5 dissociated
rhombo-spinal cells, acutely infected by the “drivplus the OS1-179(+) virus (or its control)
and kept chronically under lithium/cyclopamine, ev@xposed to doxycyclin for different times
and finally scored forEmx2 sense and antisense expression levels, 120 hdias their
dissociation (Fig. 7B).

Main results of this test are as follows. Withdahwf doxycyclin at 72 hours allowed full
shutting off of OS1-179(+)-ncRNA at 120 hours, agessed by the absence of associated eGFP
fluorescence (Fig. 7B, panels to the top). Remdykahis was accompanied by a collapse of
endogenousEmx2 sense and antisense transcripts to levels pectdiathombo-spinal cells
infected by the control virus (Fig. 7B, histogramms)other words, even low, bpersistinglevels
of antisense transcripts seem toshéficientand strictlynecessaryor proper firing of theEmx2
transcription unit. This might explain whymx2sense and antisense transcripts have normally to
be co-expressed in proliferative layers of theyedelveloping CNS.
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Figure 7. Ectopic and reversible activation of Emx2-mRNA and Emx20SncRNA expression in rhombo-spinal
neur ospheres, upon lentiviral transduction of Emx2 antisense transcript.

(A) Ectopic activation of the endogenodmx2locus by OS1-179(+). The two graphs shBmx2mRNA
and Emx20SncRNA expression levels in primary neural prectgssioom distinctive portions of the E10.5 CNS,
rhombo-spinal tract (rh/sc) and telencephalon @eltely infected with “driver” and “expressor” terectors (Fig.
1C), kept under doxycyclin and added or not with ltii/cyclopamine mix. Samples are RNA-profiled 72 haafter
infection. Data are normalized on telencephalicprsors exposed to lecyclopamine, infected by control lentivirus
and kept under doxycyclin. BasBmx2 expression by rhombo-spinal cells, very low as pared to telencephalic
precursors, rises about 2 (p<0.01), 4 (p<0.001)3htmes (p<0.001), upon treatment of these weills the OS1-
179(+) virus, the drug mix, or both, respectivelywo-ways ANOVA indicates that a specific interactibetween
0S1-179(+) and the drug mix takes place, with p@D.CA similar course is shown HyMx20SncRNA, whose
levels in rhombo-spinal samples - however - fallals below the telencephalic sample.

(B) Reversibility of 0S1-179(+)-dependent activatiof the endogenousmx2transcription unit. The four
panels to the top show time course analysis of efBlfPescence in neural precursors, infected byedrand OS1-
179(+) lentiviruses and kept under doxycyclin f@ ar 120 hours. The absence of fluorescence imdti®m-right
panel means that withdrawal of doxycyclin at 72risas sufficient to reset levels of the EGFP/OS9{1} chimaeric
transcript to zero by 120 hours. The two graphthéobottom shovEmx2mRNA andEmx20ShcRNA expression
levels in primary neural precursors from the Elh&mbo-spinal (rh/sc) tract, acutely infected witliver” and
“expressor” lentivectors (Fig. 1C), kept under doyglin for 72 or 120 hours and chronically expostd
Li*/cyclopamine throughout the experiment. Samples RMNA-profiled 120 hours after infection. Data are
normalized on rhombo-spinal cells exposed tidyiclopamine, infected by OS1-179(+) lentivirus et under
doxycyclin throughout the experiment. Removal ofxylryclin at 72 hours abolishes (p<0.01) the 4-folp-
regulation of Emx2mRNA, detectable in Li/cyclopamine-treated rhondminal precursors, upon their further
infection by lentivirus OS1-179(+) (p<0.01). Sinmileonsequences are elicited by doxycyclin removalevels of
Emx20SncRNA.
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2.4 Absence of Emx2 sense transcription and/or isoducts impairs Emx20S-ncRNA
expression

The association betwedimx20Sand Emx2 transcripts might also imply a reciprocal,
complementary dependence BMx20ShcRNA expression orEmx2 sense transcription. To
address this issue, we compared level€pix2 antisense transcripts in E12.5 cortices from
Emx2"", Emx2” andEmx2" mouse embryos (Pellegrini et al., 1996). Hrax2 nullallele of
these mutants - in fact - lacks only a small gemofragment encoding for the C-term of the
homeodomain (250bp), not provided of any knowis-regulatory activities, has an intact
divergent-promoter region and still harbors the twain enhancers which drive transcription in
the developing telencephalon (Pellegrini et al969Theil et al.,, 2002). As such, it should in
principle be able to normally drive the synthedigantisense transcript.

