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Summary

| analysed in the following study the mouse antitobblestone (cb)oncerning the development
of the forebrain. Thebs mutation was uncovered by an ethyl-nitroso-uredlE genetic screen,
using a mouseline calleaduGFP was used for the screen, which e expresses the grewescent
protein (GFP) under the promotor of the microtubhileding protein Tau The Tau protein is specific
for the nervous system (NS) and thus the wholeldpireg NS can be visualized by using ultraviolet
(UV) light.

....When | started analyzing the cbs mutation, thenpkype of the cbs/cbs mouse mutant was already
known, but because of the mutagenic ability of ENMljch causes random mutations, the affected
gene was unclear. By applying the method of pasfiocloning | was able to achieve the
identification of intraflagellar transport 88 (IBBas the candidate gene.

At the same time the observed phenotypes egdihit the forebrain o€bs/cbsmutant embryos
were further characterized by histological analy3iee pronounced disorganization of the dorsal
telencephalon ofbs/cbsmutant embryos was at first investigated and aniatdip described on the
basis of hematoxylin-stained coronal sections. faitkdl analysis byn situ hybridization (ISH) was
followed, using different markers, which are spiediér various areas of the developing telencephalo
such asTtrl for the choroid plexusy¥Vnt2bfor the cortical hem, as well &phBlandLhx2 for the
hippocampal anlage. Furthermore both the dorsakatand rostral-caudal compartmental boundaries
of the forebrain were investigated by ISH.

Towards the identification dft88 as the candidate gene, a detailed analysis of mRN&ls of
Ift88 in thecbs/cbsmutant was undertaken by Northen Blot analysige$as quantitative real-time
RT-PCR. At the same time the Ift88 protein levekyavalso investigated by Western blot analysis. A
complementation analysis by crossitigs heterozygotes to mice heterozygous for a targetéetidn
of thelft88 gene (ft88™ 8 (Haycraftet al, 2007) was done to ascertain, if the geneticaiéfiethe
cbs/cbsmutant is located in thiét88 gene.

Primary cilia, microtubule-based organellest theotrude from the surface of most cells of the
vertebrate body, are dependent on [ft88 for theimhation and maintenance. Because of this the
ultrastructure of primary cilia was simultaneouslyestigated by transmission and scanning electron
microscopy.

It is well established that cilia are important foe proper function of the Hedgehog (Hh) signgllin
pathway and are also supposed to be involved inAtimgless/Integrated (Wnt) signalling pathway.
An examination of the Wnt signalling pathway in fdbs mutant embryos was performed through a
histological as well as a quantitative real time-RTR analysis of its target genes. A similar apghoa
was undertaken for the Hh signalling pathway. Adddlly, NRNA and protein levels of Gli3, the
main mediator of the Hh pathway, were also deteedhirin a final step it was tested whether cells in

the cbs/cbs mutant embryos loose their competen@spond to Hh signalling by a Luciferase assay.



Summary

... In the represented study | could ascertain thati€tss hypomorphic allele of the gene Ift88, in
which both Ift88 mRNA and protein levels are redliby 70% to 80%, respectively. cbs/cbs mutants
display defects in the formation of dorsomediaémekephalic structures, such as the choroid plexus,
cortical hem and hippocampus. Furthermore mutaxtibié a relaxation of both dorsal-ventral and
rostral-caudal compartmental boundaries of thebi@tia, resulting in the intermixture of otherwise
separated cell populations. | further demonstratbat the proteolytic processing of Gli3 is redlige
the cbs/cbs mutant, leading to an accumulatiorheffull-length activator isoform. In addition the
cbs/cbs mutant exhibits an upregulation of candMéat signalling in the neocortex and in the caudal
forebrain. The ultrastructure and morphology ofacif the ventricle of the cbs/cbs mutants aré stil
intact

Taken together, these results indicate a fuedéahrole for primary cilia in the developmenttié

forebrain.



Zusammenfassung

In der vorliegenden Studie wurde dieMausmutanteblestongcbg von mir in ihrer Wirkung auf
die Entwicklung des Vorderhirns analysiert. [ies Mutation ist im Rahmen eines Ethyl-Nitroso-
Urea (ENU) Screens entdeckt worden. Fur den Scregrde eine Mauslinie namensuGFP
verwendet, welche das grun fluoreszierende Prai@iRP) unter dem Promotor des Mikrotubuli
bindenden Proteins Tau exprimiert. Da das Tau Préifie Nervenzellen spezifisch ist, kann somit das
gesamte sich entwickelnde Nervensystem unter udlettem (UV) Licht sichtbar gemacht werden.

Als ich mit meiner Analyse debsMutation begann, war der Phenotyp dbs/cbsMutante zwar
schon bekannt, aber auf Grund der mutagenen Eigeftesn von ENU, das zuféllige Mutationen
verursacht, war das betroffene Gen noch unbekafittels Positional Cloning war ich in der Lage,
Intraflagellar Transport 8§1ft88) als Kandidatengen zu identifizieren.

Gleichzeitig wurde der beobachtete Phenotypjrde/orderhirn voncbs/cbsmutanten Embryonen
zu erkennen ist, mittels histologischer Analysetaretharakterisiert. Die auffallige Desorganisation
des dorsalen Telencephalons dess/cbs mutanten Embryonen wurde zuerst an Hand von
Hamotoxylin-gefarbten coronalen Schnitten untersuechd dann anatomisch beschrieben. Eine
detailierte Analyse mittelsn situ Hybridisierung (ISH) folgte, wobei verschiedene rkta, die
spezifisch fur die unterschiedlichen Areale de$ sntwickelnden Telencephalons sind, verwendet,
wie Ttrl fir den Choroid Plexus¥nt2b fir den corticalen Saum, uriephB1 und Lhx2 fur die
hippocampale Anlage. AuRerdem wurden sowohl disalerentralen als auch die rostral-caudalen
Grenzen innerhalb des Vorderhirns mittels ISH sutent.

Nach der Identifizierung volit88 als Kandidatengen wurde eine detailierte AnalyserdRNA-
Level von Ift88 in dercbs/cbsMutante mittels Northen Blot Analyse und quani#atreal-time RT-
PCR unternommen. Zur gleichen Zeit wurden auch Rfietein-Level von Ift88 mit Hilfe einer
Western Blot Analyse untersucht. AuRerdem wurdes diomplementationsanalyse durchgefihrt,
indem heterozygotebsMause mit Mausen, die heterozygot fur eine gezibktletion de4ft88 Gens
(1ft88™1BYY (Haycraftet al, 2007) sind, gekreuzt wurden. Ziel war es, festidien, ob der genetische
Defekt dercbs/cbaMutante imIft88 Gen lokalisiert ist.

Priméare Zilien sind Mikrotubuli enthaltende Hettsatze, die an der Oberflache der meisten
Zelltypen bei Vertebraten vorkommen. Die Ausbildwmgl Aufrechterhaltung von Zilien ist von 1ft88
abhéangig. Aus diesem Grund wurde auch die Ultrlagtrivon priméren Zilien in desbs/cbsviutante
mittels Transmissions- und Rasterelektronenmikrpikantersucht.

Es ist bekannt, dass Zilien wichtig sind fliis danwandfreie Funktionieren des Hedgehog (Hh)
Signalweges, und es wird angenommen, dass sie auchVingless/Integrated (Wnt)- Signalweg
beteiligt sind. Eine Untersuchung des Wnt- Signgkgein Embryos mutant ficbs/cbswurde
durchgefuhrt, indem eine histologische als aucle ejnantitative real-time RT-PCR Analyse von

Zielgenen des Wnt- Signalweges ausgefuhrt wurdéeMieiner &hnlichen Herangehensweiggde



Zusammenfassung

auch der Hh- Signalweg analysiert. Zusatzlich wardewohl die mRNA- als auch die Proteinlevel
von Gli3, der Hauptmediator des Hh- Signalwegestitment. Abschlielend wurde getestet durch
einen Lciferase- Assay getestet, ob Zellen inate'cbsMutante ihre Kompetenz verlieren, auf Hh-
Signal zu antworten.

... In dieser Studie ist es mir moglich gewesen testedlen, dass cbs ein hypomorphes Allel des Gens
Ift88 ist, und dass sowohl die mRNA- als auch die Pntgeel von Ift88 in decbs/cbsMutante um

70 bis 80% reduziert sindbs/cbsMutanten weisen Defekte in der Ausbildung der doradialen
Strukturen des Telencephalons auf, darunter derra@hdPlexus, der corticale Saum und der
zukinftige Hippocampus. AuBBerdem sind die Grenzes dorso-ventralen als auch des rostro-
caudalen Kompartements des Vorderhirns in a®s/cbsMutante aufgelockert, so dass dort eine
Vermischung von ansonsten getrennten Zellpopulatistattfindet. Ich zeige ebenfalls auf, dass die
proteolytische Prozessierung von Gli3 in dbs/cbsMutante reduziert ist, was zu einer Anhaufung
der unprozessierten Aktivator-lIsoform von Gli3 &glge hat. Diecbs/cbsMutante weist ebenfalls
eine Hochregulierung des kanonischen Wnt- Signad&eéign Neocortex und im caudalen Vorderhirn
auf. Die Ultrastruktur und Morphologie der Ziliem Ventrikel dercbs/cbhaviutante sind noch intakt.
Zusammengefasst weisen die Resultate auf einedtréiRolle der priméaren Zilien in der Entwicklung

des Vorderhirns hin
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1 Introduction

The nervous system is a network of specializgts that control the actions and reactions of the
body. Almost all animals have at least a rudimentervous system, but the vertebrates exhibit the
most complex developed one. The nervous systetineobtertebrates consists of the central (CNS) -
and the peripheral (PNS) nervous system, and thieatenervous system is subdivided into the brain
and the spinal cord. A range of ganglia and nenwdsch are part of the peripheral nervous system,
are connected with the spinal cord. The functimmhponents of the nervous system are neurons,

glial cells and oligodendrocytes (Campell, 1997).

1.1Induction of the nervous system

The nervous system becomes first visible dugastrulation when the ectoderm at the dorsal side
of the embryo thickens and starts to unfold itaglthe edges. This structure is called the neuad p
(Smith and Schoenwolf, 1989; Keller et al., 199Phe vertebrate CNS originates from the neural
plate (Saxen, 1989; Wilson and Edlund, 2001). Tinelrain arises from the expanded anterior end of
the neural plate during gastrulation (Rubensteialgt1998; Varga et al, 1999; Inoue et al, 2000;
Whitlock and Westerfield, 2000).

The precursors of the telencephalon are locaistital and lateral to the future eye tissue, twhic
itself is positioned rostral to the diencephali¢age. This locates the anlage of the telencephaton
the margin of the anterior neural plate. This positt under the influence of signalling pathwakatt
both are involved in the anterior-posterior (A-lAdalorsal-ventral (D-V) patterning of neural tissue
A two-signal model for neural induction proposedNiguwkoop (Nieuwkoop et al., 1954; reviewed
and updated in Foley et al., 2000) suggests thatahéissue acquires an anterior identity by defaul
(the induced neural tissue has already anteriaelffain) character) , and that a “transforming”

(posteriorizing) signal specifies more posteriounaéfates (Fig. 1).

12
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: Midbrain,
Prospective

Ectoderm | _, | —— | Hindbrain,
forebrain

Spinal cord

Fig. 1. Model defining the initial head-tail patteming of the embryo The “activation-transformation” model
of Nieuwkoop. (Adapted from Stern et al., 2006).

1.1.1Bmp antagonists and Fgfs assist neural development

Bone morphogenetic protein (Bmp) and fibrobgrstwth factor (Fgf) signalling are thought to be
involved in the process of neural induction. Higkidls of Bmp activity in fish and frogs inhibitseth
anterior neural development and the abrogationnop Bignalling assists neural specification (Munoz-
Sanjuan and Brivanlou, 2002). Thus, Bmp signallingn important negative regulator for neural
induction (Reversadet al, 2005; Reversade and De Robertis, 2005) and enpepidermalizing
factor (Fig. 2). The organizer (Spemann’s orgarniizdrog, the shield in fish, and node in chick and
mouse) and its early derivates (such as the prdahanesoderm) is thought to be the origin of the
Bmp signalling antagonists (Fig. 3). They inclugdeXenopus noggirfZimmermannet al, 1996),
chordin (Piccoloet al, 1996),follistatin (Fainsodet al, 1997) andcerberus(Bouwmeesteet al,
1996). They can bind to the Bmp ligands in the aodtular space and prevent activation of the
receptors. When they are applied to embryonic ectodneural tissue forms instead of epidermis
(Meinhardt, 2001; Vonica and Gumbiner, 2007), thang as neural inducers. Mouse mutants, in
which the Bmp antagonistshordin (Bachiller et al, 2000), noggin (McMahon et al, 1998), or
cerberus(Belo et al, 2000) are missing, are expressing only postereural genes, and double
mutants fomogginandchordindon’t develop forebrain structures (Bachiééml, 2000). This results
indicate that a conserved and necessary role fqu Bimibition for the induction of anterior neural

tissue across vertebrates existes (Fig. 2).
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BMP Signaling High BMP Signaling Low

Ventralizing Center Dorsalizing Center

Bmp2 Chordin
Bmp4d Noggin
Bmp7 Follistatin
BAMBI Cerberus
Sizzled ADMP
Tolloid
DBL

Fig. 2. Bmp signalling and its influence on the daal-ventral patterning of the ectoderm Embryos exhibit a
ventralizing center at the blastula stage, thanta@is Bmp signalling, and a dorsalizing centeat thitiates the

formation of neural tissue by suppressing Bmp dlignna (Adapted from Squiret al, 2008).

The results from other studies imply that seppion of Bmp signalling alone is not sufficient to
induce neural identity and that other signals saglrgfs are also necessary (Linker and Stern, 2004,
Delauneet al, 2005; Wawersilet al, 2005). The results lead to the idea that amlrifgf signal is
needed for neural induction before the inhibitiéBmp signalling can function as a neural stabilisi
event. Fgf signalling seems also to act as an edat posterior neural tissue (Hongbal, 1999;
Ishimuraet al, 2000; Wilsonet al, 2000; Wilsonet al, 2001; Shengt al, 2003; Rentzsclet al,
2004) besides its role as a “priming” signal by massing Bmp signalling through the
phosphorylation and inactivation of Smadl (Schz&01; Peraet al, 2003) and thus reinforcing the
antagonism of the Bmp pathway. The inhibition of Wingless/Integrated (Wnt) signalling seems
also to be important for neural induction (Heeg&adell and Labonne, 2006; Wilsenhal,, 2001).

1.1.2Protection of the anterior neural tissue from postgorizing factors

To maintain the induced anterior neural charathe rostral located neural tissue must be @ted|
from posteriorizing factors, which is achieved lyee mechanisms: 1) restricted expression of the
posteriorizing factors; 2) restricted expression asftagonists of the posteriorizing factors; 3)
morphogenetic movements that avoid that the amtev@ural plate comes in contact with the
posteriorizing factors.The anterior visceral endod€AVE) in mouse seems to be an important
source of antiposteriorizing signals (Kimugtial., 2000; Perea-Gomez al, 2001). The AVE is an
extra-embryonic tissue, that moves rostrally frowa distal tip of the blastula and underlies aftedsa
the anterior (prechordal) neural plate (Thoreasl) (Fig. 3). Mutations in genes important for the
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development of the AVE results in defects of théemar neural plate including the telencephalon
(Knoetgenet al, 1999; Perea-Gome= al, 2000). The formation of the AVE is dependentmpioe
expression oNodalin the epiblast (Brennagt al, 2001) (future neural plate), the outer layethef
blastula, which gives rise to the ectoderm aftestrgdation. Further on during gastrulation the AME
moved proximally (Thomas and Beddington, 1996). ©hgoing patterning of the neuroectoderm is

then transferred to the anterior streak derivates.

E7.0 embryo
1\
Anterior \ Posterior
AVE

Allantois

Neural plate

Node

Fig. 3. The anterior visceral endoderm (AVE).Schematic drawing of a early head stage mouse embhe
node is the source of signals that create an antpattern (black arrow). The anterior visceral @herm and
the node act together to initiate and/or maintaiteor character in the neural plate. The antevisceral
endoderm lies beneath the prospective neural ptadegenerates molecules such as Cerberus and gfdkkd
arrows), that suppress the function of posteringzfactors and thus prevents the anterior neurate plo
become posteriorized. The figure displays the ¢agesat which this signals are acting. (AdaptedhfRalluet
al., 2002).

Furthermore inhibition of Wnt signalling at tlaaterior end of the neural plate is necessary for
normal formation of the prechordal plate (Niehrd99; Kazanskayat al, 2000) (Fig. 4)Dickkopf
(Dkk1), a secreted antagonist of Wnt signallingaeésessary for the formation of the prechordaleplat
during gastrulation, and is later expressed inaherior mesendoderm where it is required for the
induction of telencephalic markers suchHesx1(homeobox gene expressed in ES rellad Six3
(sine oculis-related homeobox 3 homglognd is also required for dorosoventral patterning
(Kazanskayat al, 2000; Hashimotet al, 2000; Mukhopadhyagt al, 2001). Mice mutant foDkk1
have no telencephalon and lack anterior cranidletdeelements (Mukhopadhyast al, 2001). It
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seems to be that signals that promote forebraireldpient anatgonize or otherwise negatively

regulate factors that would normally posteriorize &nterior neural plate.

Prechordal Plate Epichordal Plate

l l

[ S

Wnat inhibitor RA
BMP inhibitor FGF
Wnt
BMP inhibitor

Fig. 4. Early A-P patterning in the vertebrate nernous systemSchematic drawing showing the signals that
are presumed to divide the developing nervous sy$t¢o a prechordal (anterior) and epichordal (past)

neural plate. (Adapted from Squigeal, 2008).

wnt, Fgf , Bmps, retinoic acid (RA) and Nodalnfily transforming growth factop (TGF3)
proteins are proposed to be posteriorizing factansl it is most likely the case that the combined
activity of several signalling pathways is neededreate an early A-P pattern (Fig. 5A) (Kudohlet a
2002; Haremaki et al., 2003). Taken together, tHeé pattern begins to develop within the embryo,
and within the context of the developing A-P patfemeural induction proceeds, and the anterior

neural tissue protected from the effect of postaiieg factors forms the future forebrain (Fig. 5B)
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A

Neural plate E6.0 B

Prosencephalon
_A

AVE

Cerberus/Dklc s l

ITel IDie

Meural plate

Telencephalon

AVE

Diencephalon

Forebrain Midbrain Hindbhrain

Fig. 5. Proceeding specification of the mammaliarofebrain. A. Because of neural induction the neural plate
is generated. Markers that are first expressecénwthole early neural plate will be in the end doed to
specific anterior domains of the CNS. Wnts, FGF3 BRA can act at this stage of development as sigihait
posteriorize the neural plate. Antagonists of #ignals, such as cerberus and dickkopf, are esgdem the
AVE (and node). They are crucial to prevent tha #mterior neural plate adopts a posterior charattee
anterior neural plate is afterwards divided inteafic domains by graded Wnt signalling. Side view of the

brain of a E10.0 old mouse embryo, showing the mabdivisions. (Adapted from Ralét al, 2002).

1.2 Induction of the forebrain

1.2.1The anterior neural ridge

The anterior neural ridge (ANR) resides at ribstral edge of the neural plate between the neural
and non-neural ectoderm. The ANR starts to expFeg8 shortly after the initiation of the neural
induction (Fig. 6) The expression dfgf8in the ANR is under the control of signals from toeal
mesendoderm. The axial mesendoderm gives risectariterior definitive endoderm, the prechordal
plate mesoderm, the progenitors of the node andeitivates, the notochord and floor plate (Camus
and Tam, 1999). The formation of the axial meserdndis dependent on the expressiorNofial
(Wall et al.,2000; Anderssont al,, 2006).

Fgf8expression in the ANR needs protection from th&tgriorizing effect of Wnt signals. The Wnt
signals originate from the lateral-ventral mesodanmd posterior ectoderm (Chaegal, 1998; Smith
et al, 1991; Woldeet al, 1993; Kazanskayat al, 2000; Mukhopadhyagt al, 2000; Hashimotet

al., 2000). Fgf8 expression is thus limited to the ANR, where itésponsible for the induction of
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markers for the prosencephalic identity in the @aoteneuroectoderm (Shimamuet al, 1997,
Shanmugalingarat al, 2000; Fukuchi-Shimogost al, 2001).

Fig. 6. Signalling centers in the developing teleephalon.For the patterning of the developing telencephalon
four signalling centers are neede. 1) The antereural ridge (ANR) (blue) is loacated in the anladehe
septum (S) and emits Fgfs. 2) The cortical hemefgréunctions as a caudodorsal signalling centegriting
Whnts and Bmps. 3) A center necessary for the veptatierning of the telencephalon emits Shh. 4atedal
center at the pallial-subpallial boundary (not shpvalso called the anti-hem, emits Fgf7, Fgfl5ragulins,
TGFa and the Wnt antagonist secreted frizzled-relatetem 2 (Sfrp2). Abbreviations: Cx, Cortex; LGEtdral
ganglionic eminence; MGE, medial ganglionic emiresrtg, septum. (Adapted from Hoehal, 2009)

Fgf8is necessary and sufficient to regulate the exfmess the telencephalic markéarkhead box
G1 (Foxg) (Fig. 7A) (Shimamura and Rubenstein, 1997; eteal, 1998). The onset dfoxgl
expression at embryonic day 8.5 (E8.5) in mice maitke specification of the telencephalic
primordium. The telencephalon becomes subdivided several distinct areas right after the
expression oFoxgl The different areas are first distinguished by élpression of specific molecular
markers, but after a short time they can be kegtrtapy local differences in their levels of

proliferation.
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Telencephalic

primordium/Fox(1 |Fuxl.'}1| —_—

Fig. 7. Definition of the dorsal and ventral subdiisions in the developing telencephalorSchematic drawing
of the anterior neural plate at five somite stadygrgal view, anterior is upA. The developing telencephalon is
marked by the expression &bxG1 (blue). B. FoxG1 and Shh (green) promote both the expresdidrgb
(purple) in the ANR, which patterns the developieigncephalon (indicated by the curved arrow). @tamotes
the expression dfgf by suppressing the repressor activity of GE3i3 expression is depicted in red. Thus the
development of a ventral telencephalic subdivissopromoted by Shh through the inhibition of thesddizing
effect of Gli3. @A,B) Dorsal view, anterior is up. (Adapted from Helsant Fishell, 2008).

Several transcriptional factors, includiBdl-Kruppel familiy member GI{&li3), paired box gene
6 (Pax§ andFoxGl, are expressed in a region of the developing mmntaeural plate (Fig. 7B) that
will form the telencephalon. These genes play gooitant role in dividing the telencephalon into its
dorsal and ventral sections. The embryonic dorsdéntephalon, which mainly produces
glutamatergic neurons, can be divided into an @rtand lateral area that gives rise to the neesort
and into a posterior and medial area that givestdsthe hippocampus, cortical hem and the choroid
plexus. The embryonic ventral telencephalon cardibigEled into a medial area hamed the medial
ganglionic eminences (MGE) and two posterior andréd domains known as the lateral ganglionic
eminences (LGE) and the caudal ganglionic eminef€&3E). All three domains of the ventral
telencephalon contributes neurons to the basalligasugd to corresponding limbic structures such as

the amygdala and the nucleus accumbens.
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1.2.2Dorsal and ventral domains of the telencephalon ardefined by Shh and Gli3

The subdivision of the telencephalon into asdbrand a ventral domain is controlled by the
dorsalizing effect ofGli3 expression and the ventralizing effectsohic hedgehogShh expression.
At the beginning,Gli3 is expressed in the whole telencephalon (Fig. @BJ is then gradually
downregulated in the ventral part of the telencé&phgAoto et al, 2002; Corbiret al, 2003). The
depletion ofGli3 expression results in a lack of the choroid plexostical hem, the hippocampus and
the neocortex (Grovet al, 1998; Theilt al, 1999; Toleet al,, 2000; Kuscheét al, 2003).

Shhis expressed in the midline of the developing akylate (Fig. 7B) and its expression is
maintained along the ventral midline of the CNSimtyidevelopment (Echelaret al., 1993). In the
absence oShhexpression the size of the telencephalon is dshad and ventral cell types fail to
form (Ericsonet al, 1995; Chainget al, 1996; Ohkubeet al, 2002; Corbiret al, 2003). The ventral
patterning can mainly rescued in double mutantsGii®@ and Shh(Aoto et al, 2002; Ralluet al,
2002; Rashet al, 2007), which indicates th&hhrestricts the dorsalizing effect @li3 and also

controls the positioning of the dorsoventral bougda

1.2.3The telencephalon is supported by the expression 6fi3 and Foxgl

Early anterior neural plate cells destined ¢ont the telencephalon exprebsxgl (Fig. 7A)
(Shimamureet al, 1995; Shimamurat al, 1997; Heberét al,, 2000), which is independent of t8&h
expression (Rasht al, 2007). The result of the impairment fedxglexpression is a loss of ventral
cell types (Xuanet al, 1995; Douet al, 1999; Martynogaet al, 2005;) and the complete
telencephalon is lost in double mouse mutant&éxglandGli3 (Hanashimaet al.,2007), leading to
the suggestion that both genes are necessary datirgy and maintaining the dorsal and ventral
subdivisions of the telencephalon (Fig. 8A).

Foxglis also needed for the expressionFgff8 (Martynoga et al., 2005) and Fgf signalling is,
together with Shh signalling, essential for the nfation of the ventral telencephalon
(Shanmugalinganet al, 2000; Shinyaet al, 2001; Walske and Mason, 2003; Guihal, 2006;
Stormet al., 2006).
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E2.0 E10.0

Fig. 8. The dorsal and ventral areas of the telenpbalon are subdivided into four main regions.Drawing
shows the dorsal and ventral subdivisions of thbrganic mouse telencephalon at E®@X) and at E10.0R).
A. The Gli3-expressing dorsal area at E10.0 is diviated10.0 into a Bmp- and Wnt-expressing mediz ared
and a more lateral located cortical area that esga® reverse gradients of Emx2 and Pax6. Betwedhaad
E10.0 the ventral region is divided into medial RKxexpressiong domains and Gsh2-expressing dom&ins
E10.0 the expression area of Gsh2 overlaps withah&lkx2.1 (not shown). The expression of Shh, &gfl
FoxG1 is skipped.A,B) Dorsal is up, ventral is down. (Adapted from Helaend Fishell, 2008).

1.2.4Fgfs specify ventral telencephalic identity downstm of Shh

Shhmaintains indirectly the expression of several §gfies in the anterior medial telencephalon
(Aoto et al, 2002; Ohkubcet al, 2002; Gutinet al, 2006; Rashet al, 2007) by its ability to
negatively regulate the repressor function of GK8). 7B), and Fgf receptors are required for the
ventralizing effect ofShh Fgf expression is lost iBhH™ mutants, and ventral cell types fail to form
due to the uncontrolled repressive influencésdB. The expression d¥gf is no longer impaired in
ShH";Gli3” double mutants, and ventral development is res€lieell et al, 1999; Aotoet al, 2002;
Kuschelet al, 2003; Raslet al, 2007). The influence of the Fgf signalling camaeg the patterning
of the telencephalon is not confined to the ventgions, but also expands to the dorsal regions. |
Fgf8 mutants not only are ventral precursors lost, d&gb the neocortex is reduced in size and
anterior-lateral markers are lost (Stoetral, 2006). This and other results indicate thatdtgnalling

plays an important role as an organizer of thentsphalon.

1.2.5Establishment of cortical regions byPax6

Pax6is absolutely necessary for the establishmenhefsharp border, called the anti-hem, that
separates the ventral telencephalon from the déesshcephalonPax6 is expressed in the whole

forebrain primordium during neural plate stage (i@et al, 2000) and at the neural tube stage its
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expression is limited to the dorsal region of theveloping telencephalon, simultaneous with the
upregulation ok 2 homeobox (Nkx2.) in the ventral telencephalon (Corlghal, 2003) (Fig. 8B).
The pallial-subpallial boundary is defined by tmtersection ofPax6 and GS homeobox 2Gsh2
expression (Fig. 8B). IiPax6” mutants the most ventral portion of the telenckphdecomes the
dorsal LGE, and irtGsh2” mutants the dorsal LGE adopts a ventral cortex @brbinet al, 2000;
Stoykovaet al, 2000; Toressoet al, 2000; Yunet al, 2001).Pax6 seems to interact witGli3 to
promote dorsal telencephalic development (Fucalical, 2006), whereupo®li3 is required for
maintainingPax6expression (Theit al, 1999; Aotoet al, 2002; Kuschedt al, 2003).

1.2.6Division of the dorsal telencephalon into differendomains

The dorsal telencephalon is divided into tweaar the cerebral cortex, which develops to the
neocortex and the hippocampus, and the dorsalmeidivhich forms the cortical hem and the choroid
plexus (Fig. 9). The transcription factbim homeobox protein A.hx2) is essential for specifying
cells to become cortical instead to adopt a darsdline character, by inhibiting a hem or antihem
fate (Fig. 9) (Mangalet al., 2008). InLhx2 null mutants the cortex is lost and the corticainhand
choroid plexus are expanded (Monekial, 2001). The expression Bbxglalso restricts the dorsal
midline development (Doet al, 1999; Martynogat al, 2005).

Choroid plague

Fig. 9. The dorsal telencephalic midline emits sigis necessary to subdivide the dorsal telencephalon
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Bmps expressed by midline cells are needed fod#hwelopment of the choroid plaque and the cortieah
(red), which is the organizer required for the fation of the hippocampus. The cortical hem is defiby the
expression of several Wnts. The formation of thecoetex needs the expressionR#x6 and Emx1/2 Pax6
expression is necessary for the formation of thelam (blue), which represents the pallial-sukbipbtborder.
The expression ofhx2 inhibits the expansion of the cortical hem and-hem. (Adapted from Hebert and
Fishell, 2008).

The dorsal midline itself is defined by the eegsion ofBmps andWnis, and Bmp signalling can
induce dorsal midline character (Fig. 9) (Furetal, 1997; Panchisioat al, 2001). The depletion of
Bmp signalling results in a loss of the corticairhand choroid plexus (Fernandetsal, 2007). The
development of the hippocampus depends upon theitaadf the cortical hem. Wnts are likely
candidates to administrate this organizer actigityhe cortical hem (Fig. 9). Depletion wingless-
related MMTYV integration site 3@Vnt3g from the cortical hem results in a lack of a gtaable
hippocampus (Leet al., 2000). The normal development of the hippocamgss sequiresempty
spiracles homolog {EmxJ) andempty spiracles homolog(Emx2 (Fig. 9) (Shinozaket al, 2004).
The expression dEmx2can be regulated by binding of Bmp and Wnt sigmgleffectors to specific
enhancer elements @&mx2 Thus Wnt3a can maybe act together with Bmps to aid hippocampa
formation by directly influencing the expression Bmx genes (Theikt al, 2002; Shinozaket al,
2004).

1.3 Primary cilia

The formation of the telencephalon starts amgle layer of neuroepithelial cells and requites
proliferation, differentiation and migration of maliprecursor cells. The study of the primary ciliia
small protrusion of the cell surface into the exéltular matrix, gives insight to the mechanismet th
are responsible for the development of the telemalep. The primary cilium arises from the basal
body, which originates from the mother centriolheTmother centriole, which belongs to the
centrosomes that are responsible for the orgaaizaif the mitotic spindle during cell divisions,
functions as a microtubule-organizing center uneatim the cell membrane (Davenport and Yoder,
2005). Because the primary cilium is associated thie centrosome, it is absorbed just before the ce
enters mitosis. Thus, this connection between @glle and ciliogenesis indicates that the primary
cilium may be involved in cell proliferation andfférentiation during development (Pan and Snell,
2007; Pugachevat al, 2007; Spektoet al, 2007). Results from recent studies also dematestrithat
the primary cilium senses extracellular signalg ttantrol brain development (Eggenschwiler and
Anderson, 2007; Gerdest al, 2009). Almost every cell in the brain exhibitspamary cilium
(Doetsch et al., Banizt al, 2005; Bishopet al, 2007; Cohen and Meininger, 2007; 1999; Dubretuil
al., 2007).
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1.3.1Ciliary structure

The cilium is an appendage-like, microtubuledsh organelle that is found on almost every
eukaryotic cell (Pazour and Witman, 2003). The mamé of the cilium is connected with the cell
membrane, covering a microtubule core structuried¢dhe axoneme. The basal body fixes the cilium
at the proximal end of the axoneme (Fig. 10). Tiharg axoneme consists of nine outer microtubule
doublets grouped in a concentric circular pattdimese doublets surround either a central pair of
microtubles (this ultrastructure is known as “9+gF)g. 10), or the axoneme has no central pais (thi
structure is referred to as “9+0”) (Fig. 10). Inn@nd outer dynein arms attached to the outer
microtubule doublets are responsible for ciliarytifitg (Fig. 11). Historically the “9+2” structurevas
linked with a motile function for cilia, whereasetti9+0" structure was implicated with immotile
sensory (primary) cilia. However, this historicéssification is not correct. Flagella in many jstst
function in motility as well as sensory receptidfi€ggaufet al, 2006). Vertebrates exhibit motile
“9+0” cilia on the embryonic node that generatedflinovement, which is critical for left-right
asymmetry (Essneet al, 2002; McGrathet al, 2003; Essneet al, 2005), as well as motile
ependymal cilia in the central canal of the zekraBpinal cord possess a “9+0” structure (Kramer-
Zucker et al, 2005). Cilia of olfactory sensory neurons ingfrolfactory epithelium have a “9+2”
configuration and are immotile (Reese, 1965). A&tdistal end of the basal body is the transiti@aar
(Fig. 11). It has been suggested that the basat bad the corresponding transition-fiber proteins
have a regulating function concerning the entry amd of proteins from the cilia compartment
(Marshall, 2008; Pazour and Bloodgood, 2008).

Doublet microtuhles

\@y
Dynein arms

9+2 maotile cilium 9+H) sensory cilium

Ninglet microtubles

Radial spokes

Fig. 10. A cross-section through a “9+2” and “9+0'tilium. (Adopted from Bisgrove and Yost, 2006)
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IFT52
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Heterotrimeric kinesin IT
Cytoplasmic dynein 1b

Cell memhbrane

Fig. 11. Ciliary structure and intraflagellar tran sport (IFT). The figure shows the structure of a “9+2”

primary cilium and the components of its IFT, whismecessary for the assembly and maintenanciéaft =

microtubule plus end; = microtubule minus end. (Adapted from Ektyal, 2005).

1.3.2Intraflagellar transport

Proteins necessary for the assembly and maintenof the cilium have to be synthesized in tlile ce
body and transported into the cilium, because ihantitself lacks the machinery needed for protein
synthesis. The transport occurs by a microtubusethgrocess known as intraflagellar transport (IFT)
(Pazouret al, 2002; Scholey, 2003; Pedersen and RosenbaurB) 2Big. 11). Ciliary components
are moved from the cell body into the cilium (antgade transport) by kinsein-1l motors (Fig. 12),
whereas cytoplasmic dyneins are responsible far th@nsport from the cilium to the cell body
(retrograde transport) (Fig. 12).

IFT particles are composed of two distinct subplexes (complexes A and B). Complex B is
1993; Coleet al,
responsible for the retrograde transport (Paebat, 1998; Pipernet al, 1998).

involved in anterograde transport (Kozmingki al., 1998) and complex A is
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Anterograde IFT

Heterotrimeric kinesin IT
IFT particles {rafts)

Iro—wr3 2 TR I e e |
Ciliary tip
= A |
Cytoplasmic dynein 1h
Retrograde IFT

Fig. 12. Intraflagellar transport. So called IFT particles are transported to theagilitip of the cilium
(anterograde IFT) by kinesin along the outer migoote doublets (OM) and under the ciliary membraney
are transported back to the basal body and thdgreédbgrade IFT) by the molecular motor cytoplasiynein.
(Adapted from Badanet al, 2006).

1.3.3Ciliary function

The function of motile cilia is for example tecognize and remove foreign substances out of the
trachea (Shalet al 2009). Motile cilia are in the adult brain loa&ten ependymal cells along the
ventricle and some choroid plexus cells, generatiggcerebrospinal fluid flow, which is crucial for
the migration of young neurons from the adult suiweular zone (Sawamotet al, 2006). Primary
cilia function as a sensory organelle and mediagmo-, photo-, and mechanotransduction. Olfactory
cilia located on olfactory sensory neurons medidemotransduction (McEwest al, 2008; Jenkins
et al, 2009); the outer segment of photoreceptors ikighly modified cilium and mediates
phototransduction (Ramamurthet al, 2009), and primary cilia of renal epithelial lsemediate
mechanotransduction (Praetories al, 2001; Praetoriugt al, 2003). Primary cilia on embryonic
nodal cells have a machanosensory function thatrasneft-right asymmetry in the early embryo
(McGrath et al, 2003). Primary cilia are also crucial for theger function of mammalian signal
transduction pathways such as the Hegehog- (Hh) \Afmggless/Integrated- (Wnt) signalling
(Eggenschwiler and Anderson, 2007; Gerelesl, 2009).
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1.3.4Primary cilia and Hedgehog signalling

Hedgehog (Hh) proteins are secreted lipoprsteinat are involved in the regulation of
developmetal processes in invertebrates as wefl @srtebrates ((Nusslein-Volhard and Wieschaus,
1980; Jiang and Hui, 2008). Mammals have three éfteg, Sonic hedgehog (Shh), that is important
for the regulation of embryonic development as \aslpost-natal homeostasis (Echeletrdl, 1993;
Chianget al, 1996), Indian hedgehog, that is involved in bdegelopment, and Desert hedgehog,
that participate in spermatogenesis (Bitgaadal, 1996; Vortkampet al, 1996; St-Jacquest al,
1999) and is involved in the development of peripheerves (Paramtiat al, 1999).

Components of the Hh pathway are localizedlia (Corbit et al, 2005), and cells without cilia are
not able to initiate the pathway in response to I8fa@nd (Ocbina and Anderson, 2008; Haycedfal,
2005). The Hh pathway is triggered by binding of ptbtein to the transmembrane receptor Patchedl
(Ptchl) in the membrane of the cilium (Fig. 13ARoftagiet al, 2007). The activity of the seven
transmembrane protein Smoothened (Smo) is inhilmyeBtchl in the absence of Hh signal. Binding
of Hh signal to Ptchl results in the internalizataf Ptchl from the membrane of the cilium and Smo
enters the cilium (Fig. 13B) (Corbit et al., 20@%hatgi et al., 2007). This cancels the repressfon
Smo and triggers a conformational change in Smas tlesulting in the activation of the pathway
(Zhaoet al, 2007). The connection between Smo and the Gistmdption factors, which mediate in
the nucleus the expression of the Hh pathway tadggenes (Kalderon, 2000; | Altaba et al., 20G¥), i
still unclear. Besides Ptchl and Smo, other regidabf the Hh signalling pathway, such as
Suppressor of Fused (SuFu) and the Gli transcnigaotors Glil, Gli2 and GIi3 (Ruppest al, 1990)
localize to the cilium (Haycra®t al, 2005; Kiprilovet al, 2008; Nielseret al, 2008; Cheret al.,
2009). Gli2 functions basically as a strong tramsianal activator with a weak repressor function.
Gli3, on the other hand, has mainly a strong regmelinction and a weak activator activity (Hui and
Joyner, 1993; Dingt al, 1998; Matiseet al, 1995; Buttittaet al, 2003; McDermotet al, 2003;
Wanget al, 2007; Paret al, 2008; Paret al, 2009). Both regulate the expression of BiE&l gene
(Bai et al.,2004), a direct target of Hh signalling (Hyretsal, 1997; Daiet al.,1999; Bai and Joyner,
2001). Glil has no N-terminal repressor domainiaoddergoes no proteolytic processing (Paal,
1999; Sasaket al, 1999; Kaesleet al, 2000). Glil is expendable in mice (Patkal, 2000; Baiet
al., 2002), but not in the zebrafish (Karlstretnal., 2003). Thus, it is probable that Glil is in miu
really necessary for initiation of the Hh signarsduction, but to enhance the expression of Hjetar
genes after activation.In the absence of Hh sigmglthe main part of the full-length Gli3 isoforand
only a small fraction of the full-length Gli2 isafa are proteolytically processed by cleaving the C-
terminal activator domains to become N-terminarespors (Wangt al, 2000; Paret al, 2006) and
Glil is not expressed (Hynet al, 1997; Leeet al, 1997; Daiet al, 1999; Bai and Joyner, 2001;
Karlstromet al, 2003). For the processing of full-length Glizla@li3 the phosphorylation of several

serine and threonine residues at their C-termiausecessary.This is conducted by protein kinase A
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(PKA) and thereafter by casein kinase 1 (CK1) alydagen synthase kinase 3 (GSK3) (Raral,
2006; Tempeet al, 2006; Wang and Li, 2006). After phosphorylatias taken place, they are bound
and ubiquitinated by the Skp1-Cull-F-box proteintEgquitin ligase complex and then processed by
the proteasome in a site-specific manner to theierisinal repressor isoforms (Temptal, 2006;
Wang and Li, 2006). Binding of a Hh signalling nmié to Ptchl leads to a reduction of the
processing of Gli2 and Gli3 into their short rep@sform and to an increased activity of Glil and
Gli2 (Fig. 13B) (Wanget al, 2000; Litingtunget al, 2002; Huangfu and Anderson, 2005). The
normal functioning cilium seems to be crucial fbe tprocessing of Gli2 and Gli3 to their repressor
form and the activation of Gli2 and Gli3 in respers induced Hh signalling (Huangét al, 2003;
Haycraftet al, 2005; Liuet al.,2005).

Normal limb development, for example, is depamdn a specific ratio between GIli3 activator and
Gli3 repressor (te Welschet al, 2002; Wanget al,. 2007). Mutations that remove IFT in mice alter
the Gli3 activator-to-repressor ratio by misregolatof the production of the Gli3 repressor form,

resulting in severe polydactyly (Haycrattal, 2005; Liuet al, 2005; Traret al, 2008). These results

indicate an important role for primary cilia forthegulation of the Hh signalling pathway.

Fig. 13. The primary cilium and Hh signalling. A.In the absence of Hh, Smo is repressed by PtcB. i&li
proteolytically processed to a transcriptional esgor, which inhibits the transcription of Hh siljjng target

genes.B. The binding of a Hh signal results resultsthe internalization of Ptchl from the membrarfie¢he

cilium and Smo enters the cilium. In the cilium Simteracts with Sufu, which results in inhibitiori the

proteolytic procession of Gli3, activating Gli tsammiptional activators. (Adapted from Scholey anudérson,
2006).

1.3.5Sufu and proteolytic processing of Gli2 and Gli3 irrelation to primary cilia

It has been recently shown that the formatibtine two different isoforms of Gli3 are dependefit
the interaction between GIi3 and Sufu (Hurekel, 2010), and that this interaction seems partlyeto
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independent of primary cilia (Cheet al, 2009). Sufu is an important negative regulatbrthe
mammalian Hh signalling pathway and its removalltssin a constitutive activation of Hh target
genes in mice (Coopet al., 2005; Svarcet al, 2006). Sufu can directly bind to both the N-ahd
terminal regions of the three different Gli progin mammals (Pearst al,, 1999; Stonet al., 1999;
Dunaevaet al, 2003; Merchanet al, 2004), and the interaction between Sufu and Gh3rols the
generation of the Gli3 repressor as well as aaivesoform (Humkeet al, 2010). The loss of Sufu
leads to the destabilization of Gli2 and GIli3 fidhgth activators, but their C-terminal processed
repressors are unaffected (Waetgal, 2010). The knockdown of Spop (a substrate-bimdidaptor
for the cullin3-based ebiquitin E3 ligase) in Swfutant mouse embryonic fibroblasts (MEFs) is able
to recover the levels of Gli2 and Gli3 full-lengthoteins (Wanget al, 2010), and overexpression of
Spop assists Gli2 and GIi3 degradation and Glizgssing (Wanget al, 2010). Sufu antagonizes
Spop in the process of regulating the protein eIGli2 and Gli3 (Chen et al., 2009) by protegtin
the full-length isoforms of Gli2 and Gli3 from Spopediated ubiquitination and complete degradation
by the proteasome (Chenal, 2009, Wangt al, 2010).

Without the activation of the Hh signalling)ifiength Gli3 is held back by Sufu in the cytopias
which favours the processing of Gli3 into a trang@nal repressor (Humket al, 2010). The
association of full-length Gli3 with Sufu seemsh® independent of primary cilia, because in cells
without IFT components Sufu has still the compegetacinhibit Hh signalling (Cheat al, 2009; Jia
et al, 2009). The subsequent processing of the fuitlerts1i3 into its transcriptional repressor form
depends on intact primary cilia (Huangfu and Ander2005), but the activity of the Gli3 repressor
form does not need Sufu or primary cilia (Hurméteal., 2010; Wanget al., 2010). Sufu dissociates
from GIi3 after the activation of Hh signalling (hike et al.,2010) and the full-length Gli3 is able to
enter the nucleus (Humiet al.,2010). Once the full-length Gli3 isoform has eatethe nucleus, it is
turned into an instable, differentially phosphotgth transcriptional activator .The protein Kif3a is
necessary for the dissociation of Sufu from Gli&] & may also be PKA dependent. Activation of the
Hh signalling pathway leads to an accumulatiomattive PKA at the base of the primary cilium, and
its inactivation triggers the activation of PKAtae same location (Baret al, 2010). The activation
of PKA can inhibit the dissociation of the full-lgtlh Gli3/Sufu complex (Humket al., 2010), and
full-length Gli3 bound by Sufu is not able to entbe nucleus to activate target genes of the Hh

signalling.
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Fig. 14. SuFu controls Gli3 processing. AThe full-length form of Gli3 is in association witBuFu in the
cytoplasm and is kept in this way in a neutralestd¥ithout the activation of the Hh signalling pa#y, the
SuFu-Gli3 complex is recruited to the primary aitifl), leading to the processing of the full-len@ti3 to the
cleaved Gli3 isoform (2), which leads to its disation from SuFu (3). The cleaved Gli3 isoform @manable to
enter the nucleus (4), where it acts as a trartsmngd repressor of Hh target genes &) Activation of the Hh
signalling pathway results in the dissociation af8 from the GIi3 full-length isoform (3) and therfation of
the cleaved GIi3 isoform is stopped (2). Free letigth Gli3 can now enter the nucleus (4), wherésit
phosphorylated, destabilized, and converted infamscriptional activator (5). The level of PKA iaiy in the
primary cilium may be able to control the rate wiwf between pathways leading to the formation of3Gl

repressor and activator generation (Adopted frormkket al, 2010)

1.3.6Primary cilia and Wingless/Integrated signalling

The Wingless/Integrated (Wnt) signal pathwagypl during development a crucial role in cell
proliferation and differentiation. (Logan and Nus2804; Clevers, 2006). Wnt proteins are secreted
growth factors interacting with the complex of tReizzled (Fz) receptor and the low-density
lipoprotein receptors LRP5 or LRP6, thereby acingatthe canonical Wrftfcatenin pathway, or
interacting with the Fz receptor alone, which ressud triggering the non-canonical Wnt/planar cell
polarity (PCP) pathway (Veemaat al, 2003; Heet al, 2004). The Wnf-catenin pathway controls
the stability of the transcription coactivafdcatenin, and thus the expression level of targeeg of

the WntB-catenin pathway (Fig. 14, upper two panels). Tba-canonical Wnt/PCP pathway is
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important for the architecture of the cytoskeleiorthe context of cell polarity and movement (Fig.

14, lower panel).

1.3.6.1Primary cilia and canonical Wnt/p-catenin pathway

The main mediator for the downstream effectthefcanonical Wnifcatenin pathway ig-catenin.

In the absence of a canonical Wnt signal a complaexsisting of the proteins Axin, Glycogen
synthase kinase p3(GSK3) and Adenomatous polyposis coli (APC) promotes phneteolytic
degradation of cytosoli-catenin (Fig. 15, upper left panel). Binding of ¥Aéignals to the receptor
complex of Fz and LRP5/6 activates cytosolic Diged (Dvl), which inhibits the
Axin/GSK3p/APC complex (Fig. 15, upper right panel). Thisdedo a stabilization and increase of
cytosolicpB-catenin levels.

In the absence df-catenin in the nucleus the transcription factorscdl factor (TCF) and
lymphocyte enhancer factor (Lef) are in a compléththe transcriptional suppressors Groucho and
transducin-like Enhancer of split (TLE). This rdsuh an inhibition of the downstream target geoies
the canonical Wntcatenin pathway (Fig. 15, upper left panel). Bseathe binding of Wnt signals
stabilizes the pool di-catenin in the cytoplasma, soifieatenin is able to enter the nucleus where it
interacts with TCF and Lef as a transcriptionalatvator (Fig. 15, upper right panel), inducinglcel
cycle progression, proliferation, differentiationdagrowth in addition to migration and regulatidn o
embryonic development (Vlegt al, 2008).

Primary cilia are thought to be involved in oaital Wntf-catenin signalling, but the research
results are inconsistent and controversial. Invefsnv), encoded by the gerieephrocytin 2 is
located in primary cilia and interacts with Dvl (@€t al, 2003; Watanabet al, 2003; Simongt al,
2005). Inv can cooperate with Dvl and is thus ablenhibit the ability of Dvl to activate Wrfif
catenin signalling (Simonst al, 2005). This led to the hypothesis that \Wadatenin signalling is
repressed by primary cilia. Gene knockdown exparnimef the geneBiedl-Bardet Syndromeahd4
(BBS1/4 andKif3a showed an stabilization @fcatenin and resulted in an upregulation of the/gvnt
catenin pathway in cultured cells (Gerdgsl.,2007).Mice mutant for the genk#3a, Ift88 or outer
dense fiber of sperm tails 1 (odf¢how an upregulation of canonical Wfttatenin signalling in
mouse embryos (Corbét al, 2008).

On the other hand other data implicates thiatgny cilia do not play an important role in canaii
Whnt/B-catenin signalling. Zebrafish embryos mutant toe tnaternal-zygotidt88 exhibit a normal
expression pattern of the canonical \Braatenin target genexin2, trans-acting transcription factor
5 (sp5)and sp5 transcription factor-likgsp5I) (Huang and Schier, 2009). In mice mutant Ift88,
Ift72 or Kif3a no real Wnt-specific phenotypes were detected iftaadi al, 2009).

31



Introduction

1.3.6.2Primary cilia and non-canonical Wnt/PCP pathway

Non-canonical Wnt/PCP signalling is independeaithe Axin/GSKP/APC degredation complex
and pB-catenin. It is induced by binding of Wnt ligands Fz and transmission of the non-canonical
Whnt signalling needs Dvl which is localized to ghlasma membrane (Fig. 15, lower panel) (Axelrod
et al., 1998; Rothbacher et al., 2000; Seto antéBeP004). Dvl acts through intercellularClevels
and by regulating RhoA, Rock, and Jnk kinase, #lhwrucial impact on the cytoskeleton and the
regulation of planar cell polarity (PCP) (Fig. 1&wer panel) (Kikuchet al, 2008).