Notwithstanding that, we found thEmMx20ShcRNA was down-regulated by more than
80% in homozygous null mutants and by 50% in hetggous mutants (Fig. 8), suggesting that -
as suspected Emx2 sense transcription and/or its products are in tuecessary for proper
expressiorof Emx20ShcRNA.
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Figure 8. Down-regulation of Emx2-mRNA and Emx20SncRNA in acutely
dissected cortices from E12.5 embryos harboring one (he) or two (ko) Emx2 null
alleles.
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A assaying a-Dicer1 activity

pri-miR-124a

pre-miR-124a
RISC
_ Dicer1 ‘m mRNA
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Figure S1. Validation of a-Dicer1 morpholinoin NIH/3T3 cells.

(A) Rationale of the assay:Dicerl-dependent suppression of pri-miR-124a-ddpenhDsRed? inhibition.

(B) Molecular tools for validatingx-Dicerl activity: inserts of pri-miR-expressor amidR-124a-sensor
plasmids; sequences @fDicerl and control morpholinos. The miR-124a resmde element (miR-124a-RE)
corresponds to the 477-bp 3'UTR fragment of moluBe2-mRNA (chr2 (+):38224759-38225235); Pri-miR-124a
corresponds to the 285-bp mouse Pri-miR-124(2) ggméragment (chr3 (+):17695562-17695846); conBotmiR
contains the Pri-miR155 sequence from the BLOCK-igXpression vector (Invitrogen).

(C) Rescue of miR124a-dependent DsRed2 inhibitipn a-Dicerl morpholino, in NIH/3T3 cells.
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3 Discussion

In this study | reconstructed the expression pattd Emx20SncRNA, the antisense
transcript associated to the transcription faceregzmx2 in the developing mouse CNS. Then, |
preliminarly investigated its involvement in reguda of Emx2expression.

As shown by gRT-PCR (Fig. 2) anidh situ hybridisation (Fig. 3),Emx20Swas
specifically expressed by a number of CNS subsirastand sense organs also expredsmg2
Among them: telencephalon, mammillary recess, ogatum, olfactory placode, otic vesicle
(Simeone et al.,, 1992; Mallamaci et al., 1998; aopublished data). Such colocalization of
Emx20Sand Emx2 in periventricular layers of defined neural tubem@ins might be an
epiphenomenon of shared regulatory mechanisms gimgron both. Alternatively, transcription
of one or both units might specifically promote titber and, in particular, antisense transcription
might contribute to specifically kedgmx2on in neural precursors of defined spatial domains

Remarkably, the two transcripts, both expressepdsiwentricular neural precursors of the
cortical primordium, displayed a mutually exclusigattern in post-mitotic progenies of such
precursors. Newborn neurons belonging to the @irgilate strongly express&inx20SncRNA,
expecially at the end of their radial migration FAE,F), but noEmx2mRNA (while still
harboring residual Emx2 immunoreactivity) (Simeagteal., 1992a; Mallamaci et al., 1998).
Pioneer Cajal-Retzius neurons lying in the margemale conversely expressed huge amounts of
Emx2 mRNA and protein (Mallamaci et al., 1998; our ubished data), but no antisense
transcript at all (Fig. 4G,L). Such mutual disttilom pointed to a possible negative cross-
regulation betweeEmx20S andEmx2expression products and, in particular, to an Ivemment
of the former in fine control of post-mitotic sileng of the latter.