As with the canonical Wirft/catenin signalling, the results for the role oinmry cilia in non-
canonical Wnt/PCP signalling is contradictary. Nimmonical Wnt/PCP signalling is important for
convergent extension (CE), a process during dewsdop whereby the embryonic tissue is
reorganized with the help of cell movements to maralong one axis and to expandalong an upright
axis (Sokol, 1996; Heisenbeeg al,, 2000; Tada and Smith, 2000; Wallingfatdal., 2000). Defective
CE results in incomplete neural tube closurXémopusas well as in mice (Wallingford and Harland,
2002; J. Wangt al, 2006; Y. Wanget al, 2006; Ybot-Gonzaleat al, 2007). Inv interacts with Dvl,
which is involved in Wnfi-catenin as well as in Wnt/PCP signalling (Simenal., 2005), and the
loss of Inv leads to defective CE (Simaetsal, 2005). These findings led to the hypothesis bimat
located at the primary cilium, acts as a switchMeen canonical Wrfifcatenin and non-canonical
Wnt/PCP signalling. In zebrafish the outcome @& thutation of the basal body proteins Bbsl1, Bbs4
and Bbs6 are defects in convergent extension (Getdal, 2007). TheBbs genes can interact with
the PCP gengan gogh-like AVangld. Vangl2itself is localized to the axoneme and basal bddy o
primary cilia (Rosset al, 2005). Mice mutant for the gen#dt88 and Ift20 exhibit non-canonical
Wnt/PCP specific defects in the cochlear and kidmhegts (Jonassest al, 2008; Jonest al, 2009).
However, in Zebrafish embryos mutant for the maikmygotic ift88 display normal convergent
extension (Huang and Schier, 2009). Taken togetherole of primary cilia in both Wnt pathways is
still disputed, and it may be that their functiortihe Wnt pathways is either specific for certéésues

and developmental stages or not as simple as thatighe beginning.
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Fig. 15. The primary cilium and Wnt signalling. Upper left panel. B-catenin is phosphorylated in the absence
of a Wnt signal by the3-catenin destruction complex, which is composedAafn, APC and GSKB.
Phosphorylate@-catenin is the target for degradation. The trapton of Wnt target genes is suppressed by a
complex of TCF/Lefl and TLBUpper right panel. The canonical Wnt signal binds to a receptor comple
Frz receptor and LRP5/6 coreceptor, which in tuimd® to Axin and Dvl. This leads to a stabilizatiohp-
catenin in the cytoplasm-catenin migrates then into the nucleaus, replat&s which leads to an activation of
TCF/Lefl/B-catenin-responsive gendswer panel. The activated Dvl is targeted to the membrane byibg

of a non-canonical Wnt signal to its receptor carpivhich results in an activation of downstreanyéagenes.
(Adapted from Gerdest al, 2009).

1.3.7Primary cilia and brain patterning

Two studies have shown lately that primaryacitilay a crucial role for the brain to develop
normally. Misshaped cilia with a bulge at theirtdidip are occur in mice with a null mutation bt
gene alien (aln) in tetratricopeptide repeat domain 218tc21. The gene encodes Ift139, a
component of retrograde IFT. The bulges are pavkddIFT components and even in the absence of
Shh activation the primary cilia permanently proglugli activators (Traret al, 2008). However,
anterograde IFT mutants have no cilia and fail akenGli activators as well as Gli3 repressor. This
indicates that both anterograde and retrogradeplgy different roles in mediating Hh signalling.
Anterograde IFT seems to be required for the ambaof Gli, whereas retrograde IFT seems to be
needed for the restriction of the activity of Gitimators.
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1ft139""“" mutants exhibit loss of dorsal cortex, dorsal-vanpatterning defects, and loss of a distinct
boundary between telencephalon and diencephaloottr{fstinn et al, 2009). These phenotypes
resemble defects seen@ii3 mutants (Theikt d., 1999; Toleet al, 2000; Fotaket al, 2006), and
the ratio of Gli3 full-length to Gli3 repressoriigreased by 10-fold itft139"™" mutants compared
to wild-type (Tranet al, 2008). Thdft139"*" mutants also exhibit ectopic Shh signalling adfivit
whereas inGli3 mutants this is not the case. The abrogation ef@py ofShhcan to some extent
rescue thdft139"™¥" mutant phenotype (Stottmarm al, 2009), but it is not clear, how the loss of
Ift139 enhances the expressiorsStth

In another study the geselective Lim-domain bindinglb (Slb), which encodes the anterograde
IFT component IFT172, was removed by gene targé@uyivodskyet al, 2009). The removal @lb
is responsible for the total loss of cilia and garatterning defects (Gorivodslgt al, 2009). The
1ft172°** mutants show as a phenotype the inability to expFef8 in the midbrain-hindbrain
boundary and in the commissural plate. They dis@ayfurther phenotypes holoprosencephaly,
exencephaly, truncation of forebrain, and a sevedeiction in diencephalic structurdg172°"s"®
mutants also exhibit a decreaseNndal expression in the epiblast and the node betweed &7
E7.5. The expression &fodalin the epiblast is necessary for the formationhef AVE (Brennaret
al., 2001), an important source of antiposteriorizgignals in mice (Kimuraet al, 2000; Perea-
Gomezet al, 2001). Mutations in genes important for the diemment of the AVE results in defects
of the anterior neural plate including the teleradpn (Knoetgeret al, 1999; Perea-Gomest al,
2000). The formation of the axial mesendodermss dependent on the expressioMNofal (Wall et
al., 2000; Anderssoret al, 2006), which is necessary for th@f8 expression in the midbrain-
hindbrain boundary and forebrain growth (Caretisl, 2000).Fgf8 expression is responsible for the
induction of markers for the prosencephalic idgntitthe anterior neuroectoderm (Shimametal,
1997; Shanmugalingarat al, 2000; Fukuchi-Shimogoret al, 2001), such a&oxgl (Fig. 7A)
(Shimamura and Rubenstein, 1997;éteal, 1998). The onset dfoxglexpression at embryonic day
8.5 (E8.5) in mice marks the specification of teencephalic primordium. The diminishétbdal
expression further on explains the randomizatioteftfright asymmetry and failure to form anterior
mesendoderm. The reported early phenotypé&lifiZ®®*®mutants lead to the hypothesis that Ift172
and primary cilia are active in tissues before aktissue is established and thus influence the

development of the brain.
1.3.8Primary cilia and other brain structures
1.3.8.1Primary cilia and hippocampal development

The granule neurons of the hippocampal derggtes (DG) are mostly generated during early

postnatal life. Besides the postmitotic neuronsp ahtermediate progenitors or granule neuron

34



Introduction

precursors (GNPs) migrate away from the primarymgesl zone in the ventricular zone (VZ) into the
inner layer of the developing DG. There they wiélcbme postnatal neural stem cells that continue to
produce new neurons during the whole life (Altmetnal, 1990). The constant generation of new
neurons in the DG is believed to be important focuwit plasticity, learning and memory. It has
recently been shown that primary cilia play a alieole for the expansion of embryonic neural
progenitors and conversion into a population ofalaalstrocytes. They are thought to be the oridin o
primary progenitors in the postnatal DG (Breueigal, 2008; Haret al., 2008). In the first study the
geneKif3a was conditional deleted by usingh&FAP::Cre mouse line (Haret al, 2008), and the
second study usedestin::Cre mouse line to conditionally delete the gestempy(Breuniget al,
2008). The genstumpyencodes a protein related to the basal body diad(Bionsarcet al, 2007;
Town et al, 2008). The number of proliferating GNPs was bthlkapproaches severely diminished. A
potential explanation for this phenotype is ther@éase in cell cycle exit (Breunigt al, 2008). A
hypomorphic allele offt88, 1ft88"°" as well as the homozygous mutationfafitoni, which
encodes a basal body protein, also exhibited aniBhed proliferation of GNPs (Haat al., 2008).

This results further indicates that the phenotypele DG are connected with the loss of cilia.
1.3.8.2Primary cilia and cerebellar development

The so called cerebellar GNPs (CGNPs) that haigeated away from the VZ are responsible for
the postnatally generation of most of the cerebejtanule neurons. Shh, produced by the underlying
Purkinje neurons, acts as a mitogen for CGNPs @babt al, 1999; Wechsler-Reyat al, 1999;
Dahmaneet al, 2007). Primary cilia are necessary for the peddition of the CGNPs. This is in
agreement with the crucial role of primary cilia3hh signalling. The conditional abrogationkif3a,
Ift88 or stumpyin CGNPs lead to severe hypoplasia and defectbatibn of the cerebellum
(Chizhikovet al,, 2007; Breuniget al, 2008; Spasskgt al, 2008). In the cerebellum of ciliary mutants
the proliferation of the GNPs and also the expogssif target genes of the Shh pathway are
profoundly reduced. CGNPs devoid of primary ciliancnot respond to Shh signallirig vitro
(Spasskyet al, 2008). Cerebellar development is also pertutibethutations in the two basal bodies
proteins Fantom and Oral-facial-digital syndromgehe homolog Odfl (Odfl) (Ferrardtal., 2006;
Delouset al, 2007; Vierkotteret al., 2007).
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2 Materials and Methods

2.1 Materials

2.1.1General

2.1.1.1Equipment

ABI PRISM 7000 Sequence Detection System Applied Biosystems

Amaxa nucleofection device
Autoclave Fedegari FVA3
Avanti J-25 centrifuge
Biostatin IM

Centrifuge MIKRO 20

Amaxa Biosystems

Integra Biosciences GmbH, Fernwald, Germany
Beckman Coulter, USA

Nikon, Japan

Hettich, Tuttlingen

Confocal microscope C1si with spectral analysidlikon GmbH

CGOsincubator, HERA cell 150

Compact shaker KS 15 control
CPD 030 Critical Point Dryer
Cryostat CM3050 S

Curix60 table top processor
Digital CCD camera F-View Il
Digital Camera COOLPIX 5000
Digital Camera Leica DFC 320
E.A.S.Y 440 K CCD Camera
Electrophorese chamber

EM 906 Electron Microscope
Fastblot B33

Fiber Optic llluminator KL 1500 LCD

Fluorescence microscope BX61W1

Kendro laborytory products GmbH, Thermo
scientific

Edmund Bihler GmbH, Germany
BAL-TEC, Wetzlar

Leica Microsystems, Nussloch

Agfa

Soft Imaging Systems GmbH, Munster
Nikon, Japan

Leica Microsystems Ltd, Heerbrug

Herolab

Feinmechanikwerkstatt, University of Heidelberg
Zeiss

Biometra

Leica

Olympus Germany GmbH, Hamburg

Fluorescent confocal laser scanning microscop&likon Instrument Europe B.v.

Clsi

Fujinon Lens VRF 43LMD

GS-800 USB Calibrated Densitometer
Hybridisation Incubator 7601

Incucell incubator

Fujifilm

Bio-Rad Laboratories

GFL Gesellschaft fur Labortechnik mbH,
Germany

MS Laborgeratehandel, Wiesloch
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Inverse fluorescent microscope CKX41
Kodak BioMax Cassette with BioMax MS
Intensifying Screen

Leica DMLB Microscope

LEO 1530 Gemini

Luminescent Image Analyzer LAS-3000
Mastercycler Gradient

MED 020 Coating Systems

Microslicer DTK-1000

Mini-PROTEAN Tetra Cell

Olympus U-RLF-T

Oven Heraeus

Owl B2 EasyCast Mini Gel System
PCR cycler personal

Plan Apo 1x WD70

Potter S Homogenizer

Qualifreeze Cryo-Einfriergerat
Radiographic cassette

Rotary Microtome Leica RM 2235
Seven easy pH meter

Short plates

Spacer plates (0.75 mm/ 1.0 mm)
Spectrophotometer Ultrascope 3100 pro
SIGMA laboratory centrifuge 2-5

Stereomicroscope SMZ800

Sterile hood, LaminAir model 1.2
Ultramicrotome Ultracut UCT

Ultra Pure Water Purification System
Ultra Turrax T8 Homogenizer

UV Transilluminator UVT-20 S/L
Veritas Microplate luminometer
Water bath

Olympus Germany GmbH, Hamburg
Kodak

Leica Mikroskopie und Systeme GmbH, Wetzlar

Zeiss, Oberkochen

Fujifilm

Eppendorf

BAL-TEC, Wetzlar

Dosaka EM Co., LTD

Bio-Rad Laboratories

Olympus

Kendro, Thermo scientific
Thermo Scientific

Whatmann Biometra, Géttingen
Nikon

Sartorius Stedim Biotech
Quialilab

Dr. Goos-Suprema GmbH, Heidelberg
Leica Microsystems

Mettler, Toledo

Bio-Rad Laboratories

Bio-Rad Laboratories
Amersham, Biosciences
Sigma Laborzentrifugen GmbH, Osterode,
Germany

Nikon

Holten, Denmark

Leica

membraPure GmbH, Germany
IKA Werke GmbH&Co0.KG
Herolab

Turner BioSystems

Memmert, Schwabach
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2.1.1.2Special Software

AIDA Image Analyzer
AnalySIS

Adobe Photoshop 7.0 and CS4
EndNote X3

EZ-C1 Free Viewer 3.30
ImageJ

Leica FireCam 3.1

Quantity One

4D Client

2.1.1.3Dissection tools

Fine forceps

Scissors

2.1.1.4Consumables

96F Nunclon Delta White Microwell SI

96 Well Optical Bottom Plate PolymerBase
Amersham Hyperfilm ECL

Cellstar culture dishes and plates

Conical test tubes, RNase free, 15 ml/ 50 ml
Coverslips (24x60 mm)

CryoS, cryo vials, PP, with screw cap
Hybond-N+ membrane

Immobilon-P Transfer Membrane (VDF)
Leica 819 Low Profile Microtome Blades
Micro Amp Optical 96-well Reaction Plate
Microscope Slides Super Frost

Microscope Slides Superfrost Ultra Plus
Micro tubes (1.5 ml/ 2.0 ml)

Novex Tris-Acetate SDS running buffer (20x)

raytest

Soft Imaging Systems GmbH, Munster
Adobe Systems

Thomson Reuters

Nikon

Wayne Rasband NIH

Leica Microsystems

Bio-Rad Laboratories

4D

Fine Science tools, Germany

Fine Science tools, Germany

Nunc

Nunc

GE Healthcare

Greiner Bio-One GmbH
nb nerpe plus

Roth, Karlsruhe
Greiner Bio-One GmbH
Amersham, Biosciences
Millipore corporation
Leica Microsystems
Applied Biosystems
Roth, Karlsruhe

Roth, Karlsruhe
Sarstedt, Germany

Invitrogen

NuPage 3-8% Tris-Acetate gel (1.5 mm, 10 wellpvitrogen

Optical Adhesive Film Kit
Pasteur Capillary Pipetts (150 mm/ 230 mm)

Applied Biosystems
WU Mainz
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PCR cup (G002 / G003) G. Kisker GbR

Probe Quant G-50 Micro Columns Amersham, Biosciences
Ready-to-Go DNA Labelling beads (-dCTP)  GE Healthcare

Safe-Lock tubes (1.5 ml/ 2.0 ml) Eppendorf

Stericup Filter Unit 0.22 pm Millipore corporation

Sterile pipettes Gibco, Invitrogen

Syringe driven filter unit 0.22 um/ 0.45 pm Millipore corporation

Tissue Culture Flasks (25 éns0 cnf) Greiner Bio-One GmbH

Tissue freezing medium Jung, Leica, Nussloch, Germany
Tissue freezing molds Polysciences Europe, Eppelheim, Germany
Razor blades Thermo Fisher

3 MM Chromatography paper Whatmann Int., England

2.1.1.5Reagents

Aceton Zentrallager INF 367, Heidelberg, Germany
Agar Merck, KGaA, Darmstadt
Agarose Roth, Karlsruhe
Ampicillin Sigma-Aldrich

Aprotinin Sigma-Aldrich

Azure |l Merck
B-Mercaptoethanol Sigma-Aldrich

Benzyl benzoate Sigma-Aldrich

Benzyl alcohol Sigma-Aldrich

Boric acid AppliChem

Bromphenol blue 4F057 Division Chroma, Munster
CHAPS Fluka

Citric acid Sigma-Aldrich
Chloroform Fluka

Coomasie R 250 Serva

DAB Sigma-Aldrich

DMSO Acros Organics

Ethanol absolut puriss Sigma-Aldrich

Ethidium bromide Fluka

Formaldehyde (40%, m/v) Carlo Erba Reagents
Glacial acetic acid Sigma-Aldrich
Glutaraldehyde (25% solution) Merck
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Glycerol

Glycine

Hydrogen peroxide
Isopropanol

Kanamycin

Lead(ll) nitrate
Leupeptin

Maleic acid

Methylene blue

MOPS

Natriumchloride

Nitric acid

Orange G

Osmium tetraoxide (2% solution)
PIPES

PMSF

Polyvidon 25

Potassium ferrocyanide
Roti-Phenol

Sodium cacodylate
Sodium citrate dihydrate
Sodium tetraborate decahydrate
Sucrose

TEMED

Tris

Uranyl acetate

Xylene cyanol

Xylol

2.1.1.6Reagents for Cell Culture

DMEM (41966)

FBS

FCS

L-Glutamine 200 mM (25030)
Pen Strep (14140)

Trypsin

Sigma-Aldrich
Sigma-Aldrich
Merck
AppliChem
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Fluka

Merck
Sigma-Aldrich
Sigma-Aldrich

Mallinckrodt Baker B.V.

Sigma-Aldrich
Polysciences, Inc.
AppliChem
Sigma-Aldrich
Merk
Sigma-Aldrich
Roth, Karlsruhe
Merck
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Roth, Karlsruhe
Serva
Sigma-Aldrich
AppliChem

Gibco, Invitrogen
Gibco, Invitrogen
Gibco, Invitrogen
Gibco, Invitrogen
Gibco, Invitrogen

Gibco, Invitrogen
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2.1.1.7Enzymes and Molecular Weight Markers

Tag-polymerase

Proteinas K

25 bp ladder

50 bp ladder

100 bp ladder

1 kb bp ladder

MHind 11l ladder

2-Log DNA ladder (0.1-10.0 kb)
PageRuler Prestained Protein

peqGOLD Prestained Protein-Marker 11l

2.1.1.8Restriction Enzymes and Buffers

Apa |

BamH |

BspE |

Bstx |

BSA (100x)
Buffer P1 (10x)
Buffer P2 (10x)
Buffer P3 (10x)
Buffer P4 (10x)
Dra |

EcoR |

Hind 1l

Kpn |

Msc |

Nco |

Not |

Pst |

Pvu |

Pvu Il

Sac |

Sal |

Scall

Frementas

Roth, Karlsruhe
Promega

Promega

Fermentas

Invitrogen

Fermentas

New England Biolabs
Fermentas

peglLab

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
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Xba |
Xho |

Xmn |

2.1.1.9Kits

BCA Protein Assay Kit

Dual Luciferase assay system

ECL Plust Western Blotting Detection System

Gel Drying Frames

GenElute HP Plasmid Midiprep Kit
GenElute HP Plasmid Miniprep Kit
Nucleospin Extract Il

QIAEX Il Agarose Gel Extraction Kit
Rat Neuron Nucleofactor Kit
RNeasy MiniKit

TOPO TA Cloning Kit for subcloning
Zero Blunt TOPO PCR cloning Kit

2.1.1.10 Vectors

pCMV-SPORT6
pCRII-TOPO
pCR2.1-TOPO
pCR-Bluntll-TOPO
pSPORT-1

New England Biolabs
New England Biolabs
New England Biolabs

Thermo Scientific
Promega

GE Healthcare
Roth, Karlsruhe
Sigma-Aldrich
Sigma-Aldrich
Macherey and Nagel
Quiagen

Amaxa Biosystems
Quiagen

Invitrogen

Invitrogen

RZPD
Invitrogen
Invitrogen
Invitrogen
RZPD
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2.1.1.11 Primers

2.1.1.11.1Primers for Genotyping

The primers were ordered from the company Therrabéd¥fiScientific GmbH for genotyping:

cbs

D14Mit62 F

D14Mit62 R

D14Mit121 F

D14Mit121 R

D14Mit141 F

D14Mit141 R

D14Mit259 F

D14Mit259 R

Gliz™

XtJ580 F

XtJ580 R

C3F

C3R

| ft88tm1.lBky

BY598 (common 5" primer)
BY919 (3" flox and WT allele
primer)

BY956(3" delta allele primer)
tauGFP

WT-F

WT-R

KO-F

KO-R

5-AGG ACT CAA TGA GCA GGG AA-3

5-ACT CTC CTG CCA CCC CTC-3

5-TTG ACA TCT GGA TAT GAC AAT GC-3’
5-TGT GCATGT TTG TGT ACA TAT GTG-3'
5-CCA GCATTC CGA AGT CAT TT-3'

5-AGG GAA AGA AGA CAG CAC GA-3
5-TGG TGT CTC CTT CGG AAT TT -3

5-TAA ATG TAA AAG GTA AAG GCA ATG G-3°

5-TAC CCC AGC AGG AGACTC AGATTAG-3
5°-AAA CCC GTG GCT CAG GAC AAG-3
5-GGC CCA AAC ATC TAC CAACAC ATAG-3
5-GTT GGC TGC TGC ATG AAG ACT GAC-3’

5-GCCTCCTGT TTC TTG ACA ACA GTG-3
5°-GGT CCT AAC AAG TAAGCC CAG TGT T-3

5-CTG CAC CAG CCATTT CCT CTA AGT CAT GTA-3

5-CTC AGC ATC CCA CCT GTA AC-3

5-CCA GTT GTG TAT GTC CAC CC-3°

5-CAG GTC TTG AAC CAG TAT GG-3°
5-TGA ACT TGT GGC CGT TTA CG-3°
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2.1.1.11.2Primers for Sequencing

The primers were ordered from the company TherrabéfiScientific GmbH for sequencing the open

reading frame of the geni#88:

IFT88ppl F 5-GGC CTG CCT AGG ATC AGG-3’
IFT88ppl R 5-CTT GCT CTC GTT GTC TCA CC-3’
IFT88pp2 F 5-ACA GGG ACA ATT CAG GAT GG-3°
IFT88pp2 R 5°-AAA GAC GCT TCG ATC ACA GG-3
IFT88pp3 F 5°-TCG GGA GAA AAT GAA GAA GG-3
IFT88pp3 R 5 -GGG AAT CAG TTG GAA CAA CG-3
IFT88pp4 F 5-CTG AAC CGT CTG GAT GAA GC-3’
IFT88pp4 R 5-TGG CAC TCAGTC GTT CAC TC-3°
IFT88ppS F 5-AAG TGG CAG CTG ATG GTA GC-3
IFT88pp5S R 5-TGG AGG ACC TGA GTT CAA GC-3
IFT88pp6 F 5-TGAATG TTTGCG TTT CTT GG-3°
IFT88pp6 R 5-GAC AGC ACA AAC CCATCC TC-3
IFT88pp7 F 5-CAC CTT AGG CAA ATG GAA CG-3
IFT88pp7 R 5-CGC AAA CAT TCAACATTC TCC-3

2.1.1.11.3Frimers for testing of the cDNA-Quality

The primers were ordered from the company TherrabdfiScientific GmbH and used for testing the

quality of the cDNA after thén vitro translation:

G3PDH F 5-AAC ACA GTC CAT GCC ATC AC-3
G3PDH R 5-TCC ACCACCCTG TTG CTG TA-3
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2.1.1.11.4Primers for real time RT-PCR

The following TagMan Gene Expression Assays wedermad from Applied Biosystems and used for

gPCR:

Number Gene Species Amplicon Length
Mm_01265783_m1 Axin2 mouse 114
Mm_00494654 m1 Gli1 mouse 83
Mm_00493675_m1 Ift88 mouse 79
Mm_00436031_m1 Ptchl mouse 135
Mm_00437357_m1 Wnt7b mouse 62

Mm_00442108 m1l Wnt8b mouse 72

Table 1: TagMan Gene Expression Assays

2.1.2Histology

2.1.2.1General Reagents

Aqua-Poly/Mount
Aquatex

Entellan

Immune Edge Pen

Paraplast-Plus

Roti-Liquid Barrier Marker

Triton X-100

Tween-20

2.1.2.2Alcian Blue Staining

Alcian Blue 8 GX

2.1.2.3Hemotoxylin-Eosin staining

Eosin

Hemotoxylin

Polysciences Europe, Eppelheim, Germany

Merck
Merck

Vector Laboratories Inc, Burlingame

Roth, Karlsruhe
Roth, Karlsruhe
Roth, Karlsruhe
Roth, Karlsruhe

Sigma-Aldrich

Division Chroma, Minster, Germany

Sigma-Aldrich
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2.1.2.4Fluorescent Immunohistochemistry

2.1.2.4.1Sera

Bovine serum albumine Roth, Karlsruhe
Native goat serum Sigma-Aldrich
2.1.2.4.2Dyes

DAPI Sigma-Aldrich

2.1.2.4.3Primary Antibodies

Epitope Species Dilution | Source
B-Galactosidase (Clone 55976Yyabbit polyclonal 1:2000 ICN/Cappel
B-Tubulin Il (TuJ1 clone) mouse monoclonal 1:1500 Covance
Nestin (Rat 401 clone) mouse monoclonal 1:500 BD PharMingen
Pax6 (AB5409) rabbit monoclonal 1:3000 Millipore
Phospho-histone H3 (Serl0, | rabbit polyclonal 1:200 Upstate

rabbit 06-750)

RC2 mouse monoclonal 1:10 DSHB

2H3 (anti-165 kDA mouse monoclonal 1:100 DSHB
neurofilament)

Table 2: Primary antibodies

2.1.2.4.4Secondary Antibodies

Name Dilution Source

Goat anti-mouse Alexa Fluor 488 1:1000 Invitrogen
Goat anti-mouse Alexa Fluor 546 1:1000 Invitrogen
Goat anti-rabbit Alexa Fluor 488 1:1000 Invitrogen
Goat anti-rabbit Alexa Fluor 546 1:1000 Invitrogen

Table 3: Secondary antibodies
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2.1.2.5In situ Hybridization

2.1.2.5.1Reagents

Blocking Reagent (Boehringer Block)
CHAPS

DEPC

DIG RNA Labeling Mix, 10x. Conc.
Formamide

Glutaraldehyde (25% solution)
Glycine

Heparin

NBT/BCIP stock solution

Ribolock RNase Inhibitor
RNaseZAP

5x Transcriptionbuffer

Yeast tRNA

2.1.2.5.2Antibodies

Anti-Digoxigenin-AP, Fab fragments

2.1.2.5.3Enzymes

RNA Polymerase (T3, T7, Sp6)

2.1.3Plasmids

2.1.3.1In situ hybridization

Roche

Fluka
AppliChem
Roche
Sigma-Aldrich
Merck
Sigma-Aldrich
Sigma-Aldrich
Roche
Fermentas
Sigma-Aldrich
Fermentas

Roche

Roche

Fermentas

MRNA probe Reference/ Origin

Axin2 Theil, 2005

Dbx1 Yunet al, 2001

DIx2 Theil, 2005

Emx1 Kuschelet al, 2003

Emx2 Kuschelet al, 2003

EphB1 Kind gift from D. Wilkinson, National Institute faviedical Research, London
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Foxd1l Hatini et al, 1996

FoxG1 Tao and Lai, 1992

Gli3 Kind gift from A. Joyner, Skirball Institute, Nework, NY
Lhx2 Porteret al, 1997

Ngn2 Kuschelet al, 2003

Pax6 Kuschelet al, 2003

Ptchl Goodrichet al, 1996

Reelin Theil, 2005

Shh Kind gift from M. Treier, EMBL, Heidelberg, Germany
Ttrl Duanet al, 1989

Wnt2b Kuschelet al, 2003

Wnt7b Theil, 2005

Wnt8b Kind gift from J. Mason, University of Edinburghdigburgh, UK

Table 4: mRNA probes

2.1.3.2Northern blot analyis

1ft88 cDNA

RZPD

Gli3 cDNA

RZPD

a-tubulin cDNA

Lemischkaet al., 1981

Table 5: Northern blot probes

2.1.4 Antibodies for Western blot analysis

2.1.4.1Primary antibodies

Epitope Species| Dilution Source

Ift88 goat 1:1000 Pazouret al, 2002

Gli3 (s.c.-20688) rabbit 1:1000 Santa Cruz Biotechnology
B-actin (clone AC-15) | mouse | 1:5000 Sigma

Table 6: Primary antibodies for WB analysis
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2.1.4.2Secondary antibodies

Name Dilution Source

HRP-conjugated mouse anti-goat 1gG (cs-2354) 1:10.000 Santa Cruz Biotechnology
HRP-conjugated goat anti-rabbit 1IgG 1:10.000 KPL

HRP-conjugated goat anti-mouse IgG 1:10.000 KPL

Table 7: Secondary antibodies for WB analysis

2.1.5 Animals

Mouse embryosMus musculus domestigus the following mouse lines were used for expents:

tauGFP ENU mutagenesis screen

AG Tucker, IBF Heidelberg

cbs Positional cloning, Northern blot, Western

blot, Cryosections, Paraffinsections, Cell
culture, Scanning and Transmission electrgn

microscopy, Complementation analysis

AG Tucker, IBF Heidelberg

Gliz™¥ Northern blot, Western blot

Lab of Prof. Ulrich tRér,
University of DUsseldorf, Germany;
AG Tucker, IBF Heidelberg (Hui
and Joyner, 1993)

1ft88™ % | Complementation analysis

Lab of Bradley K. Yoder,
Birmingham, USA (Haycrafét al,
2007); AG Tucker, IBF Heidelberg

1t88"*¥9¢" | Cryosections

Lab of Richard P. Woychik,
Alameda, USA (Murciat al, 2000)

C57BL/6J Maintaining the colonies in general

ChaiRever

CBA/J Maintaining thebscolony

Janvier

Table 8: Mouse colonies
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2.1.6 Solutions and buffers

2.1.6.1General

1x PBS (pH 7.4) 140 mM NacCl
2.7 mM KCl
10 mM KH,PO,

2.1.6.2Gel electrophoresis

50x TAE 2MTRIS
0.05 M EDTA pH 8.0
57.1 ml glacial acetic acid (96%)

5x TBE 0.45 M TRIS
0.01 M EDTA pH 8.0
0.04 M Boric Acid

10x Orange G 0.006 % (w/v) Orange G
50% Glycerol
50% MP-Water

10x Xylene cyanol 0.006% (w/v) Xylene cyanol
50% Glycerol
50% MP-Water

Ethidium bromide 0.5 pg/ml 100 ml 1x TAE

Lysis buffer (Tail buffer) 0.1 M Tris-Cl (pH 8.5)
5 mM EDTA (pH 8.0)
0.2% (w/v) SDS
0.2 M NaCl
100 pg/ml Proteinase K
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2.1.6.3Microbiology

LB-Medium 1% (w/v) NaCl
1% (w/v) Trypton
0.5% (wl/v) Yeast extract

Agar plates 1.2% (w/v) Bacto-Agar
0.8% (w/v) Bacto-Tryptone
0.8% (w/v) Bacto Yeast-Extract
0.8% (w/v) NaCl

2.1.6.3.1Antibiotics

Antibiotic Stock concentration Final concentration
Ampicillin 50 mg/ml 0.1 mg/ml
Kanamycin 10 mg/ml 0.05 mg/mi

Table 9: Antibiotics

2.1.6.4Northern Blot

20x SSC,pH 7.0 3 M NaCl
3.3 M CQH5N&307*2H20

Church buffer 1% (w/v) BSA
1mM EDTA (pH 8.0)
7% (w/v) SDS
0.5 M Phosphate buffer

Phosphate buffer 1 M NaHPO,
1 M NaHPO,
5x Formaldehyde running buffer 0.1 M MOPS

40 mM NaAcetat
5mM EDTA (pH 8.0)
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RNA Gel loading buffer

TE buffer (pH 8.0)

Washing solutions

2.1.6.5Western Blot

10x TBS

TBST

SDS-Running buffer

Transfer buffers
Anode |

Anode |l

Cathode

Blocking buffers

95% (w/v) deionized Formamide
0.025% (w/v) Bromphenol blue
0.025% (w/v) Xylene cyanol
5mM EDTA (pH 8.0)

0.025 % (w/v) SDS

10 mM Tris-HCI (pH 8.0)
1 mM EDTA (pH 8.0)

1x - 0.1x SSC/ 1% - 0.1% SDS

1.4 M NaCl
0.03 M KCl
0.25 M Tris-HCI (pH 7.5)

1x TBS
0.1% - 0.25% (v/v) Tween-20

25 mM TRIS
1.92 M Glycine
1% (w/v) SDS

0.3 M TRIS (pH 10.4)
20% (v/v) MeOH

25 mM TRIS (pH 10.4)
20% (v/v) MeOH

25 mM TRIS (pH 9.4)
40 mM 6-amino-n-caproic acid
20% (v/v) MeOH

1x TBS
0.1% (v/v) Tween-20
5% (w/v) Milk
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1x TBS
0.1% (v/v) Tween-20
5% (w/v) BSA

1x PBS
10% (v/v) Goat serum
0.25% (v/v) Tween-20

5x Laemmli-SDS buffer 0.125 M TRIS-HCI (pH 6.8)
5% (w/v) SDS
5% (v/v) B-MercaptoEtOH
Buffer H 20 mM TRIS-HCI (pH 7.4)
5x Gel Loading buffer 312.5 mM TRIS-HCI (pH 6.8)
50% (v/v) Glycerol

0.05% (v/v) Bromphenol blue

2.1.6.5.1Proteinase inhibitors

Inhibitor Stock concentration Final concentration
Leupeptin 1 mg/mi 1 pg/ul

Aproptin 10 mg/mi 1 pg/ul

PMSF 17 mg/mi 17 pgl/ul

Table 10: Proteinase Inhibitors
2.1.6.5.2Coomassie staining
Coomassie 0.25% (w/v) Coomassie

40% (v/v) MeOH

10% (v/v) Glacial acetic acid

Destaining solution 50% (v/v) MeOH

10% (v/v) Glacial acetic acid
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2.1.6.6lmmunohistochemistry

Antigen retrieval buffer (pH 6.0) 10 mM Tris-Sodium-Citrate (dihydrate)

Blocking buffer 1% (v/v) BSA
5% (v/iv) NGS
0.25% (v/v) TritonX-100

Washing solutions 1x PBS

2.1.6.7In situ Hybridization

10x PBS 1.37 M NacCl
0.027 M KClI
0.015 M KHPO,
0.065 M NaHPQO*2H,0

Proteinase K 20 pg/mlin 1x PBS

PBST 1x PBS
0.1% (v/v) Tween-20

Hybmix 50% (v/v) Formamide
5x SSC (pH 4.5)
10 mg/ml Boehringer Block
0.005 M EDTA (pH 8.0)
0.1% (v/v) Tween-20
0.1% (v/v) CHAPS
0.02 mg/ml Heparin
Img/ml tRNA

B-Block 2% (w/v) Boehringer Block
0.1 (v/v) Tween-20
10% (v/v) NGS

NTM 0.1 M Tris-HCI (pH 9.5)
0.1 M NaCl
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20x SSC

Solution |

2.1.6.8Electron microscopy

2.1.6.8.1Scanning electron microscopy

Fixation buffers

Washing buffer

2.1.6.8.ZTransmission electron microscopy

Fixation buffers

Na-cacodylate buffer (0.1 M)

Teorell-Stenhagen buffer (0.05 M, pH 10.0)

0.05 M MgClb

3 M NacCl
3.3 M CaHsNag0+2H,,0

50% (v/v) Formamide

2x SSC

2.5% (v/v) Glutaraldehyde
0.1 M PIPES (pH 7.4)

1% (v/v) OsQ

0.15 M PIPES (pH 7.4)

2.5% (v/v) Glutaraldehyde
2% (viv) PVP (MW 25000)
0.1 M PIPES buffer (pH 7.6)

1.5% (v/iv) OsQ
1.5% (wiv) GNgFeK,

0.1 M Na(CHs),AsO*3H,0 (pH 7.6)

0.05 M HPO
0.05 M H;BO;
0.03 M GHsOy
0.345 M NaOH
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DAB

Osmification buffer

Maleat buffer

Uranyl acetate staining solution

Epon

Azure |l solution

Methylene blue solution

Richardsons staining solution

Lead citrate staining solution (pH 12.0)

2.1.6.9Tissue culture

CRYO/Freezing medium

0.01 M Teorell-Stenhagen buffer (pH 10.0)
0.15 % (v/v) HO,
0.01 M DAB

1.5% (v/v) OsQ
0.1 M Na-cacodylate buffer (pH 7.6)

0.2 M C4H,O,
1 N NaOH

1% (w/v) UQ(CH;COO)*2H,0
0.05 M Maleatbuffer (pH 5.2)

1.5 M Epoxy embedding medium

1 M Epoxy embedding medium hardener DDSA
1.8 M Epoxy embedding medium hardener MNA
1.5 % (v/v) Epoxy embedding medium

accelerator

1% (W/V) C]_GH 18NgS*C15H 16N3S*ZC|

1% (W/V) C]_GH]_gCINgS*BHzO
1% (W/v) NaB,O,*10H,0

0.5% (v/v) Azure Il
0.5% (v/v) Methylene blue
0.5 M GH2:011

0.08 M Pb(NQ),
0.12 M Na(CeHs07)*2H,0

20% (v/v) DMSO (tissue culture grade)
30% (v/v) FBS
50% (v/v) DMEM
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MEF medium DMEM
10% (v/v) FCS
100 U/ml penicillin/streptomycin
2 mM L-Glutamine

2x Trypsin 1x PBS
0.1% (v/v) Trypsin

1.1 mM EDTA

2.1.6.10Fixatives

4% PFA (pH 7.4) 4% (w/v) PFA
2 N NaOH
1x PBS
2% Glutaraldehyde 2% (v/v) Glutaraldehyde
1x PBS
Bouin’s solution 75% saturated agueous picric acid solution

25% formaldehyde (40%)

5% glacial acetic acid

2.1.6.11 Bacteria

DH50 Competenk. coli Invitrogen
One Shot TOP10 Competdst coli Invitrogen
2.2 Methods

2.2.1Animal handling

The mouse experiments were carried out acopitdithe guidelines of the University of Heidelberg

and the State of Baden-Wurttemberg.

2.2.1.1Tansgenic lines

The mice were kept in the animal facility oétbniversity of Heidelberg (IBF). They were exposed

to light from 6.00 am to 6.00 pm. The programme@@i2nt (TierBase) was used to set up matings on
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Monday and female animals were controlled for vagplug from Tuesday to Friday by the animal
care taker. Embryonic day (E) 0.5 was assesseda@t of the day when the vaginal plug was

detected.
2.2.1.1.1tauGFP mice

The tauGFP mouse line was generated as deddrib&uckeret al, 2001. The mouse line was
backcrossed to wild-type C57BL/6J mice for over ggmerations to maintain it as a homozygous

mutation. It was already at the IBF Heidelberg anty had to be maintained there.
2.2.1.1.2cbs mice

The cbs mouse line was generated as described in Willagedtl, 2008. The mouse line was
outcrossed to wild-type mice of the inbred straiBAZJ) for positional cloning. It was further on
backcrossed to wild-type CBA/J and C57BL/6J mice ¢wer ten generations to maintain the
heterozygous strain background. It was alreadhetiBF Heidelberg and only had to be maintained
there. Mutant embryos resulting from matings betwagult animals heterozygous trsare termed

cbs/cban this study.
2.2.1.1.3Gli3*" mice

TheGli3*Y mouse line (Hui and Joyner, 1993) was imported ftbenlab of Prof. Dr. Rither at the
Heinrich Heine University of Disseldorf, Germanyftek a rederivation at the IBF of the University
of Heidelberg, we received several litters to geaunew colony.

3 which were mated to obtain

Genotyping by PCR identified animals heterozygoas li
homozygous Gli¥’ mutant mouse embryos. Male mice heterozygouSfi&“ were also mated with
wild-type C57BL/6J female mice to maintain the ¢olo Mutant embryos resulting from matings

between adult animals heterozygous@®iB*" are termedk? in this study.
2.2.1.1.4t88"*®Y mice

Thelft88™®Ymouse line (Haycrafet al, 2007) was imported from the lab of Prof. Bradley
Yoder at the University of Alabama, Birmingham, USAfter a rederivation at the IBF of the
University of Heidelberg, we received several tgteo set up a new colony.

Genotyping by PCR identified animals with the fallog genotypes: wt/wt, flox/wt on/wt. For
maintaining of the colony malt88""" and Ift88*"" mice were mated with wild-type C57BL/6J

female mice. Maldft88""" were mated with femalebs/+ mice for a complementation analysis.
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Resulting compound heterozygous embryos for bokesl are termedft88*%cbs in this study,

whereas embryos heterozygous for only one of tleéealare termed eithét88*%/+ or cbs/+.

2.2.1.1.5ft8842%% mjce

Embryos carrying thét88'*¥% allele (Murciaet al, 2000) were received from the lab of Prof.
Richard A. Woychik at the Parke-Davis Laboratory Mblecular Genetics, Alameda, California,
USA. The embryos were sent to Germany in 1x PB8.samples were taken for genotyping by PCR

and embryos were embedded for cryosections. Emhuses in this study are term#tB8*2 9
2.2.2Molecular biology
2.2.2.1Isolation of genomic DNA from embryonic and adult tssue

For the isolation of genomic DNA from embryoried adult tissue a modification of the protocol of
Laird et al., 1991 was used.

500 pl of lysis buffer containing 100 pg/ml f@ioase K was added to each sample of adult tissue
(tail biopsy) or embryonic tissue. Digestion toolage o/N at 55°C under agitation. 500 pl of
isopropanol was added to each sample, mixed thbhpuwmnd put to -80°C for one hour, followed
afterwards by a centrifugation step for thirty nah 4°C at 13.000 rpm. The supernatant of each
sample was discarded and the pellets washed wRhuB®@f 70% ethanol in another centrifugation
step at RT at 13.000 rpm for ten minutes. The 7@8%r®| was removed carefully by aspiration and
the DNA pellets were air dried. Afterwards the DIgAllets were dissolved in 60-100 pl of water or
10 mM Tris-HCI, pH 8.5, o/N at 55°C under agitation

2.2.2.2Polymerase chain reaction (PCR)

DNA fragments were amplified using tag-Polynserawhich was applied in optimized
concentrations. For genotyping the different achitte and embryos used for the experiments, specific
primers were utilized (2.1.1.6.1 Primers for gepaty).

A standard PCR mix was as follows:

16.2 pl H20

02.0 pl 10x PCR reaction buffer
00.4 pul 10 pM Primer F

00.4 pul 10 uM Primer R

00.4 pl 10 mM dNTPs
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00.1 pl Tag-Polymerase
00.5 pl DNA (50-300 ng)

2.2.2.3Gel electrophoresis

Gel electrophoresis was performed to identiyy torrect DNA size of PCR products, to verify the
results of digestion reactions of plasmid DNA awd $eparation of RNA for Northen blot (NB)
analysis and proteins for Western blot (WB) analysi

For the separation of DNA fragments of PCR potsliand digestions 0.75%-2% agarose gels were
normally used, prepared with 1x TAE buffer and @gdml ethidiumbromide and run at 100-130 V at
RT. In the case of the genotyping ads the DNA fragments were separated using 12% auiga
gels, prepared with 1x TBE buffer run at 120-14@t\RT. The acrylamidegels were stained with 0.5
pg/ml ethidiumbromide diluted in MP-B.

Proteins were separated by using either 108aanidegels or NuPage 3-8% Tris-Acetate gel (1.5
mm, 10 well).

Total RNA was separated by using 1.2% denangadigarose/ formaldehyde gel with 0.5 pg/ml

ethidiumbromide and 1x Formaldehyde running buffer.

2.2.2.4Positional cloning

A panel to detect single polymorphisms (SNPa$ wonstructed from primer triplets, spread evenly
across the mouse genome, that specifically am@Ps between the C57BL/6 and DBA/2 inbred
strains. The two SNP-hybridizing primers in eadplét were recognized by fluorescently labelled
primers (Amplifluor SNPs HT Genotyping System fokNF-JOE, Millipore) for use in a Stratagene
MX3000P real-time PCR device. Segregatoits embryos were examined using hundred markers
covering the twenty murine chromosomes, lookingSdiPs in which homozygoubs mutants were
enriched for a homozygous C57BL/6 result. SNP aislidentified one marker on chromosome 14
that closely cosegregated with tlebs mutants (see Fig. 5). Fine mapping was performéd w
chromosome 14 SSLP markers (see Fig. 5) (Dieteiclal, 1994), which were resolved on 12%
acrylamide gels (2.2.2.3 Gelelectophoresis). F@&8 sequencing, total mMRNA was isolated from
E12.5 embryonic brain using the RNeasy Mini Kit@tling to the manufacturer’s instructions. Total
MRNA was reversed transcribed with oligo(gh} and SuperScript reverse transcriptase according to
the manufacturer’s instructions. PCRs were donle Ift@&8 specific primers (see 2.1.1.6.2 Primers for
sequencing), followed by agarose gel purificatibrthe PCR products and subcloning them into the

pCRII-TOPO vector. Sequencing was undertaken byohegpany MWG with appropriate primers.
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2.2.2.5Quantitative real time RT-PCR

Whole RNA was extracted from embryonic tissueng RNeasy Mini Kit according to the
manufacturer’s instructions. 1-5 pg of total RNAsvianscribed into cDNA using oligo(d})s(0.5
pg/ul) or random hexamers (50 mM) and SuperSdrigiNlase Hreverse transcriptase. The quality of
the cDNA was assessed by PCR with specific prifeer6&APDH (2.1.1.6.3 Primers for testing of the
cDNA-Quality). Quantitative real time PCRs werefpemned using TagMan Gene Expression Assays
(2.1.1.6.4 Primers for real time RT-PCR) with 1giEDNA (20 ul of RTase reaction using 1-5 pg of
whole RNA input). The standard quantification paatowas applied with the following cycles: 2 min
at 50°C, 10 min at 95°C, followed by 45 cycles: #Xonds at 95°C and 1 min at 60°C. Each
individual reaction was performed in triplicateirfers specific folGAPDH (Mm99999915 g1) were
used to normalize results.

Statistical analysis was performed as folloRslative expression (RE) levels were calculateth wit
the function (RE = 2°“"), whereAACt is the normalized difference in threshold cy@) number
between wt anabs/cbssamples, calculated from the mean Ct value ofidéfe replicates of any
given condition. The mean of the RE was calculdtedh the individual values from four to six
independent experiments, and the SEM was calcufated the standard deviation of the four to six
values. Statistical significance was evaluated fijylyang the Student’stest to the four to six values,
comparing wt tachs/cbssamples. Application of Student gest to the originahACt values produced

comparable p values.

2.2.3Microbiology

2.2.3.1Agar plates

Bacto-agar, bacto-tryptone, bacto-yeast and M&€ weighed according to the recipe and put into
1 L bottle. 800 ml of MP-ED were added, shaked and let stand for ten miriTatARer autoclaving
and cooling down to approximately 60°C, desiredibémtic was added and poured into 10 cm
bacterial plates. After further cooling down anddeming of the agar, the plates were stored upside
down at 4°C.

2.2.3.2Transformation
An aliquot of 100 pl of DH®d competenk. coli cells was thawed on ice, followed by adding 1-5 pl
of plasmids and incubation for 20-30 min on icect®da were then heat shocked for 1 min at 42°C

and put directly afterwards on ice for 1 min. 900gfi LB medium were added and cells were

incubated for one hour at 37°C at 230 rpm. Durimgubation of the bacteria on the shaker, bacterial
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agar plates from 4°C were put into the incubat@7aC with slightly opened lids. Different volumes
(50-200 pl) of the bacteria were plates on thewgaiemed bacterial agar plates and incubated o/N at
37°C.

2.2.3.3Liquid cultures of E. coli

For medium-scale preparations of plasmid DNA bl of LB-medium that contained the desired
antibiotic were inoculated with a single colonytafnsformed bacteria. The liquid culturestofcoli
were incubated o/N at 37°C at 230 rpm. The badtetilures were centrifuged for 10 min at 5000
rpm at 4°C the next day and the bacterial pelledsevirozen away for at least one hour or o/N at -
80°C. Cell lysis and Mini/Midiprep were undertaka&ecording to the manufacturer’s instructions. The
resulting pellets were dissolved in 10 mM Tris-H@H 8.5, and concentration was measured by

spectrophotometry.

2.2.4Electron microscopy

2.2.4.1Transmission electron microscopy (TEM)

E12.5 old mouse embryos were collected in dodldPBS and fixed for 10 min by transcardial
perfusion using a glass micropipette with 2.5% aylaidehyde in 0.1 M PIPES buffer, pH 7.6,
containing 2% polyvinylpyrrolidone. The mouse endsyere additionally fixed for another hour in
the same fixative after immersion fixation. Aftéretfinal fixation 300 pm-thick coronal vibratome
sections of the brain were prepared and incubatethe alkaline diaminobenzidine hydrochloride
medium as described previously (Gorgas, 1984) omén for enhancement of membrane staining,
and postfixed with 1.5% osmium tetraoxide containin5% potassium ferrocyanide for one hour,
followed by an additional one hour osmification wit.5% osmium tetraoxide in 0.1 M sodium
cacodylate buffer. The slices were then staieedlocin 1% uranyl acetate for 30 min, dehydrated
through a graded ethanol series and embedded in & Series of semithin sections were stained
with a modified Richardson methylene blue-azursolution and used for selection of corrospending
areas in wild-type and mutant brains. Ultrathintiees were stained with lead citrate and analyzed b

electron microscopy using a Zeiss EM 905E.
2.2.4.25canning electron microscopy (SEM)
Heads of E12.5 old embryos were fixed overni@iN) at 4°C in 2.5% glutaraldehyde/ 0.1 M

PIPES, pH 7.4, and subsequently washed three timésl5 M PIPES, pH 7.4, at 4°C. The fixed

samples were then embedded in 3% agarose andtou8G@ pum coronal slices in 1x PBS using a

62



Materials and Methods

vibratome. The slices were treated for one hovo@tn temperature (RT) with 1% osmium tetraoxide,
washed three times with 0.15 M PIPES, pH 7.4, amgsequently dehydrated through a graded
ethanol series. The specimens were dried in a G@Mtical point dryer, using C(as a transitional
medium, followed by sputter coating of a 20 nm Gidld. For scanning electron microscopy (SEM),
a LEO 1530 field emission scanning electron mioopscwith a Schottky cathode was used (LEO

Elektronmikroskopie).