This last hypotesis was tested by artificially miading Emx2 antisense levels in neural
precursors derived from the cortico-cerebral prainam. An inverse correlation was found
between levels oEmx20Sand Emx2transcripts, confirming that the former might b@mally
implicated in down-regulation of the latter. Howgvine amplitude of these phenomena was not
dramatic. Halving Emx20SncRNA by RNAIi up-regulatedEmx2mRNA by about 33%.
Overexpressing the 5’ fragment of the former unilercontrol of a powerful, Pgk-promoter/Tre-
driven binary system, the latter was reduced by @6P6 (with regards to that, it was reasonable
to hypothesize that overexpression of the full-tangmx20Smolecule might elicit a more
powerful effect). This suggested tlanhx20Tegatively modulateEmx2 while being not able to
completely shut it off. Moreover, changestEohx2mRNA levels elicited bfEmx20OSRNAI were

66



not reflected by the course of the correspondirggrpRNA, that remained stable as found by
intronic gRT-PCR, further suggesting tHammx20Sdependent modulation dmx2 took place
post-transcriptionally. FinallyEmx20&dependent down-regulation &mx2 was promoted by
Dicerl, which might act by “dicing” th&Emx2mRNA/EMX20ScRNA hybrid, similarly to
retrotransposon silencing (Okamura et al., 20080 Tet al., 2008; Watanabe et al., 2008).
Consistent with this model, the concomitant up-fagon of Emx20SncRNA caused by OS1-
179(+) might reflect a reduced degradation ratthefendogenous antisense molecule, following
the competition by OS1-179(+) for sense transdipding.

Subsequently, to cast light on the biological nieginof EmxZEmx20S transcripts
colocalization in defined structures of the earlgural tube, the hypothesis that sense and
antisense transcription at teenx2locus reciprocally sustain each other was tested.

To assay the capability &Emx20S1cRNA to promoteEmx2mRNA expression, a 5’
fragment of the former was overexpressed in rhosginal precursors, normally expressing none
of them. As suspected, delivery of this fragmen§1€179(+)-ncRNA, into such cells elicited
strongEmx2upregulation. No direct assessment of the lexahscriptional or post-transcriptional
at which this phenomenon took place was perforriEvever two considerations suggest that
the former possibility might hold gooHirst, OS1-179(+) strongly synergizes with a drogktail
specifically up-regulating beta-catenin, a powetfahscriptional activator able to bind the two
telencephalic enhancers Bmx2(Theil et al., 2002). Second, up-regulationEohx2is faithfully
paralleled byEmx20Sup-regulation.

Concerning mechanisms mediating transactivatioggties of OS1-179(+) (as well of its
targetEmx20SNcRNA), two hypothesis may be taken into accowthBnolecules might interact
with transcription factors impinging on thEmx2 locus, ameliorating their binding to the
chromatin and/or their processivity (like the Evi@RNA at the DIx5/6 locus (Feng et al, 2006)).
Alternatively, antisense transcripts or their bggucts might make thd&mx2 chromatin
accessible, by recruiting appropriate modifier eneg to it. The need gfersistentOS1-179(+)
expression to gdEmx2activation and the capability of the only drug ktad to elicit weak but
reproducibleEmx2 upregulation induce to rule out this latter hymsils and to consider the
former one more likely. Beyond mechanics of OS1{ty@ction, such activation &dmx2by a
short antisense transcript is nonetheless remarkablpossible prototype of a general method for
overexpressingingle specifiggenes, without any need to introduce additionpleof them into
the genome, similarly to RNAa (Li et al., 2006; Ghet al., 2008; Mao et al., 2008; Place et al.,
2008).
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Finally, to ascertain ifEmx20SncRNA expression reciprocally depended Bmx2
transcription (and/or its product®mx20Sevels were scored in mice which harbored onevor t
Emx2null alleles, but no genic lesion obviously incatiple withEmx2antisense transcription.
Remarkably, in such mice, boEmx2andEmx20Sranscripts were dramatically down-regulated.
Mechanisms of such down-regulation, possibly vesgnglex, were not addressed at all in this
study and will be subject of a further dedicated.ddased on such down-regulation as well as on
consequences of OS1-179(+) overexpression in rhesplmal precursors, | can speculate now
thatmutualpromotion of sense and antisense transcriptidimesEmx2locus may be a crucial pre-
requisite for proper activation and expressionEnfix2 Maybe that is whyEmx2 sense and

antisense transcripts are co-expressed in defioethihs of the early neural tube.
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4 Materials and methods

4.1 Animal handling

Wwild type (w.t) mice (strain CD1, purchased fronartdn-Italy) andEmx2 nullmutants
(Pellegrini et al., 1996) used in this study weraintained at the SISSA-CBM mouse facility.