2.2.5Histology

2.2.5.1Fixation of embryos

E12.5 old mouse embryos were collected in cbtdPBS, and embryonic tail samples were
collected separately for DNA extraction and gentgpThe embryos were then placed into 4% PFA
and fixed o/N at 4°C under agitation. PFA was wadshat the next day with 1x PBS before the

mounting of the embryos.

2.2.5.2Embedding of embryos

2.2.5.2.1Embedding for cryosections

Serial steps of 10%, 20% and 30% Sucrose IRBR were undertaken o/N at 4°C under agitation.
The embryos were then placed in small “Peel-Awagunting moulds that had been before half-way
filled with mounting medium (tissue-tek). After ur of incubation in the mounting medium the
embryos were orientated as desired and the bottahe anould was quickly frozen in liquid nitrogen,
to fix the embryos in position. The moulds werecplh afterwards on dry ice for 10 to 20 min to

freeze the mounting medium completely and storef8Gf(C.

2.2.5.2.2Embedding for Paraffinsections

The embryos were dehydrated through a gradednet series at 4°C and under agitation as
follows: 3x one hour 50% ethanol, 2x one hour 7@#@eol, o/N 70% ethanol, 2x one hour 80%, 2x
one hour 90% ethanol, 2x one hour 96% ethanabn&xhour ethanol absolute.

After dehydration the embryos were treated wittaetiacetone (both components in equal parts) for
1 hour at RT under agitation, followed by 3x oneaith@00% acetone at RT under agitation. The
embryos were then transferred into 100% paraffinicv was already melted before, o/N at 65°C
without agitation. The next day the embryos werrilpated two times for one hour in 100% paraffin

at 65°C without agitation and were then place irsable mounting moulds that had been before half-
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way filled with melted 100% paraffin. The embryosre orientated as desired and the paraffin was
allowed to cool down at RT to fix embryos in pamiti The resulting paraffin blocks were removed

out of the reusable mounting blocks and were storgdastic bags at RT.

2.2.5.3Sectioning

2.2.5.3.1Cryosections

The standard conditions used for cutting crgtses are the following: chamber temperature: -
21°C, object temperature: -19°C. 10-12 um thicktieas were collected on microscope slides

superfrost ultra plus, dried for one to two hourR@ and frozen away at -80°C.

2.2.5.3.2Paraffin sections

10-12 um thick paraffin sections were cut aoliected at RT to be then transferred immediately t
a 50-52°C warm water bath. The sections were atfotwesmoothen themselves in the water bath to
get rid of wrinkles. The sections were collectedhunroscope slides superfrost ultra plus, dried a/N
37°C and stored away at 4°C.

2.2.5.4immunofluorescent stainings

2.2.5.4.1Cryosections

Slides were removed from -80°C and sectionsvadiowed to thaw for 15 min at RT. Roti-Liquid
Barriere marker was then used to surround the gecton the slide to contain the liquid on the
sections. After the Roti-Liquid Barriere marker wdrged the sections were rehydrated by putting the
slides into 1x PBS for 15 min at RT. Excessive BSRvas carefully removed and 200 pl of blocking
buffer with TritonX-100 was added on each slidee Bections were incubated for 1 hour at RT in a
wet chamber. After blocking the blocking buffer wasnoved and 200 pl of blocking buffer without
TritonX-100 and with the appropriate primary antl®s was added to the slides. The sections were
incubated with the primary antibody in a wet chamiy®l at 4°C. The next day the primary antibody
was removed and the sections were washed at bed€) thin with 1x PBS at RT. After the washing
steps the appropriate secondary antibodies dilatétbcking buffer without TritonX-100 were added
to the slides and incubated in a wet chamber cdvergh aluminium foil for one hour at RT.
Afterwards, the secondary antibodies were remoweldtlae sections were washed 1x with DAPI in 1x
PBS for 10 min at RT, followed with at least 3x B& for 10 min at RT and afterwards shortly
dunked into water. After removing as much liquidpassible, sections were mounted with coverslips

using aqua polymount and stored at 4°C in the dark.
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2.2.5.4. 2Paraffin sections

Slides were removed from 4°C and sections &hogved to adjust to RT. Paraffin was removed by
treating the sections for 3x seven min in 100% KgloRT without agitation, 1x 2 min treatment with
ethanol/xylol (both components in equal parts) at Without agitation, followed by rehydration
through a graded ethanol series (100%, 96%, 90%, B0%, one min each) at RT without agitation.
After rehydration an antigen retrieval (2.2.5.4.8ti§en retrieval) was undertaken, followed by 1x 5
min in 1x PBS at RT without agitation. ExcessivePIBS was carefully removed and sections on the
slide were surrounded with Roti-Liquid Barrier marko constrain the liquid on the sections. 200 ul
of blocking buffer with TritonX-100 was added orchaslide and the sections were incubated for 1
hour at RT in a wet chamber. After blocking thediiag buffer was removed and 200 pul of blocking
buffer without TritonX-100 and with the approprigtemary antibodies was added to the slides. The
sections were incubated with the primary antibadyaiwet chamber o/N at 4°C. The next day the
primary antibody was removed and the sections warghed at least 4x 10 min with 1x PBS at RT.
After the washing steps the appropriate secondatipadies diluted in blocking buffer without
TritonX-100 were added to the slides and incubateadwet chamber covered with aluminium foil for
one hour at RT. Afterwards, the secondary antilsdiere removed and the sections were washed 1x
with DAPI in 1x PBS for 10 min at RT, followed witat least 3x 1xPBS for 10 min at RT and
afterwards shortly dunked into water. After remavias much liquid as possible, sections were

mounted with coverslips using aqua polymount ancestat 4°C in the dark.

2.2.5.4.3Antigen retrieval

To achieve a staining for several antibodiesparaffin sections an antigen retrieval had to be
undertaken. Paraffin sections were dewaxed byitigethem for 3x seven min in 100% Xylol at RT
without agitation, 1x 2 min treatment with ethamglél (both components in equal parts) at RT
without agitation, followed by rehydration throughgraded ethanol series at RT without agitation.
After rehydration the sections were incubated inPBS for 2x 5 min at RT. Slides were put into a
metal rack, which was placed into a pressure coakdrcovered with the antigen retrieval buffer. The
pressure cooker was heated on a heating plateiturgidiched full pressure. After cooking the sewio
for 2 min under full pressure, the cooker was remabfrom the heating plate and cooled down under
running water to remove the pressure. The lid waened and sections were allowed to cool down
staying in the antigen retrieval buffer for anotérmin before washing them in 1x PBS and water,

each for 1x 5 min at RT.
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2.2.5.4.4Whole mount stainings

Whole-mount stainings were performed using 2R (anti-165 kDa neurofilament) monoclonal
antibody (Developmental mental Studies HybridomakB@SHB), lowa City, 1A).
Dissected embryos were fixed in 4:1 methanol/DM3RN at 4°C under agitation. The fixative was
removed the next day by washing the embryos 5x ibOwith 100% methanol at RT under agitation,
followed by bleaching the embryos with 6% four at least four hours at 4°C under agitatione T
embryos were afterwards rehydrated by serial stépgs%, 50%, 30% methanol in 1x PBS/0.1%
TritonX-100 for 30 min each, followed by a washistep with 1x PBS/0.1% TritonX-100. The
embryos were blocked in 80% FCS/20% DMSO for twarh@t RT under agitation, followed by an
incubation with the 2H3 anti-neurofilament mono@bmouse antibody at 4°C for 48 hours under
gentle agitation. After incubation with the primaagtibody embryos were washed at least 10 times
with 1x PBS/0.1% TritonX-100 for six hours at RTden gentle agitation, followed with incubation
with the secondary antibody for at least 24 hotu®°& under gentle agitation. After incubation with
the secondary antibody embryos were again washke@sit 10 times with 1x PBS/0.1% TritonX-100
for six hours at RT under gentle agitation. For degelopment reaction embryos were at first treated
with 0.5 mg/ml DAB in 1x PBS in small glass beakEns30 min at RT under agitation, until 4 pl of
0.3% HO, per 5 ml DAB in 1x PBS was added. The colour rieacivas allowed to take place in the
dark and its progress was checked every 30 mirsods as the colour reaction seemed completed it
was stopped washing the embryos with 1x PBS/ 01&;Mor several times. The embryos were
dehydrated through a graded methanol series iBB{@R1 % TritonX-100, and then cleared in benzyl

alcohol : benzyl benzonate 1:2 in glass beakers.

2.2.5.5In situ hybridization

2.2.5.5.1Plasmid linearization

Plasmids were linearized using the appropriegériction enzymes. The digestion reaction oftal to

volume of 30 plwas prepared as follows:

DNA X ul
Restrictionenzyme 1.00 pl
10x Buffer 3.00 pl
100x BSA 0.30 ul
H.O X ul
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The reaction was incubated in a water bathvior hours at 37°C or at RT, depending on the used
restrictionenzyme. Afterwards the digestion wasckbd by electrophoresis on a 0.75-1% agarose gel
(see 2.2.2.3 Gel electrophoresis). If the digestivas not yet complete, another 1 pl of
restrictionenzyme was added to the reaction angbeted again at the appropriate temperature for one
to two hours, and the efficiency of the digestioasveontrolled by electrophoresis once more. After
completion of the digestion reaction the lineariptasmid was purified using the Nucleospin Extract
Il Kit according to the manufacturer’s instructipnencentration was measured by spectophotometry
and stored at -20°C.

2.2.5.5.2Probe synthesis

The following components were mixed for propetkesis (10 ul total volume):

MP-H,O X ul
5x transcription buffer 2.00 pl
DIG 10x nucleotide mix 1.00 pl
Linearised plasmid Xul
RiboLock 0.25 pul
RNA polymerase 1.00 pl

The reaction was incubated in a water bath at/lS7°C. The next day 5 pl of 10M Ammonium
acetate and 40 pul of ethanol were added to theioeaplaced for one hour at -80°C and centrifuged
afterwards for 30-45 min at 4°C at 13.000 rpm. $hpernatant was carefully removed, 200-300 pl of
70% ethanol was added to the pellet and centriffigeti0 min at 4°C at 13.000 rpm. The supernatant
was carefully removed, pellet was air dried, resligsd in 30 ul of Hybmix and finally stored at -
20°C. 2 ul of the redissolved pellet was run oaa&jarose/TBE gel to estimate the amount of RNA

synthesised.

2.2.5.5.3n situ hybridization

Paraffin sections were removed from 4°C andi@es were allowed to adjust to RT. Paraffin was
removed by treating the sections for 3x seven mihd0% Xylol at RT without agitation, 1x 2 min
treatment with ethanol/xylol (both components iagparts) at RT without agitation, followed by
rehydration through a graded ethanol series (1088%), 90%, 70%, 50%, one min each) at RT
without agitation, washed 2x with 1xPBS at RT withagitation and incubated for 5 min with 20
png/ml Proteinase K in 1x PBS. After Proteinasekatimeent the slides were immediately washed 1x
with 0.2 Glycine in 1x PBS for 5 min at RT withaagitation, followed by 2x washes with 1x PBS at
RT without agitation. The sections were then prstfi with 4%PFA and 0.2% Glutaraldehyde in
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1xPBS at RT without agitation. During postfixatiarwet chamber with 50% formamide/ 2x SSC, pH
4.5, was prepared. The slides were washed agaitirives with 1x PBS at RT without agitation after
postfixation, followed by removing as much liquisl ossible. The sections were then encircled using
a fat pen (Immune Edge Pen). Hybmix was denatur®®%C for five min and 7.5 pl of Hybmix per
section was added to the slides and prehybridinatie wet chamber for one hour at 70°C. During
prehybridization probes were diluted to a final @amtration of 1 ng/ul in Hybmix and denatured at
95°C for five min. Slides were taken out of the tigitzation oven after one hour, Hybmix was
removed, 7.5 pul of Hybmix with probe (1 ng/ul) pection was added and sections were hybridized
in the wet chamber o/N at 70°C.

At the next day, probes were removed and skaeshed 1x with 2x SSC, pH 4.5, at RT without
agitation, followed by two washes with 50% formasgdi@x SSC, pH 4.5, at 65°C for 15 min each.
The slides were then washed 3x 10 min with 1x PRSRT with gentle agitation. During the wash
steps a humid chamber with water was prepared.r Afeesshing with 1x PBST, as much liquid as
possible was removed from the slides, the sectimre covered with B-Block (ca. 100 ul per slide),
put into the wet chamber and incubated for one labWRT. B-Block was removed afterwards, Anti-
Digoxigenin-AP antibody diluted 1:1000 in B-Blocka, 100 ul per slide) was added, incubated for
two hours at 37°C, followed by 3x 5 min washingostevith 1x PBST and 1x 10 min with NTM at RT
with gentle agitation. NBT/BCIP stock solution wdiduted 1:50 in NTM and 300-400 pl per slide
were added. Colour reaction was allowed to develabe dark at RT and its progress was checked
every 30 min. As soon as the colour reaction seecoedpleted it was stopped washing with 1x
PBST, followed by a postfixation with 4% PFA for-20 min and two further washing steps with 1x

PBS for 5 min each at RT. The sections were mountédaquatex and stored at 4°C.

2.2.5.6Alcian blue staining

Dissected embryos were fixed in Bouin’s sohufior two hours and washed with a solution of 70%
ethanol/0.1% NEOH for 12-24 hours in five to eight changes. Theéopios were afterwards treated
with 5% acetic acid for two hours and stained witB5% Alcian blue 8GX in 5% acetic acid,
followed by several washing steps in 5% acetic &idwo hours and dehydration through a graded
methanol series. The embryos were afterwards ceardenzyl alcohol : benzyl benzonate 1:2 in

glass beakers.
2.2.5.7Hemotoxylin&Eosin staining
Paraffin sections were treated for 2x 5 minhwiD0% xylol at RT, rehydrated and washed with

MP-H,O at RT. The sections were stained with hemotoxgimB-10 min at RT, washed shortly with

MP- H,O, followed by washing the sections for 15 min wip water for the colour reaction to take
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place. The sections were shortly rinsed with Mf@Ho be stained afterwards with 0.1% Eosin at RT.
After removing the eosin by washing the sectionesd times with MP- KO, they were dehydrated,

treated for 2x 5 min with 100% xylol and finally badded with entellan.

2.2.6Western blot analysis

2.2.6.1Preparing of protein lysates

Fresh or frozen tissue was weighted and waish2dx buffer H with proteinase inhibitors on ige (
the tissue for example is 0.0325 g, the volume bell650ul), directly afterwards homogenized using
a Potter S homogenizer on ice and mixed with 5x hlir8DS-buffer (5% SDS) to a total volume of
1x Lammli-SDS-buffer. The homogenates were pulled dp and down through a thin needle on ice
and then boiled for five min at 95°C. A small aliquwas collected for determination of the protein
concentration using the BCA Protein Assay Kit adowg to the manufacturer’s instructions. After
boiling of the homogenatgsMercaptoethanol was added to a final concentraiidsfo, boiled again

for five min at 95°C and finally stored at -20°C.

2.2.6.2Western blot

Acrylamide gels were pre-run for 15-30 min atw®It at RT. 5x loading buffer was added to the
protein lysates to a final concentration of 1x logdbuffer, boiled for 5 min at 100°C and cooled
down immediately by putting the samples on ice. $dmples were shortly centrifuged before loading
on the gel. The gel ran for about two hours at 1P0-~olt at RT.

Membrane was treated for 5-10 min in 100% methahel) washed in cooled transfer buffer. Semi-
dry transfer was done for about one to two houdsatolt and RT and membrane were blocked o/N at
4°C. The next day the membrane was incubated Withptimary antibody for one hour at RT, washed
4x ten min with 1x TBST and again incubated with econdary antibody for one hour at RT. After
4x ten min washes with 1x TBST, ECL was added &rttembrane according to the manufacturer’s
instructions, developed using a Luminescent Imagalyzer LAS-3000 and analyzed by using the

AIDA Image Analyzer programme.

2.2.7Northern blot analysis

2.2.7.1Probe synthesis

Plasmids were digested using the appropriagicgon enzymes. The digestion reaction of altota

volume of 30 pl was prepared as follows:

69



Materials and Methods

DNA X ul
Restrictionenzyme 1.00 pl
10x Buffer 3.00 pl
100x BSA 0.30 pl
H,O X ul

The reaction was incubated in a water bathvior hours at 37°C or at RT, depending on the used
restrictionenzyme. Afterwards the digestion wasckbd by electrophoresis on a 1% agarose gel (see
2.2.2.3 Gel electrophoresis). If the digestion wasyet complete, another 1 ul of restrictionenzyme
was added to the reaction and incubated agaireahropriate temperature for one to two hours, and
the efficiency of the digestion was controlled bgcérophoresis once more. After completion the
whole digestion reaction was put on a 1% agarokalgefragment of interest was cut of the gel, put
into a 1.5 ml tube of known weight and purifiedngsiQIAEX Il Agarose Gel Extraction according to
the manufacturer’s instructions and dissolved inP20 mM Tris-HCI, pH 8.5. Concentration was
measured by spectophotometry and stored at -20°C.

For synthesis of the probe DNA was denaturatedtiar to three min at 95-100°C, put directly
afterwards on ice for two min, followed by a sheentrifuge step. To the tube containing the Ready-
to-Go DNA Labelling beads (-dCTP) the following waded to a total volume of 50 pl:

Denaturated DNA X ul
[a-*P]dCTP 5.00 pl
H,O X ul

Everything was mixed by several times of cdhgfpipetting up and down, incubated for ten min at
37°C and purified by using the ProbeQuant G-50 Mi€olumns according to the manufacturer’s

instructions. The finished probe was normally gidinectly to the membrane or stored at 4°C.
2.2.7.2Northern blot

Total RNA prepared from the brain and fore- &imtllimb tissue of E12.5 embryos using RNeasy
Mini Kit according to the manufacturer’s instructiowas put in the following mix before loading on
the gel:
4.00 pl 5x Formaldehyde running buffer

7.00 pl Formaldehyde
20.0 pl Formamide
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Once in the mix, the total RNA was boiled fd¥ tin at 65°C, put afterwards directly on ice,
shortly centrifuged. After a pre-run of the 1.2%ndtirating agarose/ formaldehyde gel with 0.5
png/ml ethidiumbromide and 1x Formaldehyde runniofdy at 5 V/cm (cm referring to the distance
between the two poles), the probes were loadetieigel to separate the RNA. The gel was run o/N
25 V under the hood. At the next day, the gel washed for one hour in MP,B to remove surplus
formaldehyde, checked under UV-light and the 28%F 58S RNA bands were marked by piercing a
hole into the gel with a sterile pipette tip. Thembrane was treated for twenty min in 0.005 N
NaOH, followed by 45 min in 20x SSC, pH 7.0 at RTder gentle agitation. Afterwards the blotting
was performed o/N by the capillary transfer metlibthniatis et al) using 20x SSC, pH 7.0, as
transfer buffer onto HbondN+ membrane. After magkime positions of the gel slots and the 28S- and
18S RNA bands on the membrane, it was put into airddfator to crosslink the RNA to the
membrane. The membrane was pre-hybridized in 10huatch buffer o/N at 65°C with agitation. The
following day theu-**P-labelled probe was added directly to the Churdfeband the membrane was
hybridized o/N at 65°C under agitation. After hylization the membrane was washed with 1x — 0.1x
SSC/ 1% - 0.1% SDS for 5 to 10 min each at 65°Qh aigitation, till radioactivity was enough
reduced. Membrane was put into a transparent fall @aced together with a Amersham Hyperfilm
ECL for 24-72 hours at -80°C. The film was devebbpsing a Curix60 table top processor. The film
was scanned in using a GS-800 USB Calibrated Densier and analyzed with the Quantity One

software.

2.2.7.3Stripping of the membrane

To completely remove the probes, the membraagetreated with a boiling 0.1% SDS solution. The

solution was allowed to cool down, was removed thierdnembrane was washed with 2x SSC, pH 7.0.

2.2.8Cell culture

2.2.8.1Preparation of Mouse Embryonic Fibroblasts (MEFs)

E12.5 old mouse embryos were collected in daldPBS. Individual embryos were dissected and
embryonic tail samples were collected separatelyDfdA extraction and genotyping. After removing
the head and soft tissues (liver, heart, and atiseera), the embryonic carcasses were transferted
fresh 1x PBS. The individual carcasses were minotmfine pieces under the sterile hood with a
sterile scalpel blade for three min and 600-700fidx trypsin was added, followed by an incubation
for 15 min at 37°C. The trypsin was inactivateceaftards by adding 12 ml MEF medium and the
tissues were dissociated by vigorous up and dopetimg till no big pieces were seen anymore and

finally transferred into T75 flasks and culturetNat 37°C. The medium was removed the following
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day and cells were washed once with 1x PBS. Aftieliregy 1 ml of 0.75x trypsin to the cells, they
were again incubated for 3-5 min at 37°C and 100MMEF medium was added. The cells were
resuspended by ten times up and down pipettingdantof the resuspended cells together with 12 ml
fresh MEF medium were put into a T75 flask andHertcultured at 37°C. The remaining 7 ml of
resuspended cells were centrifuged down for five ati800 rpm and the MEF medium was carefully
removed. Pellet was dissolved by carefully flippthg tube, 2.4 ml of MEF medium was added and
pellet was resuspended. 2.4 ml of freezing medias added and 1.6 ml of resuspended cells was put
into cryovials. The cryovials were put into a Qfraeze Cryo-Einfriergerat and stored at -80°C o/N.

The next day the cryovials were finally stored iigaid nitrogen tank.
2.2.8.2Luciferase assays

2x10 MEF cells were electoporated (Amaxa nucleofectlewice, program with a mixture of 5 pg
of a Shh-responsive firefly luciferase-expressitagmid (Sasakét al, 1997) and 300 ng of a Renilla
luciferase reporter plasmid (pRL-TK, Promega) tatod for transfection efficiency. Cells were
plated into 20 wells of a 24-well plate and allowtecgrow 36-48 hours to confluency. Medium was
shifted to 0.5% FCS for 36 hours, to allow for fwduction of cilia, as described (Ocbina and
Anderson, 2008). Rcombinant murine sonic hedgethqgy(ml, R&D Biosystems) was then added for
12 hours, and the cells were subsequently lysetliétierase analysis using the Dual-Luciferaseyssa
system (Promega) with a Veritas Microplate lumintengTurner BioSystems). All assays were
performed at least six times in five-fold replicatifor each experimental variable; background \&lue
were determined with lysates of untransfected caiid firefly luciferase values were normalizednwit

the Renilla luciferase readouts. Statistical anslysias performed using Studentts tes
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3 Results
3.1 The cobblestone mutant is a hypomorphic allele of thel ft88 gene

Thecobblestondcbg is a mutation uncovered in ethyl-nitroso-urea (BNnutagenesis screen to
find defects in the development of the nervousesyst ENU is a very potent mutagen, which
incorporates into the genome and causes randontiomgaA mouse line callethuGFPwas used for
the screen, which expresses ectopically the grieenescent protein (GFP) under the promoter of the
microtubule binding protein Tau (Tucket al, 2001). The Tau protein is specific for the newsou
system and thus the whole developing nervous systambe visualized under normal UV light.
tauGFPmale mice were injected with ENU and used to esfalsieparate G1 origins (Fig.1). Each G1
male was treated as a different potential hetemt®ygarrier and mated to his G2 daughters to umcove
reveal recessive mutations. The resulting G3 $tiegere screened with a fluorescent microscope for

defects in neurogenesis and nerve development.
ENU !
injection X
¢ +/+

X X 32
+]+ i G1 +/- ++

/x C ] ] ]
\ G3 litters positional

cloning

G2 +/-

25% =/«

Fig. 1. ENU mutagenesis scheme to uncover recessive mutato Green mice contain tifauGFPreporter

transgene and are on a pure C56BL/6J backgrouray. i@ouse is wild-type and on a pure CBA/J backgdoun

+ and — refer to the ENU-induced mutation of ingere
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Thecbs mutation was identified by the ectopic accumulatiaf GFP-expresing cells protruding
from the pial surface of the E11.0 forebrain (FA9.2vhich gives the brain surface a resemblance of
cobblestone-paved street. The following featuresewesed to classify the heterotopias: in cross-
section, these heterotopic structures were (1)380gIm in diameter, (2) “rosette”’-shaped, (3) with a
central lumen, (4) had an epithelial-like cell lajining the lumen, whose cells stained positivetfe
neural precursor marker nestin (Fig. 9A), and ¢bpater layer with GFP-expressing cells (Fig. 2A).
The GFP-positive cells were also expresgirgbulin Il (Fig. 2B) and the 165 kDa axonal marke

neurofilament (Fig. 2C), reinforcing their charace newborn neurons.

chs/cbs

Fig. 2. Heterotopias in thecbs/cbs forebrain A. Whole-mount epifluorescence of E12&uGFP cortex,
looking down upon the pial surface. A wild-type eydshows GFP-signal where the lateral edge ottimex
folds over, allowing multiple layers of newborn news to be seen as a broad stripe of signal (kfep white
arrows). Incbs/cbsmutants, heterotopias appear as 40-180 um wideesplieght panel, black arrows), often
with long trails of green signal corresponding tdgrowing axon bundles. Rostral (R), caudal (C)sdb(D)
and ventral (V) axes are indicatdl.Cross section of two subpial heterotopias in Etb&/cbscortex. Asterik
indicates lumen of each heterotopia. Top, phasdrasm Bottom, stained with TuJ1 antibody, indiogti
newborn neurons in the heterotopia periph&y.Anti-165 kDa neurofilament antibody staining of E31
forebrain. White arrows indicate heterotopiascbs/cbscortex. The smaller number of stained heterotopias,
compared with4), is due to reduced antibody penetration. Asterikcates Nervus opthalmicus. (+/+) = wild-
type; Scalebar: 0.5 mmi\j, 100 um B/C).

The forebrain of E12.8bgcbs mutants was shortened along its rostral-caudal, axisle the
midbrain was elongated (Fig. 3A, middle embryols segregated as a recessive mutation (255
mutants/1005 embryos, 140 litters), with no hetggozis phenotype. The mutation was not influenced
by the presence of thauGFP locus, as seen after the segregation ofté&FP marker.cbdcbs
mutants showed 8% and 70% mortality by E12.5 andlE Tespectively. 10% afbdcbsmutants at
E12.5 showed exencephaly (Fig. 3A, right embryacklarrow). The most striking defect¢hdcbs
mutants outside the developing nervous systemlyglactyly on both fore- (Fig. 3C) - and both hind-
limbs (Fig. 3B) and bilateral coloboma (Fig. 3A, itéharrows). Both of these phenotypes showed
100% penetrance (n = 255).
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Fig. 3. The live phenotype of thebs/cbs mutant. A. E11.5cbs/cbdisplay a cortex (asterisk) shortened in the
rostral-caudal axis (middle embryo), compared witla-type littermates (left embryo). 10% obs/cbanutants
display exencephaly (right embryo, black arroel)s/cbsembryos display colobomas (white arrows), and an
enlarged pericardial sac is often to be seen (bdat&).B/C. cbs/cbsembryos display bilateral polydactyly on
hindlimbs @) and forelimbs €). B. E13.5 embryos stained with an anti-165 kDa newofént antibody,
showing hindlimb innervationC. Alcian-blue stained E14.5 embryos, showing skel&amation. Arrow
indicates pollex. (+/+) = wild-type. Scalebar: Infn (A); 0.5 mm B/C).

In addition, examination of cardiovascular gndimonary development between E12.5 and E16.5
revealed a large number of malformations (Fig. dAHEat may account for embryonic lethality.
Specific malformations in cardiovascular and pulamyndevelopment in E16.5 embryos are the
following, with the medical term corresponding lbistphenotype in parenthseses:

1. Persistent truncus arteriosus (singleebutlf the heart), including absence of thenpnary
arteries (pulmonary atresia-PA) was found.g.(BiA) +/+: arrow marks the ascending aorta.
Arrowhead points to the pulmonary trunicbs/cbs arrow indicates the common truncus
arteriosus.

2. Pulmonary arterial perfusion was nqrovided by antegrade blood flow, but
exclusively supplied by one major aortopulmonatgrgr(MAPCA-main pulmonary collateral artery
= bronchial artery), arising as the firstatch of the common trunk (type C PA-VSD)ig(F
4B) cbs/cbswhite arrow indicates the single aortopulaayn(bronchial) artery.

3. Dextrotransposition of the common trunkising from the right ventricle (Fig. 4A)
combined with both atrial and ventriculaeptal defects (Fig. 4B) (ASD-VSD-pars
membranacea) was recorded. (Fig. 4A) cbs/dosow indicates dextrotransposition of the
common truncus arteriosus. (Fig. 4B) +/+: arrmarks the interatrial septum, which is rinigs
(black arrow) in cbs/cbs mutants. chs/cbs: arrodhpmnts to the ventricular septal defect.

4. Instead of emptying into the right atrium, #dwronary sinus emptied into the common atrium.
(Fig. 4C) +/+: arrow shows the blood floworft the coronary sinus into the right atrium.
cbs/cbs arrow shows the abnormal blood flow frothe coronary sinus into the common

atrium.
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5. Abnormal drainage of the right pulmonargin into the inferior vena cava was obsérve
(Fig. 4D)cbs/cbsarrowhead points to the right pulmonary vein gnmgf into the inferior vena cava.

6. The right lung was present in a caudal locatomly two lobes were well defined by fissurele t
accessory right lobe that was present wakhate, and severe hypoplasia of both rilgites
with minor arborization of the bronchial treeas observed (Fig. 4D/E). The left lung was absen
(Fig. 4D). (Fig. 4D) +/+: arrow indicates the l&iihg. cbs/cbs arrow marks the empty pleural cavity
and absence of the left lung. (Fig. 4E) +/+: arroindicate the accessory lobe of the righmgl
lying on the left side cbs/cbsarrow marks the hypoplastic accessory labethe right lung
lying on the left side. Note its position ithe right pleural cavity. Arrowhead points t
hypoplastic right lung.

7. Persistence of the common foregut tubeg. @A-E) cbs/cbs asterisk indicates common
foregut tube. The constellation of cardiovasculbnamalities seen in premortem embryos was
extensive, seen in all examined embryos between5Eddd E16.5 (n = 3), and the cause of death
could reasonably be attributed to any of smvestochastic cardiac events attendant toh su
anatomical anomalies, including acute cardiaatflow obstruction, sudden arrythmia, and

intrapleural haemorrhage.
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Fig. 4. Cardiovascular and pulmonary developments impaired in chs/cbs mutants. A-E:Serial 4-um
transverse sections of E16.5 wildtype and/offss embryos were stained with hematoxylin argireoThey
are presented from cranial to caudal, with distefnme the first panels indicated in mm (upper r)ghThe left
side of the body is to the right. Scale bar: 0.B.nSpecific defects in cardiovascular and pulmonary
development in E16.5 embryos are described abovith the medical term corresponding to sthi

phenotype indicated in parentheses.

Thecbsmutation was generated on a pure C57/BL6 backgrobmgberform positional cloning, the
cbsmutant was crossed to wild-type mice of the CBAdKground, F1 progeny was intercrossed, and
genomic DNA from resulting F2 embryos was analyaéti strain-specific markers, which exhibited
distinct polymorphisms between the C57/BL6 and CBifsbred mouslines. This approach identified
one marker on chromosome 14 cosegregating ebigitbsmutants (Fig. 5). Thereon finer mapping of
the chromosome 14 for the locus of ttismutation was done using standard simple sequengéhle
polymorphism (SSLP) markers (Dietriet al, 1994) (Fig. 5). Thebslocus was thus positioned 0.5
cM distal to the marker D14Mit259 (Fig. 4).
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Fig. 5. Positional cloning ofcbs. Distance from the centromere in million bp (bladkle SNP markers used
for rough mapping (blue), SSLP markers used foe finapping (red), and th&88 gene (green box) are

indicated.

Examination of candidate genes in this regiewvealed one gene calléi@B8 (Fig. 4), which had
been already reported to exhibit both polydactyhang et al, 2003) and defects in neural tube
formation (Murciaet al, 200), when mutated. Northern blot analysis usotgl RNA isolated from
E12.5 brain detected a single transcript both id-tyipe andcbgcbsembryos (Fig. 6A). Quantitation
revealed a 66.7 +/- 2.00% decreasdft®88 mMRNA levels incbhdcbsbrains. Western blot analysis of
Ift88 protein levels in E12.5 whole brain, using ami-N-terminal-Ift88 antibody, showed a single
band of ~90 kDa in both wild-tybe amibgcbsembryos (Fig. 6C). Quantitation revealed a 75.0 +/-
3.0% decrease in the levels of Ift88 proteirlxgcbsbrain (n = 5, p < 0.01, Student test). Analysis
of mMRNA and protein levels in fore- and hind- lindgls with Northern blots (Fig. 6B), quantative
real-time PCR (Fig. 6E), and Western blot using-Ht@88 antibodies directed against either the N-
terminus (Fig. 6C) or the C-terminus (Fig. 6D) skeowa similar reduction in mRNA and protein

levels, respectively.
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Fig. 6. 1ft88 mRNA and protein expression levels in wild-type (+) and cbs/cbs forebrain and limb buds.
A. Northern blots of whole mRNA from whole brain frdg12.5 wilde-type (+/+) andbs/cbsembryos. Full-
lengthft88 (top) anda-tubulin cDNAs (bottom) were used as probes. Ribosomal RiNdkers are indicated
(left). B. Northern blots from whole mRNA from fore- and himalbs of E12.5 wild-type (+/+) andbs/cbs
embryos. Full-lengthft88 (upper panel) and-tubulin cDNAs (lower panel) were used as probes. Ribosomal
markers are indicated (lefl.. Western blot of protein from forebrain and foreddrindlimbs (limbs) of E12.5
wild-type (+/+) andcbs/cbsembryos. An anti-N-terminal-Ift88 antibody (top)yydaan antiB-actin antibody
(bottom) as loading control were used. Arrow inthsathe 1ft88 bandD. Western blot analysis of protein
extracted from fore- and hindlimbs of E12.5 wilgb¢y(+/+) andcbs/cbsembryos. An anti-carboxal-terminal-
Ift88 antibody (upper panel), and an gpvictin antibody (lower panel) as a loading contete used. Arrow
indicates the Ift88 band. Quantitative real time RT-PCR performed upon whoRNA extracted from fore-
and hindlimbs of E12.5 wild-type (+/+) amths/cbsembryos. Relative expression levelslit#8 are indicated.
Mean values +/- SEM (n = 3). * = p < 0.05, Studshttest.
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A complementation analysis by crossiclgs heterozygotes to mice heterozygous for a targeted
deletion of thelft88 gene [ft88™ 'Y (Haycraftet al, 2007) was done to ascertain, if the genetic
defect in thecbs/cbs mutant is located in th#t88 gene. 7 compound heterozygotes for both alleles
were identified by using PCR-genotyping. They shdwerphological features abshomozygotes,
including bilateral coloboma, a rostro-caudally séoed telencephalon, and an enlarged midbrain
(Fig. 7A). In some cases the compound heterozygerbghited a rightward-looping heart tube, an
indication ofsitus inversug3/7 chg1ft88™ %% embryos) (Fig. 7B, red arrows)bs/cbsmutants by
contrast never exhibitesitus inversugn = 61). None of 48 littermates genotyped as wyige or
heterozygous for either thkt88 or cbs mutation displayed the phenotypes reported abobe. T
conclusion out of this analysis is, that the twaations do not complement one another anddhat

is a hypomorphic allele dft88.

A B 3 |

It88K0/chs

Fig. 7. Complementation analysis. AE11.5 heterozygoust88 knock-out embryoslit88%/+) display a wild-
type telencephalon (asterisk) with an elongatet@rabsaudal profile (cf. Fig. 3A, +/+ embryo). A mpound
heterozygote of thét88 deletion allel [ft88%) and the cbs allellft88“/cbs displays coloboma (white arrow)
and a rostro-caudally shortened cortex (asterigk).E11.0 1ft88“/cbs compound heterozygous embryos
demonstrate situs inversus, as indicated by passagee bulboventricular loop to the right (leftmm, red
arrow), and situs solitus, as indicated by passédee bulboventricular loop to the left (right mdnred arrow).
Black dots outline the enlarged pericardial sadt (@nel). Black arrows indicate developmentallyaged
forebrain (both panels). Scalebar: 1.5 i) 250 um B).

As sequencing of the mRNA transcript in ts/cbsmutant revealed no changes in the ORF or the
5" and 3" UTRs, this further is a sign for a matatin an intron or a regulatory region.
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3.2Cilia are present in the ventricles ofchs/cbs mutants

The product of the gen#88, the intraflegellar transport (IFT) protein Ift§8Baulmanet al.,2001),
is involved in the anterograde transport of the firticles inside primary and motile cilia (Pazatr
al., 2000), organelles that protrude from the surfzfamost eukaryotic cells. IFT is the mechanism by
which protein cargoes are transported in the cilitself (Kozminskiet al., 1993). Primary cilia,
protruding into the ventricles, have been reportedoe present on neuroepithelial cells of the
developing cortex (Nagele and Lee, 1979; Cohen Meihinger, 1987; Mary etl, 2005). By
transmission electron microscopy (TEM) upon cora®dtions of E12.5 brain | was able to confirm
this observation. Cilia with varying lengths betwe®5-2 um were projecting into the ventricle (Fig.
8A). Transverse sections displayed well definedblasdies (Fig. 8B) and a “9+0” morphology in the
proximal cilium (Fig. 8C), verifying them as prinyarcilia. They showed a proximal-to-distal
reduction in the number of microtubule doubletsnicwy eventually to a “2+0” morphology at the tip
(Fig. 8D/E), as reported previously (Cohen and ligjar, 1987).

chs/chs

Fig. 8. Transmission electron microscopy revealsripnary cilia projecting into the ventricle of wild- type
(+/+) and chs/cbs embryonic forebrain. A/E. Cilium cut longitudinally. B-D, F, G. Cross sections of
ventricular cilia, revealing the basal bod/K), characteristic “9+0” ciliary morphology:(G), and tapering to
a “2+0” structure D). E. Proximal-to-distal tapering can be seen (arrowgal&zar: 200 nmA, C, E, G); 100
nm B, D, F).

Scanning electron microscopy (SEM) upon forebd E12.5 embryos revealed cilia projecting
into the ventricle from dorsal and lateral cortBig( 9A), the hippocampal anlage, choroid plexus, a

the ganglionic eminences (GEs), with lengths vayyietween 05-3 um.
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Fig. 9. Scanning electron microscopy reveals ciliprojecting into the ventricle of wild-type (+/+) ard
cbs/cbs embryos. A/B.Arrows indicate cilia. Scalebar: 1 pm,(B).

To investigate if neural precursor cells expegselements of the intraflagellar transport maatyin
a mouse linelft88'2¥%) (Murcia et al, 2000) was used in which the lacZ cDNA has beseried
into the locus encodingft88, a component of the B complex particles of the IF&chinery
(Rosenbaum and Witman, 2002). Analysis of E11.%eroeygouslftgs8'?¥% embryos identified
expression offt88::lacZ by nestin-positive (Fig. 10A) and RC2-positive (FI®B) neural precursor
cells. Newly born neurons residing in the subpialnite zone, labeled by using the TuJ1 antibody
(Moody et al., 1989), were also revealed to expré8s8 (Fig. 10C).

Fig. 10. Immunoflourescence analysis dft88 expression. The expression analysis was undertaken upon the
dorsolateral telencephalon of E11f88'>¥% embryos, using an antibody recognizjhgalactosidaséA, C,

red; B, green), which is expressed from 1ift88 locus. The ventricular (V) and pial (P) surfacaithe bottom

(A, B) and top C) of the panels, respectively. Arrow indicates eleggristic somatif-galactosidase deposits in
cells colabeled with the following markers: NestiA; green) and RC2-positiv8( red) VZ cells and newborn
neurons C, green, TuJ1-antibodyA-C, blue, DAPI-labeled nuclei. Scalebar: 10 p&nQ).

It was shown in preceding reportsl®88 mutants (Murcia et al., 2000; Haycraft et al, 208005,
2007; Kramer-Zucker et al, 2005; Banzis et al, 20QBat cilia are either not formed or not
maintained. TEM on coronal forebrain sections oRBlcbs/cbsembryos showed primary cilia
projecting into the ventricle that did not seenbéodifferent from those of wild-type (Fig. 8E-Gh&
cilia originate from well defined basal bodies (F&F), showed a “9+0” morphology (Fig. 8G), and
displayed a proximal-to-distal tapering (Fig. 8Eadk arrow). SEM analysis could also reveal cilia
projecting into the ventricle from the dorsolatetelencephalon (Fig. 9B) and the GEsabis/cbs
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mutants. The cilia of the dorsolateral telenecephalf thecbs/cbsmutant seemed to be of normal
length (wild type: 973 +/- 160 nm (n = 2&ks/cbs 894 +/- 213 nm (n = 33); p = 0.25, Student’s
test). In conclusion, both TEM and SEM detectedasttucturally normal cilia projecting into the
ventricle ofcbs/cbhsmutant forebrain. Additionally ultrastructurally dmorphologically normal cilia
were also detected in the midbrain (Fig. 11 A/BJ aronchia (Fig. 11 C/D) afbs/cbgnutants.

Fig. 11. Cilia are present in the midbrain and brorchia of cbs/cbs mutants. A/B. TEM of cilia projectiong
into the dorsal mesencephalic ventricle (V) of Blébs/cbhsembryos.A. Cross section of ventricular cilium,
revealing the characteristic “9+0” morphology ofinpary cilia. Scheme (lower left) indicates the m@aof
section for A, B). B. Cilium cut longitudinally. Arrow indicates a certlé adjacent to the basal body that forms
the base of each ciliun@/D. SEM of epithelial cilia (white arrows) projectingtd the bronchial lumen of E12.5
wild-type (+/+) C) andcbs/cbgD) embryos. Scalebar: 100 n#é)( 200 nm B); 1 um C, D).

3.3 The cbs/cbs mutants exhibit a pronounced disorganization of te dorsal telencephalon

The forebrain ofcbs/cbs mutants showed a major disorganization in dorsénezephalic
morphology (Fig. 12A-G). The telencephalic midlioeE12.5 wild-type littermates invaginated and
exhibited development of the choroid plexus, caititem, and the hippocampal anlage (Fig. 12A).
Invagination of the telencephalic midline did ocdénrcbs/cbsmutants, but the morphology of the

dorsomedial telencephalon was profoundly affectatithe hippocampal primordium and the cortical
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hem could not be identified by morphology. Te¢tes/cbsmutants rather showed a kinked ventricular
zone (VZ) that folded in upon itself (Fig. 12B, @ns) to form rosette-like heterotopias (Fig. 12H-J)
The development of the medial and lateral GE seemlktively normal in contrast (Fig. 12B). The
diencephalon and the dorsal telencephalon showaadat levels a clear separation in wild-type
embryos at E12.5 (Fig. 12C), but this differentiatis lost in thecbs/cbsmutants. Here a continuous
ventricular zone (VZ) runs from the dorsal diencdph to the dorsolateral telencephalon (Fig. 12D).
This phenotype was even more severe in E11.5 embivgoing both thebsand thelft88 knock-out
allele (Fig. 7A). The dorsal telencephalic midlimerdly invaginated, the cortical VZ was diminished
to a very thin stripe, and the medial and latergl iere also extremely reduced in size (Fig. 12F).
Later developmental stages of this complementadioalysis could not be examined because of an
earlier lethality than that seen ébs/cbanutants. E11.8bs/cbhsmutants showed a similar diminished
invagination and disorganization of the dorsal imigl invaginations of the cortical VZ (Fig. 12G,
arrowhead), and subpial heterotopias (Fig. 12@&vwgrrwhen compared with E12c¢bs/cbsmutants.

In comparison both the cortex and the GEs weréehithan in thebdIft88™*®complementation
mutants (Fig. 12F).

84



Results

e TR

11t88+/+ 1#t88"/chs

Fig. 12. Thecbs/cbs mutant displays a pronounced disorganization of ta dorsal telencephalon. A-D, H.
Hematoxylin-stained coronal sections of E12.5 wilgee (+/+) @, C) and cbs/cbs(B, D, H) embryos.
Hematoxylin-stained coronal sections of E11f888* embryo E), a Ift88“%cbs compound heterozygote
littermate F), and acbs/cbsembryo ). Schematic insets (lower lefth( C, E) indicate the plane of section
for (A,B), (C, D), and E-G), respectivelyH. Caudal-most telencephalon depicting lateral hétpias (left,
boxed). Enlargement of the boxed area shows theimate a rosette-like morphology (righg, D, G, H.
Arrows indicate heterotopias. G. Arrowhead indisatéZ. 1/J. Mitotic cells revealed with an anti-
phosphorylated-histone H3 antibody (green, PH3uiopial heterotopias of E12chs/cbsembryos. Red = anti-
nestin antibody. Arrows indicate nestin/PH3-positoells. A-J: Dorsal is to the togd-J: Lateral is to the left.
P = pial surface.; V = ventricle; (+/+) = wild-typScalebar: 300 uni¢G, H (left)); 50 um (, J).

The number of mitotic cells at the VZ were significantly altered in the cortex of E1X6s/cbs
mutants (p = 0.06, n = 5, Student’test) (Fig. 13C). A great number of the mitotic \¢&lls were
positive for the anti-nestin antibody, which indiesy that they are neural precursors (Fig. 13A/B,
arrows; N). The GEs displayed instead a large asgen mitotic cells (Fig. 13C). The reason fos thi
is the appearance of cells dividing 10-30 um awagnfthe VZ, many of which were nestin-negative
(Fig. 13B, arrowheads; N). Similar results werensaeE11.5. Additionally mitotic cells at the lumen
of heterotopias could also be identified as ngstisitive (Fig. 121/J). No change was detectable for
the number of mitotic cells located basally >30 ftam the ventricular zones of the cortex and GE
(Fig. 13E).
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Fig. 13. Mitotic cells in the cortex and GEs of thebs/cbs mutant. A/B. Mitotic cells revealed with an anti-
phosphorylated-histone H3 antibody (green, PH3h@VZ of the dorsolateral corteR) and the GRsR) of
E12.5 wild-type andtbs/cbsembtyos. Red = anti-nestin antibody. Arrows intBcaestin/PH3-positive cells.
Arrowheads indicate sub-VZ mitoses. Asteriks intBchlodd cellsC-E. Quantitation of PH3 staining in the
cortex (cortex) and GEs (GE), expressed as the auwbPH3-positive €) and double nestin/PH3-positive
cells ©) per 100 um of VZ, and in the number of basalaked (i.e., >30 um from the VZ) PH3-positive cells
per 1 mm (E). ***p<0.001, Student s-test.A/B. Dorsal is to the top, lateral is to the left. Wentricle; (+/+)

= wild-type; Scalebar: 50 pr\(B).

3.4 Dorsomedial telencephalic cell types are specifidilt do not from morphological structures

in chs/cbs mutants

The dorsomedial telencephalon is the origisedferal different cell types including choroid plex
the cortical hem, the hippocampus and Cajal-Retzalis. Because of severe disorganization of these
structures ircbs/cbamutants shown by histological examination, the mheitgation of these structures
was analyzed with appropriate tissue-specific matk&he choroid plexus origins from the dorsal
midline and expressélrl (Fig. 14A, arrow, left panel) (Duaet al, 1989). Incbs/cbsmutants,Ttrl
was still expressed but in a irregular pattern ainal notedly lower expression level when compaoed t
wild-type littermates (Fig. 14A, arrow, right paperhe cortical hem is located directly dorsalhe t
choroid plexus and is marked by the expressioreeéiml Wnt family genes includinggnt2b(Grove
et al, 1998) (Fig. 14B, arrow, left panel). AnalysisWht2bexpression irchs/cbamutants showed a
domain of expression in the dorsal telencephalag. (E4B, arrow, right panel) lateral to tAerl
expression domain seen in an adjacent sectionfri@f.14A). Like to theTtrl expression pattern, the
expression of¥Vnt2bwas considerably reduced and in scattered groupslisf (Fig. 14B, arrow, right

panel).
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Fig. 14. Dorsomedial telencephaloc cell types ar@exified but do not form morphological structures.
A/B. In situ hybridization analysis of E12.5 wild-type (+/+)datbs/cbsembryos. For each coronal section, one
telencephalic half is shown, with dorsal to the, tigteral to the rightA. Ttrl in situ hybridization. Arrows
indicate Ttrl expression in the choroid plexuB. Wnt2b in situ hybridization. Arrows indicatent2b

expression in the cortical hem. Scalebar: 300 pm.

The hippocampal anlage lies adjacent to thecabihem and express&phB1(Tole et al.,2000)
(Fig. 15A, arrow, left panel). Ikbs/cbsmutants the expression &phBlwas not detected in the
dorsal telencephalon, whereas its expression iveéné&ral telencephalon was not affected (Fig. 15A,
right panel). The hippocampus is also charactéimethe expression of thdix2homeodomain gene
at high levels (Fig. 15B, left panel), which is ded for normal hippocampal development (Pogter
al., 1997; Bulchanet al, 2001; Monukiet al, 2001; Mangalet al, 2008), but ircbs/cbamutants the
high level expression dfhx2was reduced (Fig. 15B, left panel). This suggeat the hippocampus
was not specified correctly iobs/cbsmutants. The cortical hem is an important sourceCafal-
Retzius (CR) cells, the earliest born cortical wast which are marked by the expressiomesfiin
(Meyer et al, 2002; Takiguchi-Hayaskhgt al, 2004) (Fig. 15C, arrow, left panel). A singlgda of
reelin- expressing cells at the cortical marginal zon&b2.5 wild-type anahbs/cbsmutant embryos
was revealed (Fig. 15C, arrow, both panels). Inreany, the data indicates that cells of dorsomedial
telencephalic character are formedchls/cbsmutants but they fail to form morphologically distt

structures.

A EphBq B ?@ Lhx2 C Rf;ﬁn _

e
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+l+ cbs/cbs +/+ chs/chs o cB&bs
Fig. 15. Dorsomedial telencephaloc cell types arpexified but do not form morphological structures.A-C.
In situ hybridization analysis of E12.5 wild-type (+/+)daebs/cbsembryos. For each coronal section, one
telencephalic half is shown, with dorsal to the, tigperal to the rightA. EphB1 in situhybridization. Arrow
indicate EphB1 expression in the hippocampal anlaBe.Lhx2 in situhybridization.Lhx2 expression in the

hippocampus and neocorte. Reelin in situhybridization. Arrows indicaté&keelinexpression in the Cajal-
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Retzius cells. Scalebar: 300 pm.
3.5The pallial-subpallial boundary fails to form correctly in cbs/cbs mutants

It was of interest, if the dorsal-ventral susibns of the telencephalon atbs/cbsmutants formed
properly.Pax6(Fig. 16A, left panel) antign2(Fig. 16B, left panel) exhibit a lateral-high to dine-
low expression gradient in the wild-type developeaugtex, with a sharp expression boundary at the
pallial-subpallial boundary (PSPB) of the telenadph (Walther and Gruss, 1991; Gradwehlal,
1996). Incbs/cbanutant telencephalon the graded expression of dgremles was lost, and their ventral
expression domains were not as sharply defined wbempared to wild-type embryos (Fig. 16A/B,

right panel).