Embryos were staged by timed breeding and vagiha inspection. Animals handling
and subsequent procedures were in accordance withp&an laws [European Communities
Council Directive of November 24, 1986 (86/609/EE@nd with National Institutes of Health
guidelines. Embryos (E10.5-E18.5) were harvesteunfipregnant dames killed by cervical
dislocation.

4.2 Reagents and standard procedures

All basic DNA manipulations (extraction, purifican, ligation) as well as bacterial
cultures and transformation, media and buffer papms were performed according to
standard methods. DNAs were transformed in the IETC2P-10 strains (Invitrogen).

Restriction and modification enzymes were obtaifrech NEW ENGLAND BiolLabg.

and PROMEGA, and used according to manufacturelnesit DNA fragments were purified
from agarose gel by the QIAquick Gel Extraction KQuiagen). Small scale and large scale

plasmid preparations were done by purification oola (Quiagen).

4.3 Preparation of histological samples

Dissected embryos were immersion-fixed overnight4bo paraformaldehyde in 1X
phosphate saline buffer (PBS) (except for E 10.5rgos, immersion fixed for about 10 hours)
and then cryoprotected by immersion in 30% sucho$eBS 1X overnight at 4 °C. Tissues were
frozen in OCT compound, sectioned at}il in a cryostat, collected on slides SuperFross Plu
(Fischer), air dried for about 30 min, and stored &0 °C until use.
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4.4 Preparation of single-stranded RNA probes

Single stranded RNA probes were synthesized bynthétro transcription of sequences
cloned intop-GEM vector containing specific T3 and T7 RNA polymergsomoter sites. By
choosing the appropriate direction, either antiseos sense RNA —strands were synthesized.

They were linearized, treated with phenol/chlorofand finally precipitated. Linearized

plasmids were resuspended in distilled water atngentration of Jug/ul.

4.5 Preparation of Dig-labelled probe

According to the manufacturers’ instructions, lixed the following reagents on ice:
linearized DNA: Lg; transcription buffer 5X: 4l (Promega); DTT 0,1M: @ (Promega); Dig-
labeling-mix 10x (Roche): #; RNAse-OUT Recombinant Ribonuclease Inhibitor W@l: 1ul;
SP6 and T7 RNA polymerases (Promega) 20l:Wul; and HO up to 2@l. The reaction was
then incubated at 37 °C for 1h 30" and subsequeindgted with RQ1 RNase-free DNase
(PROMEGA) for 20’ at 37°C. dl of the transcription was run on a 1,5% not-denatuagarose

gel against known amounts of ribosomal RNA marReobes were stored at -80°C in the dark.

4.6 In situ hybridization protocol

Hybridization. In order to improve signal and reduce the backgipwsections were
subjected to several pre-treatment steps beforeptblee addition. The following protocol is
adapted for the cryostat-cut sections.

Slides were left to dry at least for 30 minutefieAthis step slides were immersed in 4%
paraformaldehyde/1x PBS for 10 minutes and thenhadswith PBS twice, for 5 minutes.

Slides were immersed in HCI 0.2 M for 5 minutegsshed with PBS three times for 5
minutes and incubated in Ouffg/ml of proteinase K (Roche) in 50 mM Tris-HCI p8{=5 mM
EDTA at 30°C for 10 minutes. The proteinase K reacivas stopped by washing slides twice
with Glycine 4 mg/ml/PBS for 5 minutes. Slides wavashed with PBS for 5 minute, twice.

Slides were quickly washed in distilled water &ndlly placed in a box containing 0.1 M
Triethanolamine-HCI pH=8 set up with a rotatingr dtiar for 5 minutes. 0.4 ml of acetic
anhydride was then added twice for 5 minutes. Slidere washed in sterile water twice for 2
minutes and subsequently used for probe-hybridinati

Washing of sectionsThe hybridization mix DPenhardt's salts 1x, DTT 50 mM,
Polyadenilic acid 500ug/ml, Ribonucleic acid transfer 53,pg/ml, Dextran sulfate 10%,

Formamide 50%) including probe was heated at 8@tCLO® minutes and applied to the slides.
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Clean coverslips increased spread the hybridization over the sections. Slides were placed
horizontally in a sealed plastic box, together wiper soaked in 50% formamide, 5x SSC and
incubated overnight at 60°C. The following daydes were washed in a solution of 5x S&C-
mercaptoethanol at room temperature (RT) for 30utem Cover-slips were removed. Slides
were incubated in stringent buffer (50% formamiaeSISCH-mercaptoethanol) at 60°C for 30
minutes. They were then washed with NTE buffer NDISaCl; 10 mM Tris-HCI pH=8; 5 mM
EDTA pH=8) two times for 15 minutes each, at 3730des were then incubated with 2x-SSC
for 15 minutes, then with 0.2x-SSC for addition&l rhinutes. This two last steps were done at
room temperature. From this point slides were iated twice in B1 solution (0.1 M Tris-HCI
pH=7.4; NaCl 0.15) for 5 minutes and then blockedBil solution containing 10% of Heat
inactivated fetal bovine serum (FBS-Gibco) for luhat room temperature. Slides were next
incubated in B1 containing 0.5% FBS and #hBig-AP (Roche) at the concentration of 1:2000,
overnight at 4°C. The following day, sections wearashed three times in B1 solution before
incubation in B2 buffer (0.1 M Tris-HCI pH=9.5; OM NaCl; 50 mM MgC}) containing 3.5ul

of NBT and 3.5ul of BCIP (Roche) for each ml. The developmenth&fsie sections was followed

using the microscope.

4.7 Probes used for the in situ hybridization

Not radioactive in situ hybridization was perfonas previously described, with minor
modifications (Muzio and Mallamaci., 2005). Twoajfrobes were use@Emx20$ corresponding
to mouse chromosome 19: nt 59,500,768-59,501,56il Rein corresponding to the 3.3 kb
"EcoRI-EcoRI" fragment from the BS6 clone (a gift A. Bulfone). Hybridized embryo sections
were imaged and analyzed using a fluorescent Nfkokyo, Japan) Eclipse 80i microscope and
a DS2MBWC digital microscopecamera. All images were processed by Adobe Phoposho

CS3software.
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4.8 Cell cultures

Primary cells. Cortical primordia and rhombo-spinal tracts werssected from E12.5
mouse embryos and mechanically dissociated to esinglls, by gentle pipetting. Dissociated
neural precursor cells were cultured at 700 qdllsh DMEM/F12/Glutamax medium
(Invitrogen™), integrated with N2 suppleme(ihvitrogen™), 1 mg/ml BSA, 0.6% w/v glucose,
2 ug/ml heparin, 10 pg/ml Fgf2, 20 pg/ml Egf, 1XnP&rept (Gibco), 10 pg/ml fungizone.
Cultures were usually blocked and underwent RNAaetion 72 hours after dissection. When a
longer culturing time was required, primary neutwses were dissociated to single cells by
trypsin-DNAsel and re-plated at the same initiaigigy. When required, doxycyclin was added to
the culture medium at.@y/pl.

HeLa cells and NIH/3T3 cell€ells were cultured in DMEM-Glutamax-1™ (Gibco)upl
10%FBS, according to standard protocols. When gp@te, a-dicer (5° GGCTT TTCAA
TCATC CAGTG TTTCT 3’) and control (5 TCTTT GTGAC TACT AACTT TTCGG 3)
morpholinos were delivered to cells atyM, by 6uM EndoPorter™ carrier (GeneTools),
according to manufacturer’s instructions. When negly doxycyclin was added to the culture

medium at ag/ul.