. b
i+ — CHS/CDE +/+ — chaichs

Fig. 16. Relaxation of the pallial-subpallial boundry (PSBP) in cbs/cbs mutantsin situ hybridization
analysis of E12.5 wild-type (+/+) anths/cbsembryos. For each coronal section, one telenciephalf is
shown, with dorsal to the top, lateral to the right Pax6 in situ hybridization; Arrow in the right panel
indicates the PSBRB. Ngn2in situ hybridization. Arrow in the right panel indicatd®etPSBP. (+/+) = wild-
type. Scalebar: 300 um.

Analysis forPax6 by immunofluorescence showed also widespread Pasitiye cells at the

boundary region (Fig. 17).

Fig. 17. Relaxation of the pallial-subpallial boundry (PSBP) in cbs/cbs mutantslmmunohistofluorescence
analysis of E12.5 wild-type (+/+) anths/cbhsembryos. For each coronal section, one telenciephalf is
shown, with dorsal to the top, lateral to the right Red, Anti-Pax6 antibody; Green, TuJl antibody,

recognizing newborn neurons. Left panel, arrowdatls the PSBP. Middle and right panel, arrowscatdi
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radial stripes of Pax6 expression at the PSBéb#icbsmutants. (+/+) = wild-type Scalebar: 300 pm.

DIx2is a marker for the medial and lateral GEs (Bulfehel, 1993), andn situ hybridization
analysis on adjacent sections indicated that gedtteéax6 and Ngn2 expressing cells were located
within the ventral telencephalic areaatfs/cbamutants (Fig. 18A, right panelpIx2 showed as well a
diffuse border of expression, and scattelDdxP-expressing cells were found in neocortical teryito
(Fig. 18A, right panel). The expressionik2 in the GEs was substantially similar compared tidwi
type littermates (Fig. 18A), which is consistenthwthe histological analysis. To define the forroati
of the PSPB ircbs/cbsmutants in more detail, the expression of Biex1 homeobox gene in the
ventral pallium, located just dorsally to the PS@®Bzdinaet al, 2004), was examined. Th#x1-
expressing cells were more widely distributectlis/cbsmutants, in particular in the neocortex (Fig.
18B, right panel). This data indicates, that th®@B8oes not correctly developébs/cbanutants and

that cells expressing dorsal or ventral markeerimingle at the boundary.

A Dix2 B Dbx1

| w— Chsfchs +/+ w— ChS/cbS

Fig. 18. Relaxation of the pallial-subpallial boundry (PSBP) in cbs/cbs mutants. A/BIn situ hybridization
analysis of E12.5 wild-type (+/+) anths/cbsembryos. For each coronal section, one telenciephalf is
shown, with dorsal to the top, lateral to the right DIx2 in situ hybridization; Arrow in the right panel
indicates the PSBMB. Dbx2in situ hybridization. Arrows indicate the PSBP. (+/+) sdsype. Scalebar: 300

pm.

3.6 The dorsal telencephalic-diencephalic boundary ikbs/cbs mutants is weakened

It was of interest to see, if the telencephdiencephalic boundary also did not from propenlytie
cbs/cbanutants. Histological analysis had showed highlyasitnal structure in this region containing
many of the rosettes (Fig. 12D, H-J). This regian named caudal rosette-rich area (CRA). On the
basis of the severity of these deformations, mdg@ical landmarks could not be used. Because of
this reason developmental marker analysis was taselilicidate the cellular composition of this area.
Apart from the cortical hem and CR neurdhsxgl is expressed by all telencephalic cells, and
exhibits an expression gradient in the hippocanitts lower expression levels medially (Fig. 19A,
left panel) (Tao and Lai, 1992; Hanashieiaal, 2002).In situ hybridization forFoxgl showed a
likewise pattern incbs/cbs mutant neocortex, with higher expression levelerddly and weak

expression medially, but revealed an absend¢®rfilexpression in the CRA except for a small patch
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of cells located at its lateral margin (Fig. 19/ght panel). Due to lowefoxglexpression levels in
developing hippocampus of wild-type embryos analydithe expression patternsldfx2 andEmx2
which show both an opposite expression gradiefot@lin the cortex (Fig. 19B/C, left panels), was
done. Additionally to their expression in tbles/cbaneocortex Ithx2: Fig. 15B;Emx2:Fig. 24B) both
Lhx2 and Emx2 exhibited a widespread expression within the CRRAy.(19B/C, right panels). The
examination oMWnt2bandTtrl expression, which mark the choroid plexus andicrhem in wild-
type embryos, showed likewise the presence ofeeatiVnt2b (Fig. 19D, right panel) andtrl-
(Fig. 20A, right panel) positive cells in the latkmost part of the CRA. These data lets assumte tha

telencephalic cells contribute to the CRA.

A Foxg1 B . Lhx2

+/+ chs/chs
e D Wnit2b
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Fig. 19. The dorsal telencephalic-diencephalic bowlary in the cbs/cbs mutant. A-D. in situ hybridization
analysis of E12.5 wild-type (+/+) and cbs/cbs embryFor each coronal section, only one telencephalif is
shown, with dorsal to the top, lateral to the right FoxG1 B. Lhx2 C. Emx2 Asterisk indicates fold in the
tissue.D. Wnt2h Scalebar: 300 pum.

Emx2andLhx2 are also expressed in the eminentia thalami (E&@)ia the dorsal diencephalon,
respectively. Therefore the possibility was invgsstied, if the CRA also contains diencephalic cell
types. The dorsal and the ventral thalamus areragghfrom each other by the expressioisbhin
the zona limitans in trathalamica (ZLI), which isetcase in both wild-type antbs/cbsmutant
forebrain (Fig. 20B). This indicates that the dbthalamus in thebs/cbanutants do not extend into
the CRA. The expression d@Ix2, which marks the ventral thalamus (VT) of wild-tygmbryos
(Bulfoneet al, 1993), is found in the CRA @bs/cbsmutants, although in a highly disorganized and
irregular manner (Fig. 20C, right pandfoxdlis expressed in the ventral diencephalon of wifskty
embryos (Fig. 20D, left panel). A group Bbxdlexpressing is located within the CRA dbs/cbs
mutants (Fig. 20D, right panel), which is similafiix2. However, neithebIx2 (Fig. 20C) noFoxd1

(Fig. 20D) expressions were seen in the dorsahtelghalon. Taken together these data suggest that
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the CRA is primarily composed of VT and ET cellst lalso contains some scattered telencephalic

cells.

A } Hrl & B Shh

= e ! &
e !
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C Dix2 D Foxd1
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' |
1k chsicbs +i+  chs/cbs

Fig. 20. The dorsal telencephalic-diencephalic bowdary in the cbs/cbs mutant. A-D. in situ hybridization
analysis of E12.5 wild-type (+/+) and cbs/cbs erobryFor each coronal section, only one telencephalf is
shown, with dorsal to the top, lateral to the rightTtrl. B. Shh C. DIx2. D. FoxD2 Scalebar: 300 pm.

3.7Wnt expression and signaling is upregulated igbs/cbs mutants

Mutations in ciliary and basal body proteingddately been shown to result in an upregulatibn o
canonical Wnt signaling (Gerdes al, 2007; Corbitet al. 2008). The expression of sevevdhtgenes
was analyzed to determine, if Wnt signaling may f#earole in the morphological deformations seen
in thecbs/cbamutants. In the neocortex of E12.5 wild-type embiynt7bexpression can be seen in
the cortical hem and hippocampal VZ, and in coltieaurons, but it is absent in from the neocortical
VZ (Fig. 21A, left panel). Ircbs/cbanutants the expression WInt7bwas normal in cortical neurons,
but they displayed ectopic expression in isolatedcortical progenitor cells, similar li3 mutants
(Fig. 21A, right panel) (Theit al, 2005). Strong expression\dnt7b,at caudal levels of thebs/cbs
forebrain, could also be seen in the CRA, whictbpldy is consistent with its expression in the wild
type VT and ET (Fig. 21B, right panel).
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A Wnt7b B Wni7hb
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Fig. 21. Canonical Wnt signalling in thecbs/cbs mutant. A/B. in situ hybridization analysis of E12.5 wild-
type (+/+) and cbs/cbs embryos. For each cororaiose only one telencephalic half is shown, withrghl to
the top, lateral to the righA. Wnt7bexpression in the rostral part of the telencephadoiVnt7bexpression in

the caudal part of the telencephalon. Arrows ingicgnal described in the text. Scalebar: 300 pm

An upregulation of¥/nt8bsimilar toWnt7bwas also observed in the CRA (Fig. 22B, right panel

although the upregulation was not as extensive.

A Wnt8b B Wnt8b

+/+ chaichs +/+ chsfchs

Fig. 22. Canonical Wnt signalling in thechs/chs mutant. A/B. in situ hybridization analysis of E12.5 wild-
type (+/+) and cbs/cbs embryos. For each cororaiose only one telencephalic half is shown, withrghl to
the top, lateral to the righ. Wnt8bexpression in the rostral part of the telencephddoiVnt8bexpression in

the caudal part of the telencephalon. Arrows ingicggnal described in the text. Scalebar: 300 pm

The upregulatetVntgene expression in the CRA brought me to checladtiwation of canonical
Whnt signaling Axin2is a direct target of the canonical Wnt signaliaghway (Jheet al, 2002; Lustig
et al, 2002) and exhibits a graded expression in witgtetdorsomedial telencephalon (Fig. 23A, left
panel).cbs/cbsmutants otherwise displayed a pat&kxin2 activation dorsomedially (Fig. 23A, right
panel). In contrastaxin2was strongly expressed in the CRAadbs/cbsmutants, in particular within
heterotopias (Fig. 23B, right panefjxin2 expression was also detected in the dorsal thalafigth
genotypes at this level (Fig. 23B, both panels).
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A Axin2 ; B Axin2

+ [+ chsichs i ++ . chsichs
Fig. 23. Canonical Wnt signalling in thecbs/cbs mutant. A/B. in situ hybridization analysis of E12.5 wild-
type (+/+) and cbs/cbs embryos. For each cororaiose only one telencephalic half is shown, withrghl to
the top, lateral to the righf. Axin2 expression in the rostral part of the telencephaom\xin2 expression in

the caudal part of the telencephalon. Arrows ingicignal described in the text. Scalebar: 300 um

To guantitate this increases in Wnt signalingerformed quantitavie, quantitative RT-PCR upon
MRNA extracted from E12.8bs/cbanutant telencephalon, comparing gene expressi@tsiéo wild-
type littermates. A 1.54 +/- 0.25-fold increasetie expression ofxin2(p < 0.05, n = 5, Studentts
test) but interestingly not that ¥/nt7b(1.25 +/- 0.24-fold increase, p = 0.37, n = 6) waserved,
indicating that the heterotopic expressioWit7bis in aggregate not reflective of an increase ialto
MRNA levels. Taken together this data indicates émaectopic activation of canonical Wnt signaling

in the CRA occurs, but it cannot be directly cortaddo an upregulation &¥nt7bexpression.

3.8 Targets of Shh signaling and Gli3 protein processmare disturbed in the forebrain ofchs/cbs

mutants

Several phenotypes seerclys/cbsmutants resemble that detected in @18 deletion mutankt’,
including polydactyly, defects in the determinatiohdorsal telencephalic tissue, the formation of
rosette-shaped heterotopias in the dorsal cortek,tlee relaxation of the telencephalic-diencephalic
boundary (Johnson, 1967; Theil al, 1999; Toleet al, 2000; Fotaket al, 2006). Because of these
similarities in phenotypes | examiné&li3 expression patterns in tlobs/cbsmutant. High levels of
Gli3 expression were maintained in the telencephalab®tbanutants (Fig. 24A, right panel).

A complete abolition and a strong downregulati@spectively, of the transcription factdmxland
Emx2is one of the hallmarks of th&’ mutant (Theilet al, 1999; Toleet al, 2000). This is not he
case incbs/cbsmutants, where analysis of both of these markersvstli no downregulation in their

expression (Fig. 24B/C, right panels), rather, @paEmxlexpression pattern.
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Fig. 24. Shh signalling in the forebrain oftbs/cbs mutant. A-C. In situ hybridization analysis of E12.5 wild-
type (+/+) and cbs/cbs embryos. For each cororwiose only one telencephalic half is shown, withrghl to

the top, lateral to the righ\. Gli3 expressioB. EmxlexpressiorC. Emx2expression. Scalebar: 300 um

Defects in the proteolytic processing of GhiBa number of IFT mutants was reported by several
laboratories (Haycrafet al, 2005; Huangfu and Anderson, 2005; kiual.,, 2005; Mayet al., 2005;
Tranet al, 2008). Western blotting upon protein extractenf E12.5 forebrain tissue was performed
to analyze the effect upon Gli3 processinglis/cbsmutants. The production of both the full-length,
190 kDa activator (Fig. 25B, arrows) form of GliBdathe truncated, 90 kDa repressor (Fig. 25B,
arrowheads) form of Gli3 could be detected by usinganti-N-terminal-Gli3 antibody. Inbs/cbs
mutants, no change in the amount of the cleavddriso(Fig. 25B, arrowheads) was detectable, but a
strong increase was observed in the amount ofulhéehgth isoform (Fig. 25B, arrows). Quantitation
showed a 5.6-fold increase in the amount of thieldulgth Gli3-isoform incbs/cbsmutant forebrain,
compared with wild-type, whereas the amount ofghecessed Gli3-isoform in thebs/cbsmutants
did not change significantly (Fig. 25C). Togethéee total amount of Gli3 protein increases by 67.2%
in cbs/cbanutant forebrain (Fig. 25C). These changes arelaofied at the level of transcription, as
Northern blot analysis of mMRNA isolated from theeforain exhibited neither a change in the quantity
of Gli3 mRNA nor in transcript size (Fig. 25A).
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Fig. 25. GIli3 protein processing is disturbed in th forebrain of cbs/cbs mutant. A. Northern blots of whole
RNA from forebrain of E12.5 wild-type (+/+) ancbs/cbsembryos. Full-lengthGli3 (top) anda-tubulin
(bottom) cDNAs were used as probes. Ribosomal msudkee to the leftB. Western blots from protein lysates
from forebrain of E12.8bs/chsandXt’ and wild-type (+/+) and homozygous mutant (-f)beyos. An anti-N-
terminal-Gli3 antibody (top) and an afitiactin (bottom) antibody were used. Specific bacaisesponding to
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the 190 kDa full-length GIi3 isoforms (arrows) amkde 80 kDa proteolytically processed Gli3 isoform
(arrowheads) are indicated. The specificity of dinéibody was shown by examining homozyg@&li8 deletion
mutants Xt), in which neither full-length nor processed Gi8forms are detectable. Protein markers (kDa) are
to the left.C. Quantitation of Gli3 Western blots seen in (B)sffimdicating the amount of the 90 kDa (short
form ) Gli3 isoform, setting levels in +/+ to 1.8.quantitation comparison of the 190 kDa (long fplisoform
shows 19.4% levels in +/+ embryos, compared withghort formcbs/chsmutants show a 5.6-fold increase in
the amount of the long form, compared with +/+ eyobr to levels greater than that of the short formmbs/cbs
embryos. The combined amount of short and longisad is also indicated (total). Mean values+/- SEEM: 4
—8). *p < 0.01, *p < 0.05, Student’s t test.

To examine the potential effect of an overpatiun of the full-length Gli3 isoform ircbs/cbs
mutant forebrainin situ hybridization analysis oPtchl, a downstream target of Shh signaling
(Goodrichet al, 1996; Marigeoet al, 1996; Platet al, 1997; Agreret al, 2004) was performed. The
expression oPtchlseemed to increase in the GEscb$/cbsmutants (Fig. 26A, right panel), but no
expression was detected in the dorsal telenceph@mmuantitate these evidently increasd’tohl
expression, | performed quantative, real-time RTRP@on mRNA extracted from E12cébs/cbs
mutant telencephalon, comparing gene expressiaislég wild-type littermates. A clear increase in
the expression of botAtchlandGlil (Fig. 26B), another downstream target of Shh diggdLeeet
al., 1997) could be detected.
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Fig. 26. Effect of an overproduction of the full-lagth GIi3 isoform in cbs/chs mutant forebrain. A. Ptchl

L]

in situ hybridization analysis of E12.5 wild-type (+/+) adds/cbsembryos. For each coronal section, only one
telencephalic half is shown, with dorsal to the, tiayeral to the right. Scale bar: 300 pBi.Quantitative real
time RT-PCR was performed upon total mRNA isoldtedh E12.5 telencephalon. Reverse-transcribed cDNA
was analyzed using TagMan probes recognizichl and Glil. cDNA was normalized using probes for
GAPDH. Mean values+/- SEM (n = 4 — 8). **p < 0.0ft,< 0.05, Student’s t test.

It was of interest then to check, whether dellsbs/cbanutants lost their competence to respond to
Shh signaling. To test this, fibroblast cultureseverepared from decapitated, eviscerated E12db wil
type andcbs/cbsmutant embryos. Fibroblasts were electroporateth @&itShh-responsive plasmid,

which expresses the firefly luciferase gene untlerdontrol of a minimal promoter and 8 tandem
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copies of a Gli binding site (Sasaéd al, 1997), using a plasmid expressing Renilla luase to
control for transfection efficiency. Cells were péted to grow till they reached confluency and the
production of cilia was promoted by switching tto@-serum medium (Ocbina and Anderson, 2008),
followed by treatment for 12 h with Shh at 1pg/méldysis for quantitation of luciferase activityhls
was able to induce a sevenfold increase in lugterexpression from the Gli-responsive reporter
plasmid in wild-type fibroblasts (Fig. 27), but hdbasal and Shh-induced luciferase expressiondevel

were greatly reduced iths/cbanutant fibroblasts (Fig. 27).
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Fig. 27 Luciferase assay analyzing the competencé fibroblast cells to respond to Shh signaling. A.
Luciferase assay using a Gli-responsive lucifepdasmid transiently transfected into fibroblastsgared from
wild-type (+/+) and cbs/cbs embryos and alloweddach confluency. Sonic hedgehog (Shh, 1 pg/ml) was
added to the cultures for 12 h before lysis andyarsaof luciferase levels. Relative luminosity éds relative to
Shh-untreated wild-type cells are indicated. Mealues+/- SEM (n = 4 — 8). **p < 0.001, Studenttsst.
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4 Discussion

Thecobblestonécbg mouse mutant was generated in an ENU screen takderby my supervisor
Dr. Kerry L. Tucker to uncover deformations in tdeveloping central and peripheral nervous
systems. In the course of the characterizatiohe€lbs/cbanouse mutant | was able to reveal that the
cbsmutation is a hypomorphic allele of the gene enwgdintraflagellar transport (IFT) protein 1ft88
By further investigation of thebs/cbsforebrain phenotype | could show that primary aciire

important for the normal development of the dotekdncephalon.
4.1 Evidence for|ft88 to be the defective gene in thebs/cbs mutants

Several results allow me to conclude &3 is the defective gene in tlabs/cbsmutants: First,
fine mapping indicated it to lie in a 0.5 cM intahcontaininglft88. Second, the 1ft88 mRNA and
protein are expressed at only around 25% of theldeof wild-type embryos. Third, compound
cbs/Ift88™ 1B embryos show a very similar phenotype in the faibwhen compared tobs/cbs
mutant embryos of the same age. The phenotypeeotdmpounctbs/Ift8&™® embryos is even
more severe than in tlebs/cbsmutant embryos. The reason for the more severeopyy@n could be
that in the compound embryos the levels of Ift88tgin is even more reduced when compared to
cbs/cbsmutant embryos. The further reduced Ift88 protewvels in the compound embryos results
from the complete deletion of one allele of tft88 gene, whereas this is not the case incth&'cbs
mutant embryos.

The results of a reduced expression and laekrofitation in théft88 mMRNA of thecbs/cbanutant
leads to the assumption of a new hypomorphic attedé enables the embryos to live long enough to
exhibit significant defects in dorsal telencephalievelopment, whereas the full knock-out is not
suitable for this investigation because of its grohic lethality at already E10.5 (Murag al, 2000).

Ultrastructural normal primary cilia projectimgio the ventricle of the forebrain are still te been
in the cbs/cbsmutant embryos, whereas this is not the case ier ¢it88 mutations (Murciaet al
2000; Haycrafet al, 2001; Kramer-Zuckest al, 2005; Baniz®t al, 2005). My hypothesis is that the
observed Ift88 protein levels in tlobs/cbsmutant embryos, which refers to 25% of wild-typeels,
are still sufficient for the assembly and maintaghof primary cilia, as shown by TEM and SEM in
the developing forebrain (Fig. 8; Fig. 9; Fig. 1Hpwever, they seem not adequate enough to support
the levels of signal transduction/ protein proasgsieeded for a proper development, as demonstrated
by a reduction of Gli3 processing, as has beenrtegpdor a number of IFT mutants (Haycratftal,
2005; Huangfu and Anderson, 2005; Lai al, 2005; Mayet al, 2005; Tranet al, 2008).
Furthermore, in knock-out mutations of IFT genesuftia et al, 2000; Liuet al, 2005), situs
inversushas been connected with a loss of cilia at thergontic node (Murciget al, 2000; Huangfu

et al, 2003; Houdeet al, 2006).cbs/cbsmutant embryos never showsitus inversuswhereas
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compound heterozygotes of tblesandIft88 knock-out alleles, in which the protein levels w88 are
expected to be reduced further thancims/cbsmutant embryos, did displagitus inversus This
observation leads to the suggestion that the lefvdt88 protein incbs/cbsmutant embryos lies just
above the limit for the formation of functionaliailin early development, but is not high enough to
enable a proper signal transduction. Taken togétieeresults imply that IFT is potentially impaired
thecbs/cbanutant embryos.

The levels of Ift88 protein are also reducethmlft88 hypomorphTg737orkp and analysis of brain
ventricles of this mutant postnatally indicatedttidia were still present, but they were sparser,
shorter and displayed altered morphology (Barmitzsal, 2005). It is to be expected thelbs/cbs
mutants would also display morphological defectprimary cilia over time, but because of the early
lethality of thecbs/cbamutant embryos it is not possible to do this analys

| can draw the conclusion that the reductionft®¥8 protein levels displayed bgbs/cbsmutant
embryos results mainly in a defect in ciliary fuootconnected to a defective IFT by the following
results:

First, a large number of studies have repaditedft88 protein to be localized only at the base
tips of primary cilia, in a wide range of tissu@siglmanet al, 2001; Pazouet al, 2002; Haycradfet
al., 2005, 2007). Second, it is well recorded fo88fto be involved in IFT (Rosenbaum and Witman,
2002). Third, the changes of the GIli3 processingated incbs/cbsmutant embryos (Fig. 25B; Fig.
25C) have also been seen in a number of mutanEsTiproteins that are documented to be localized
to primary cilia (Haycrafiet al, 2005; Huangfu and Anderson, 2005; leual, 2005; Mayet al,
2005; Tranet al, 2008). Fourth, two other IFT proteins have besported to exhibit deformations
during telencephalic developmeridnch2 a gene encoding the retrograde IFT motor, display
breakdown of the pallial-subpallial boundary whemwéked out (Mayet al., 2005). A null mutation
of Thml, a novel protein that is localized to cilia andrigolved in the regulation of retrograde IFT,
displays exencephaly and heterotopia-like strustirr¢he cerebral cortex (Herrehal, 2002; Traret
al., 2008).

In summary the combined results indicate cjetiratcbsis a novel mutation offt88, because it
shows no morphological ciliary defect but does sstyga reduction in ciliary function based on a
possible defective IFT, through its altered promegs®f Gli3, when compared wittt88 deletion
mutants and other IFT mutants (Huangfwal, 2003; Mayet al, 2005; Houdet al, 2006; Traret al,
2008).
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4.2 Impaired Hh signalling in the chs/cbs mutant

4.2.1The forebrain phenotype of thechbs/cbs mutant is similar to defects in the Gli3 mutantXt’

The defects displayed by tlabs/cbsmutants in the developing telencephalon includeeisev
disorganization of structures of the dorsomedibneephalon (Fig. 12) such as the choroid plexus
(Fig. 14A), the cortical hem (Fig. 14B), and thegocampus (Fig. 15). The mutation also affects the
pallial-subpallial (Fig. 16; Fig. 17; Fig. 18) aglvas the telenecphalic-diencephalic (Fig. 19; B@)
boundary. These are the major borders confiningltheal telencephalon. TI@&{i3 mouse mutanXt’
displays, when compared tdbs/cbsmutant embryos, a strikingly similar forebrain pbme. Both
mutants exhibit abnormal development of the dorsbahdelencephalon and of the boundaries that
separate the dorsal from the ventral telenceph@ote et al, 2000; Kuscheét al, 2003) and from
the diencephalon (The#t al, 1999; Fotakiet al, 2006). Both mutants are also distinguished by
ectopic Wnt7b expression in cortical progenitors (Theil, 2008) further characterization of both
mutants is as well the formation of heterotopiath\ai rosette-like structure (Theit al., 1999; Fotaki
et al, 2006). The similarities shared by both mous¢amts lead to the suggestion that the displayed
phenotypes have a related origin, but noticeabEngtypic distinctions between the two mutations
exist, which would argue against this simple asgionp A closer examination indicated that the
processing of Gli3 is defective abs/cbanutants. Thus, there is a link confirming the rtiadrigin of

the similar forebrain phenotypes.