4.9 Quantitative RT-PCR

RNA preparationRNA was extracted from CNS explants and cell cakuby Trizol™
(Invitrogen), according to manufacturer instructon

cDNA prepration.At least 1 ug of RNA from each sample was retrotranscribed by
SuperScriptlll™ (Invitrogen) in the presence of dam hexamers, according to manufacturer
instructions, with minor modifications. In the casfgore-mRNA levels evaluation, at leasug of
RNA preparation from each sample, previously tredie DNAsel™ (Promega), were used.

Quantitative PCR1/25 of each cDNA sample was analyzed by the Syga&™ qPCR
platform (Biorad). Each PCR reaction was run asti@atriplicate and results averaged. Averages
were further normalized againEbp, except data in Fig. 5B (left and middle graplesnversely
normalized againgBAPDH Specifically in the case of pre-mRNA levels eaion (reported in
Fig. 5B, right graph), to reconcile sensitivity asdecificity, 1/2 of each cDNA sample was
linearly pre-amplified and 1/100 of the resultimypary reaction product was used as substrate of
the subsequent quantitative PCR reaction, in tuived by nested, internal primers. Finally,

supplementary amplifications on not-retrotransatibamples were run, as negative controls.
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OligonucleotidesGenomic localization of oligonucleotides usedhis tstudy are shown in
Fig. 1A. Amplicons and corresponding oligos are fablows: Emx2mRNA (E2S/N2F: 5’
GGAAA GGAAG CAGCT GGCTC ACAGT CTCAG TCTTA C 3; E2N2R: 5 GTGGT
GTGTC CCTTT TTTCT TCTGT TGAGA ATCTG AGCCT TC 3)EmMx2033cRNA
(Emx20S/P1: 5 CCCGC GCCCG GGTCA CTGAG ATGGC TTCG Bmx20S/P3: 5’
GATGA GCAGG TGAGT GGTAG ATGGT TGTAA GCTGT AC 3)Emx2pre-mRNA-
primary PCR (11: 5 GTCTC TGAAG CTCGT TTGGG TTACT &; 14: 5 AGTGA GTGTA
GAGCA GAGTT GAAGT CC 3);Emx2pre-mRNA-secondary PCR (I12: 5° GCGAG GTCTT
TGAAT CCTGT TTC 3’; 13: 5 GCAGA GTTGA AGTCC AGTGAACC 3’); Tbp-mRNA (Tbp-
b/Fw: 5 ATTCT CAAAC TCTGA CCACT GCACC GTTG 3’; Thpp/Rev: 5 TTAGG TCAAG
TTTAC AGCCA AGATT CACGG TAG 3'); GapdhmRNA (Gapd/FW: 5° CAACA GCAAC
TCCCA CTCTT CCACC TTCG 3’; Gapd/REV: 5 GGTGG TCCAGGTTT CTTAC TCCTT
GGAGG 3'); Tbhppre-mRNA-primary PCR (TBP-FW/EXT: 5 CTCAG TTTGA T&T
CAGTT TCC 3’; TBP-REV/EXT: 5 GTATA ACCAG TTATT TATTCC AGATC TC 3); Tbp-
pre-mRNA- secondary PCR (TBP-FW/INT: 5 CAAAA GATGAAACC CAGAA AACAG CC
3’; TBP-REV/INT: 5 GTTTA CTGAA CGCTT GATTA TATAG 3.

gPCR programs. Emx2iRNA/Emx20S3cRNA/ TbpmRNA/GapdhmRNA:

* Incubate at 95°C for 00:03:00

* Incubate at 95°C for 00:00:10

* Incubate at 65°C for 00:00:35

* Plate Read

* Incubate at 80°C for 00:00:01

» Plate Read

* Goto line 2 for 39 more times

* Melting curve from 60°C to 95°C, read every 0.5hGld 00:00:01
* END
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Emx2& Thbp pre-mRNA-primary PCR

* |ncubate at 95°C for 00:03:00
* |ncubate at 55°C for 00:00:10
* |ncubate at 72°C for 00:00:40

* Plate Read
e |ncubate at 80°C for 00:00:01
* Plate Read

* |ncubate at 95°C for 00:01:00

« Gotoline 2 for 14 more times

* Melting curve from 45°C to 95°C, read every 1°Cldh@0:00:01
« END

Emx2& Thbp pre-mRNA-secondary PCR

* |ncubate at 95°C for 00:03:00
e |ncubate at 55°C for 00:00:10
e |ncubate at 72°C for 00:00:40

 Plate Read
* |ncubate at 80°C for 00:00:01
+ Plate Read

* |ncubate at 95°C for 00:01:00

e Goto line 2 for 39 more times

* Melting curve from 45°C to 95°C, read every 1°Cldh@0:00:01
« END

4.10 Plasmids construction

Structures of plasmids and lentivectors usedimdtudy are summarized in Fig. 1B,C. In
particular, the miRRE module harbored by plasmids in Fig. 1B, namelgD&NA fragment
corresponding to nt767-1308 of Genbank AY117414ds amplified from E12 cortex cDNA.
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The pri-miR fragments included in plasmids andtilettors of the same panel were
prepared as follows. Each of the two sequencesGETIG CATAT TTGCA CTTCT CCGAA
GGTTT TGGCC ACTGA CTGAC CTTCG GAGGT GCAAA TATGC AGG' and 5' TGCTG
CGAAC TTAGA CTCAG ATTCC CGTTT TGGCC ACTGA CTGAC GG&A TCTGT
CTAAG TTCGC AGG 3" was cloned into pcDNA™6.2-GW/ERE-miR (Invitrogen), in-
between mmu-miR-155 flanking regions, accordingntanufacturer’s instructions, and the
resulting Sall-Xhol chimeric pri-miR cDNA fragmentsncoding for miR-aEmx20S-542 and
miR-aEmx20S-774, respectively, were obtained. Rmahe Sall-Xhol cDNA fragment from
“pcDNA™6.2-GW/EmGFP-miR_neg_control_ plasmid” wased as control pri-miR.

4.11 3¢ generation Lentiviral vectors: production titratinand usage

Lentiviruses were prepared and titrated as prelodescribed (De Palma M and Naldini
L, 2002; Follenzi A and Naldini L, 2002; Sastry at, 2006), with minor modifications. Cell
infections were performed without polybrene, at tiplicities of infection (m.o.i.’s) reported in
Results. The protocols used for lentiviral prodoictand titration are reported below.

Protocol for transient lipofection ofBgeneration lentiviral vectorsl6/24 hours before
transfection, 7.0*1DHek293T cells were plated in 10 cm (Nunc) platesplied with 7 ml of
Iscove's Modified Dulbecco's Medium, (IMDM-glutaMAXGIBCO), 10% FCS (Sigma). Low

passages cells number was used (P12-P13).

3 Accessory plasmids

accessory plasmids quantities

ENV-plasmid 3 pg/plate

Packaging plasmid (pMDLg/p RRE 5 ug/plate

Rev plasmid (Prsv-rev) 2.5 ug for plate 2,5ug/plate

plus 16-18ug of self inactivating Gene Transfer plasmid (contey the expression cassette of the
transgene) were diluted in 1.5 ml of medium (nawse& antibiotics added)/plate. Another mix,

containing 60ul of Lipofectamine 2000 (Invitrogenplus 1.5 ml of medium (no serum &
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antibiotics added)/plate was prepared. The two gregfpns were then incubated for 5 minutes,
and subsequently mixed and incubated for 20 minae&KT. This solution was now added to
plates. After 5 hours, medium was removed and seltplied with a fresh one. Cells were left for
14-16 hours at 37°C; and then incubated with 5ifilesh medium for the lentiviral collection to
begin. Cells’ supernatants were collected at 24rsand the pooled supernatants were filtered
with a 0.4um filter (Corning), in order to remove the cellutdebris. Supernatants were stored at
4°C overnight. The removed medium was replaced Withl of fresh medium/plate. This step
was repeated at 48 hours. Then, surnatants of @#48rhours were pooled and transferred in
centrifuge polyallomer bottles (Beckman 357003)l thke bottles were equilibrated (not more
than 0,0050 g unbalanced) and loaded in a cengritidp0000 RCF, 2 hours and 30 minutes at 4
°C (20500 RPM in a JA 25.50 rotor). After the cdaoge, supernatants were removed by
inverting the bottles. Residual medium was remowét a 1000ul pipette. 200ul of PBS were
added to the first bottle and the pellet resuspaéndbis first lentiviral suspension was used to
resuspend also the second pellet. The pooled mixpuain aliquots and immediately frozen in
dry ice. Aliquots were stored at -80°C.

Titration. Depending on the type of lentiviral vector ustlation was made in Hela or
Hek293T-rtTA responsive cells. Fluorescence tibraticonsists in estimate the number of
productive integrations of a lentiviral vector caiming a fluorescent tracing detectable by
microscope. Lentiviral vector expression is undentol of an active promoter. Such a system
results to be extremely dependent on both cell gpe the type of promoter of the expression
cassetteThe titer, TUAI (Transducing Units/Volume Unit), is obtained esting the number of
transduced cells/total cells, in the appropriateatdilution (positivity in the range of-15%).

Briefly, steps are the follows: at day 0, 1*it®lIs/well are plated in a 6 well mutiiell
(Nunc). The number of wells, is proportional to tiserial dilution consideredplus a
supplementary well used for the cell count. At daypefore the infection, cells belonging to one
well are counted using a Burker cell, as an aveddgells in each well. Then we proceed to the
infection. The old medium is removed and additiof@0 pl of new medium plus Polybrene
(Hexadimethrine bromide; Sigma) are given at al fommcentration of Qug/ml, to maximize the
transduction. Then, the lentiviral vector, diluiacb00ul of medium is added to each well. At day
3, cells are dissociated from each single well aadsferred in 6 cm wells (Nunc). The plate
considered for the titration should contain abdi#lof fluorescence cells.

Cells are then photographed in white and fluomesee and counted with the Adobe

Photoshop CS8&oftware. The titer is calculated as follows:
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TU/ul = (N° positive/N°total)*DF*N°at day 1

N° positive = number of green fluorescence celldagt 3
N° total = number of total cells at day 3
N°at day 1 = number of cells at the time of infenti

DF= dilution factor

4.12 Statistical analysis

All experiments were performed at least in biobtaditriplicate. Tbp- (or GAPDH)
normalized qRT-PCR data relative to each treatmemné further averaged and the corresponding
s.e.m.’s were determined. Resulting averages waralyf normalized against the control
treatment, as reported in Legends to Figures.sBtati significance of differences among results

was evaluated by oner twoways ANOVA.
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5 Tables

Table 1
NATs mechanisms of regulation of gene expression

Expression ofRevErh overlapping erbA (encoding-
thyroid hormone receptor) strongly correlates wai
increase in the ratio of splice variants edfiferbAo2.
_ RevErb overlaps only with erk® and is thought t Hastings et al, 1997; Munroe
RNA masking block its splicing by masking splicing regulatocis- & Lazar, 1991
elements. Artificial antisense RNAs complementary
the Erlm2-specific exon were shown to efficiently a

specifically block ErbA?2 splicingin vitro.
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Response to iron deficiency in Cyanobacteria is iated
through the formation of an RNA duplex. Cyanobaat
responds to iron deficiency by expressing IsiA fi
stress-induced protein A), which forms a giant

structure around photosystem |. ISiA is regulatgdts
dsRNA-dependent

) cis-encoded antisense IsrR (iron stress-repressed F Duhring et al, 2006
mechanisms

Artificial overexpression of ISrR under iron stressises
a strongly diminished number of IsiA—photosyst
supercomplexes, whereas IsrR depletion results
premature expression of IsiA. The mRNAs IsrR anmé |
form a perfect duplex and undergo coupled degrandat

) The head-to-head overlapping gene [@phk1l/Khpshave
Effect on methylation i ) . Imamura et al, 2004
been shown to undergo antisense-induced methylati
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