4.2.2Different phenotypes betweerths/cbs and Xt’

Beside the similarities there are also impdrf#renotypic differences between the two mutations.
Invagination and specification of dorsomedial stuues (e.g. choroid plexus, cortical hem) (Fig. 12A
D; Fig. 14-20), similar taGli3 hypomorphic mutants (Kuschet al, 2003; Friedricht al, 2008),
still occurs to some extent in thebs/chsmutants.Xt’ mutants do not exhibit any invagination or
specification of this dorsomedial structures (Joimsl967; Theilet al, 1999). Emx1and Emx2,
which are downregulated in thé&’ mouse mutant (Theiét al, 1999; Toleet al, 2000), are still
expressed in the developing forebraincb/cbsmutant embryos (Fig. 24B/C). This is a possible
indication of a weakeGli3 mutant phenotype. The formation of rosettes, hawnestarts at an earlier
time point and is in addition considerably expandedbs/cbsmutant embryos. This result can be a

sign of a stronger phenotypedhs/cbhsnutant embryos when compared3dh3 mutants.
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4.2.3Defective proteolytic processing of the Gli3 protei in the cbs/cbs mutant

A possible explanation for the uncovered déferes could be the nature of %i& mutation. It is a
genomic deletion of Gli3 in which both the full-lgth transcriptional activator as well as the
processed transcriptional repressor isoform of Gt absent (Maynaret al., 2002). This is not the
case in thebs/cbanutants.

Both of the Gli3 protein isoforms are still peat, but in thebs/cbsmouse mutant the proteolytic
processing of Gli3 protein is clearly altered, 8h{ the relative ratio of GIi3 activator and regser
form. Thecbs/cbsmutants exhibit an increase of the full-length, nagessed isoform of GIi3 by a
factor of five (Fig. 25C), whereas the amount & theaved isoform is unchanged. Because of this the
total amount of Gli3 protein is increased by 67%the level of the Gli3 mMRNA no increase occurs in
the cbs/chsmutants (Fig. 25A). This indicates that the exgias of theGli3 gene is not defective in
the cbs/cbamutants. The observed shift of the relative rafi®li3 activator and repressor form has to
take place on the level of proteolytic processingl of Gli3.

A simple explanation of this result is that fa#-length isoform may be stabler within the muita
cells than the processed isoform. All three Gliifgrmembers (Glil, Gli2 and Gli3) can be targeted
for rapid degradation by two conserved sequencéisein C-terminus (Huntzickest al, 2006). The
full-length isoform would also possess this seqaenavhich makes the reasons for its potential
enhanced stability unclear. One possibility coudtbat motifs in the N terminus may protect the
protein from degradation. Recent studies may gnatheer possible explanation for this phenotype.

The formation of the two different isoforms @fi3 is dependent on the interaction between Gli3
and SuFu (Humket al, 2010). SuFu is an important negative regulatdh® Hh signalling pathway.
The result of the loss of SuFu is the destabiliratf the full-length form of Gli3, whereas the
processed form of Gli3 is unaffected (Wagigal, 2010). Full-length Gli3 associates together with
SuFu in the cytoplasm, which is independent of arintilia (Cheret al.,2009; Jiaet al, 2009). The
full-length Gli3-SuFu-complex promotes the primailfa dependent (Huangfu and Anderson, 2005)
proteolytic processing of full-length Gli3. At theame time full-length Gli3 is also protected from
degradation through Spop in the cytoplasm as l@nij is bound by SuFu (Chest al, 2009). Spop
seems not to need primary cilia for the degradatiifull-length Gli3 (Cheret al, 2009). A possible
explanation for the increased level of full-lengBli3 in the cbs/cbsmutants could be that the
proteolytic processing of Gli3, which requires paim cilia, is impaired. The Gli3-SuFu-complex can
still enter the primary cilium ofbs/cbsmutants, but SuFu can no longer dissociate frotddabth
Gli3, a process depending on Kif3a (Hungteal, 2010). Kif3a is, like Ift88, a component of IFAnd
Ift88 is the defective gene tbs/cbanutants. Perhaps Ift88 is also in the context @f EBgether with
Kif3a, required for the dissociation of SuFu froaildength Gli3. Thus, SuFu may fail to dissociate

from full-length Gli3, which is then at the sameaalprotected by degradation through Spop. This
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could then result in the observed increase oflémgth Gli3 protein levels. However, the problem
with this explanation is that full-length Gli3 neetb dissociate from SuFu to enter the nucleus and
become a transcriptional activator. The naturenefcbs/cbsmutant itself could give the solution for
this discrepancycbsis a hypomorphic allele dft88, and the observed Ift88 protein levels in the
cbs/cbsmutant embryos, 25% of wild-type levels, may atstelae sufficient for the formation and
maintenance of primary cilia. The remaining 25%f&8 protein levels could also still be enough fo
some of the full-length Gli3 to dissociate from 8ulpon Hh signalling activation, enter the nucleus
and act there as a transcriptional activator. &t $hme time the levels of Ift88 protein are as well
sufficient for the processing of Gli3 to its cleduwepressor isoform, which is unaffected by SuFdi an
the degradation through Spop (Wang et al., 2010).

The competition between the two isoformdbs/cbsmutants could be a reason for a further
decrease of the effective concentration of the &3 essor. As a possible result target genesidf Gl
which would usually be repressed in wild-type enalsrywould be activated in the forebraincbf/cbs
mutants in an abnormally fashion. The identitytaf target genes of Gli3 in the developing cortex ar
unfortunately not well understooBimxlas well aEmx2 as an example, are downregulated inXtle
mutant (Theilet al, 1999; Toleet al, 2000), buEmx2seems not to be a direct transcription target of
Gli3 (Theil et al, 2002). Because of this observation the overprtoin of the Gli3 activator isoform
in cbs/cbanutants is likely not directly linked to the expsiEs of Emx2in cbs/cbanutant embryos.

However, it has been reported that the Wntadiong pathway directly regulates the transcripéibn
activation ofEmx2(Theil et al., 2002). But the upregulation\@ht7bandWnt8bthat was discovered
in cbs/cbmutants, was most pronounced in the caudal-mastdephalon, some distance away from
the more rostral cortex wheEmxlandEmx2are expressed. But there is the possibility tif&asion
of these growth factors could induEenxlandEmx2transcription. Regardless of their transcriptional
control, the maintenance of the expressioimixlandEmx2in cbs/cbsmutants, and the similarities
in thecbsand Xt forebrain phenotypes, leads to the assumptionréuhiced expression &mxland
Emx2do not mainly affect the telencephalic defectthef Xt' mutants. This is consistent with the
analysis of aEmx1/Emx2double knock-out, which did not reproduce manyeatp of theXt’

phenotype (Shinozaki et al., 2004).

4.2.4Defective Hh signalling response in thebs/cbs mutant

| observed an upregulation of the Shh-respengenedtchlandGlil in the ventral telencephalon
of cbs/cbsmutants (Fig. 26), which is not the case in sevaralise mutants with defective IFT
proteins. A reduction oPtchlandGlil expression was discovered in the forelimb (Hayceafal,
2005; Liuet al, 2005), hippocampus (Haet al, 2008), and cerebellum (Spasskyal, 2008). The
reason for this contradiction could be the fact ttwatical cilia are still present in tlabs/cbamutants,

whereas they are absent in the brain (Efaal, 2008; Spasskgt al, 2008) or the forelimb (Haycraft
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et al, 2005) of the mutants analysed in three of tbhdiss mentioned above. Transcriptionally active
Gli3 is not made in IFT mutants lacking cilia (Hagt et al, 2005; Huangfu and Anderson, 2005; Liu
et al, 2005). It seems that cilia are really requirem the production and release of the
transcriptionally activating, full-length Gli3 ismfm (Casparet al, 2007; Cheret al, 2009; Humke

et al, 2010; Weret al, 2010). The mutation of the gene that encodeshirciliary protein Arl13b
leads also to an upregulation Bfchlin the spinal cord, which is similar to tichl upregulation
seen in the GEs of thebs/cbsmutant (Fig. 26). As a hypothesis it is possilblat tthe low level of
Ift88 protein in cbs/cbs mutant embryos is sufficient for the formation anthintenance of
morphologically normal cilia as well as for the gogtion and aggregation of the full-length isoform
of GIi3 that acts as an activator for transcriptamseen for the revealed upregulatiorPtafhl and
Glil. Another possibility could be that Gli2 may takeepthis function. It has been reported to be
localized to cilia and it has been shown that é&decilia for its function as a transcriptionaliettor
(Haycraft et al, 2005; Cheret al, 2009). Because of the 75% decrease of Ift88eprdevels in
cbs/cbsmutant embryos, a disfunction in IFT is to be @ptted. This is the case for tlebs/cbs
mutant embryos, where it prevents an acute respmn&hh treatmenin vitro, as revealed in the
luciferase experiments on fibroblast cultures (2g). That was also observed in other mutants for
IFT (Ochina and Anderson, 2008). The inconsistdmetyveen this result and the upregulation of the
expression of Hh signalling targets may be expthibg the fact that the formation of the GIi3
transcriptional activator is independent of primeitia (Chenet al, 2009; Jiset al, 2009).

Nonetheless, it is unlikely for an altered Sidnalling to be also responsible for the phenofype
the dorsal forebrain afbs/cbsmutant embryos, as seen by comparison with thatgin in theXt’
mutant. Shh signalling is in the homozygo(ts mutant embryos, as iths/cbsmutant embryos, not
ectopically activated in the dorsal telencephal®hefl et al., 1999). The dorsal phenotype of the
telencephalon oKt mutant embryos is not rescuedShh/xt double mutant embryos (Rash and
Grove, 2007), which also speaks against an invodvegrof Shh signalling in the dorsal telencephalic
phenotype.

On the other hand the subdivision of the tedphalon into a dorsal and a ventral domain is
controlled by the dorsalizing effect @li3 expression and the ventralizing effectsaiic
hedgehogShhH expression. At the beginninGli3 is expressed in the whole telencephalon
(Fig. 7B, Introduction) and is then gradually doegwlated in the ventral part of the
telencephalon (Aot@t al, 2002; Corbinet al, 2003). The elimination o&li3 expression
results in a lack of the choroid plexus, cortical) the hippocampus and the neocortex
(Groveet al, 1998; Theikt al, 1999; Toleet al, 2000; Kuscheét al, 2003). The dorsalizing
effect of Gli3 expression is achieved by the cleaved Gli3 represoform. Thecbs/cbs
mutants exhibit a large increase in the full-lengthprocessed isoform of Gli3, whereas the

amount of the cleaved isoform is unchanged. Thepetition between the two isoforms in
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cbs/cbsmutants could be a reason for a further decreadieeodffective concentration of the
Gli3 repressor, resulting in the loss the chordékps, cortical hem, and the hippocampus

4.3Wnt signalling in the cbs/chs mutant

4.3.1Canonical Wnt signalling in thecbs/cbs mutant

Other proteins important for development alagehbeen localized to cilia, such as Wnt signalling
proteins (Corbitt al, 2007). While some studies claim that that prinralia are not involved in the
regulation of the canonical Wnt signaling pathwkludng and Schier, 2009; Ocbieé al., 2009),
several other studies indicate and support theilfilitysthat canonical Wnt signalling is constrathe
instead of potentiated by primary cilia (Takematual, 2003; Simonst al, 2005; Gerdest al,
2007; Corbitet al, 2008; Voroninat al, 2009; McDermotet al., 2010). These contradictory findings
suggest that primary cilia are perhaps not as itapbfor canonical Wnt signalling as they are fo t
Hedgehog signalling pathway and that the constrgimnfluence of primary cilia on the canonical
Whnt signalling pathway may be cell type-specifidaubtle. | could reveal a clear upregulation of
Axin2, a target of canonical Wnt signalling (Fig. 23) tihe caudal rosette-rich area (CRA)cbk/cbs
mutant embryos, especially in the heterotopiaseétiopic expression aVnt7b(Fig. 21) andwnt8b
(Fig. 22) was also observed in the same regionghwbould be responsible for tAein2 upregulation.
The area specific increase of canonical Wnt sigmalin cbs/cbsmutant embryos seems to be
consistent with the idea that the canonical Wnhalighg pathway may be cell type-specific and
subtle. An upregulation &f/nt7bandWnt8bare also observed in ti& mutant (Theil, 2005), but the
upregulation oWnt7bandWnt8bin the CRA ofcbs/cbsmutant embryos is much more pronounced
than observed in the similar brain regionXf mutant embryos, suggesting that it may be a tirec
consequence of ciliary misfunction.

An earlier hypothesis suggested tiatatenin, a component of the canonical Wnt sigmalli
pathway, is degraded at the basal body and the dagkimary cilia leads to an accumulation of
cytoplasmaticp-catenin resulting in an elevated canonical Wnpoese (Gerdest al, 2007). A
recent study has revealed tifatatenin is accumulated at the basal body of pginodia by the Wnt
signalling modulator Jouberin (Jbn) (Lancagteal, 2009) to constrain the pathway (Lancastesl,
2011). Jbn normally alleviates the nuclear traretioa of -catenin and thus affects positively the
canonical Wnt signalling (Lancastet al, 2009). The results of the recent study of Lateraand
colleagues suggests that the otherwise positivecteif Jbn is inhibited by the presence of primary
cilia. The localization of Jbn to primary cilia tependent on both anterograde and retrograde IFT,
however it appears to be independent of Wnt ligghdsacasteet al, 2009; Lancastest al, 2011).
Thus it could be possible that impaired IFT in ttles/cbsmutant embryos may result in an

accumulation of Jbn in the cytosol. An increasedwam of f-catenin would be then translocated to
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the nucleus upon a canonical Wnt response, regulithe observed upregulation of the canonical

Whnt signalling incbs/cbanutant embryos.

4.3.2Non-canonical Wnt signalling in thecbs/cbs mutant

Several observations reported in this studyls@gainst an impairment of the planar cell pofarit
(PCP) pathway, a non-canonical branch of the Wgnadiing, in cbs/cbsmutant embryos. PCP
controls the coordinated, polarized orientationcefls within epithelial tissues, thus establishing
cellular asymmetries within the tissue plane. hésessary for several cellular processes in vetied
such as convergent extension (CE) (Sokol, 1996sdidierget al., 2000; Tada and Smith, 2000;
Wallingford et al, 2000) and ciliogenesis (Gray al, 2009; Kimet al, 2010; Daiet al, 2011). The
PCP signalling pathway is also necessary for tHarjzed beating of motile cilia in the epidermis
(Parket al, 2008; Mitchellet al, 2009) and in the ependyma (Borovietaal,, 2010; Guiracet al,
2010; Tissiret al, 2010). Thus, it is not surprising that it isalsvolved in left-right patterning
because it is required for the planar positionifighe motile primary cilia in the node of mice, the
gastrocoel roof oKenopusand the Kupffer's vesicle of zebrafish (Angical, 2010; Borovinat al,
2010; Hashimotoet al, 2010; Songet al, 2010). A crucial hallmark for a defective leifnt
patterning is the defect calleitus inversusandcbs/cbsmutant embryos (n = 61) never displayed it,
which points to a possible normal PCP signallinglis/cbs.

PCP mutant mice exhibit a specific type of aétube defects (NTD) called craniorachischisigl an
this defect has an impact to the whole hindbraoh gpinal cord in such that the vertebrate neutz tu
fails to close at the level of the neural tube @€ibt al, 2001; Hambleget al, 2002; Curtinet al,
2003; Y Wanget al, 2006) as a result of impairment in CE cell moeets (Wallingford and Harland,
2002; J Wanget al, 2006; Ybot-Gonzaleet al, 2007). This type of NTD, however, is not highly
specific for mutations involved in severe defectscitiogenesis, because the initial closure of the
hindbrain still occurs (Huangfet al., 2003; Huangfu and Anderson, 2005; kiLal, 2005; Caspargt
al., 2007). 10% of thebs/cbanutant embryos display, similar to other mice mufangenes engaged
in ciliogenesis, at E12.5 a NTD called exencepl&lyg. 3A), in which the closure fails to occur het
level of the forebrain. Exencephaly appears verglyain mice mutant for core PCP genes, which

again leads to the assumption of normal PCP siggah cbs/cbs.
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Even though several results allow me to coreltithtIft88 is the defective gene in thabs/cbhs
mutants, the mutation itself is still unknown. Sexgcing of the mRNA transcript in tldbs/cbsmutant
revealed no changes in the ORF or the 5” and 3"UTRis result indicates a mutation in an intron or
a regulatory region, which should be identifiedapplying the technique of deep sequencing.

By the approach of luciferase assay | was abthow that cells in thebs/cbgnutant have lost their
competence to respond to Hh signalling. Howevee, ghalysis was only performed with fibroblast
cultures. It would be highly informative to repéla¢ experiment by using neurosphere cultures tp tes
if neurons also do not respond anymore to Hh sligigal

The cbs/cbsmutant exhibits a five-fold increase of the fuliigh isoform of Gli3, the main
mediator of the Hh signalling pathway. The reasmriliis increase is still unclear, but the analydis
the interaction between GIli3 and SuFu as well a®pSmn the cbs/cbs mutant first by
immunohistochemistry, followed by immunoprecipitatiand western blots could give an answer to
this question. An approach of subcellular fracttmrawould be informative to define the localizatio
of Gli3 and SuFu ircbs/cbanutant cells. To test if the full-length isoform Gfi3 is still able to enter
the nucleus to act as a transcriptional activatbs/cbsmutant and wt control cells could be treated
with the direct Smo activator SAG (Chenal, 2002) followed by subcellular fractionation arsis.
The full-length Gli3 isoform is converted into amiscriptional activator by phosphorylation (Humke
et al, 2010). An additional analysis by phosphate &ffiSDS-PAGE (Kinoshitat al, 2009) would
maybe give further insight, if the five-fold incseaof the full-length isoform of Gli3 is reflectég a
change of its phosphorylation @bs/cbsmutant cells. Finally, it would also be of highlytérest to
investigate, if 1ft88, like Kif3a, is also necesgdor the dissociation of SuFu from full-length &li
This could be done by usirf§88” andIft88"* MEF cells analysing their steady-state levels ahbo
isoforms of Gli3 as well as the phosphorylationtestaf full-length Gli3 after treatment or without
treatment with SAG. At the same time the interactietween Gli3 and SuFu Ifi88" andft88"*
MEF cells with and without Hh pathway activatidiosld be investigated by immunoprecipitation

An area-specific increase of canonical Wnt aligmg in thecbs/cbsmutant could be confirmed. A
luciferase assay should be done to test if thes dell the cbs/cbsmutant have changed their
competence to respond to Wnt signalling using filast as well as neurosphere cultures. The main
mediator of the canonical Wnt pathway [iscatenin, and the identification of its subcellular
localization incbs/cbsmutant cells by immunohistochemistry and nucledraetion would be very
informative. The same approach should then alspeb®rmed for Jbn, which normally facilitates the
nuclear translocation di-catenin to positively adjust canonical Wnt sigimgll Another possibility
would be to investigate the activity of the canahig/nt pathway incbs/cbsmutant and wt cells

overexpressing Jbn by a luciferase assay.
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Thecbs/cbsmutant embryos (n = 61) never display@dus inversusyhich can be explained by
normal functioning primary cilia in the node. THhuas, the primary cilia in the node obs/cbsnutant
embryos were not investigated, but it should béopered by SEM and/or TEM. If the primary cilia in
the node otbs/cbanutant embryos are still normal in morphology aftchstructure, it would further
confirm my hypothesis that the remaining proteiwels of Ift88 are sufficient for the formation and

maintenance of the cilia but not any more for gpprdunction of signal transduction.
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Abbreviations
Anatomical terms

A-P
ANR
AVE
CGNP
CNCC
CGA
CNS
CR
CRA
D-V
DG
DT

ES cell
ET
GE
GNP
IFT
LGE
MGE
NCC
NTD
PSPB
PNS

VT
\V4
ZLI

Genes, proteins, signalling pathways

aln
APC
Arl13b
BBS

Anterior - posterior
Anterior neural ridge

Anterior visceral endoderm

Cerebellar granule neuron precursors

Cardiac neural crest cells
caudal ganglionic eminences
Central nervous system
Cajal-Retzius cells

Caudal rosette-rich area
Dorsal — ventral

Dentate gyrus

Dorsal thalamus

Embryonic stem cell
Eminentia thalami
Ganglionic eminences
Granule neuron precursors
Intraflagellar transport
Lateral ganglionic eminences
Medial ganglionic eminences
Neural crest cells

Neural tube defect
Pallial-subpallial boundary
Peripheral nervous system
Septum

Ventral thalamus

Ventricular zone

Zona limitans trathalamica

alien
Adenomatous polyposis coli
ADP-ribosylation factor-like 13B

Biedl-Bardet syndrome
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Bmp Bone morphogenetic protein

Cbs cobblestone

cDNA copy DNA

Cull Cullin

Dbx 1 developing brain homeobox 1

Dkk 1 Dickkopf 1

DIx 2 Distal-less homeobox 2

DNA Deoxyribonucleic acid

dNTP Deoxyribonucleotide-triphosphate
Dvl Dishevelled

EGFP Enhanced green fluorescent protein
Emx 1/2 Empty spiracles homolog 1/2

EphB 1 Eph receptor B1

Foxd 1 Forkhead box G1

FoxG1 Forkhead box D1

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GFP Green fluorescent protein

Gli 1/2/3 Gli-Kruppel family member Gli 1/2/3
Gsh2 GS homeobox 2

GSK3p Glycogen synthase kinasp 3

Hesx 1 Homeobox gene expressed in ES cells
Hh Hedgehog

HRP Horse raddish peroxidase

Fof Fibroblast growth factor

Fz Frizzled

IFT Intraflagellar transport

Ift 88 Intraflagellar transport 88 homolog
Inv Inversin

Jbn Jouberin

Jnk kinase c-Jun N-terminal kinase

Kif3a Kinesin-like protein Kif3a

lacz Gene encoding fds-Galactosidase
Lhx2 LIM homeobox protein 2

LRP 5/6 Low-density lipoprotein receptor 5/6
Ngn 2 Neurogenin 2

Nkx2.1 Nk homeobox 1

MRNA messenger RNA
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Odf1

ORF
orpk
Pax6
PCP
PDD
PKA
Ptch 1
RA
RhoA
RNA
Rock

SAG
SCF

Sfrp 2
Shh
Six3
Skpl
Slb
Smo
SNP
SPOP
SSLP
SuFu
TCF
TGFB
TLE
Ttc21b
Ttrl
UTR
wnt
Wnt 2b/3a/7b/8b

Xt?

oral-facial-digital syndrome 1 gene homolog
paired box gene 6

open reading frame

oak ridge polycystic kidney

Paired box gene 6

Planar cell polarity

Processing determinant domain

Protein kinase A

Patched 1

Retinoic acid

Ras homolog gene family, member A
Ribonucleic acid

Rho-associated coiled-coin containing protein
kinase 1

Smo activator

Skp1-Cull-F-box multi-protein E3 ubiquitin
ligase complex

Secreted frizzled-protein related protein 2
Sonic hedgehog

Sine oculis-related homeobox 3 homolog
S-phase kinase-associated protein 1
Selective LIM-domain binding

Smoothed

Single nucleotide polymorphism
Speckle-type Pot protein

Simple sequence length polymorphism
Suppressor of Fused

T-cell factor

Transforming growth factds
Transducin-like enhancer of split 1
Tetratricopeptide repeat domain 21B
Thioltransferase 1

Untranslated region

Wingless/Integrated

Wingless-related MMTYV integration site
2b/3a/7b/8b

extratoes

109



Abbreviations

Xvin

Materials and Methods

APS
BSA
BCIP
cazt

CHAPS

DAB
DAPI
DEPC
DMEM
DMSO
ECL
EM
ENU
EDTA
EtBr
EtOH
FBS
FCS
IHC
ISH

LB
MeO
MgCl,
MOPS
MP-H 0
NB
NBT
NGS
0Os0Oy
PBS
PBST
PCR
PFA

Xenopus inversin

Ammoniumpersulfate

Bovine serum albumin
5-Bromo-4-chloro-3-indolyl phosphate
Calciunf* ion
3-[(3Chloamidopropyl)dimethylammonio]-1-
propanesulfonate
3,3"-Diaminobenzidine
4’,6"-diamidino-2-phenylindol

Diethyl dicarbonate

Dulbecco’s modified Eagle’s medium
Dimethylsulfoxide

Enhanced Chemiluminescence
Electron microscopy
N-ethyl-N-nitrosourea
Ethylendiamine-tetraacetate
Ethidiumbromide

Ethanol

Fetal bovine serum

Fetal calf serum
Immunohistochemistry

in situ hybridization

Luria-Bertani

Methanol

Magnesiumdichloride
3-(N-morpholino)propanesulfonic acid
Double distilled water

Northern blot

Nitro blue tetrazolium chloride

Native goat serum

Osmiumtetraoxide

Phosphate buffered saline

Phosphate buffered saline + Tween-20
Poly chain reaction

Paraformaldehyde
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PIPES
PMSF
PVP
RT-PCR
RTg-PC
SDS
SEM
SOB
SSC
TAE
TBE
TBS
TBS-T
TEM
TEMED
Tris
TritonX-100

Tween-20
WB

Others

AB
Bp
cM
Ct

E
ES cell
et al.
G1
h
kDa
ko
M
MEF
mg

ml

Piperazine-N,N"-bis(2-ethanesulfonic acid)
Phenylmethanesulfonylfluoride
Polyninylpyrrolidone

Reverse Transcriptase PCR

Real Time quantitative PCR
Sodiumdodecylsulfate

Scanning EM

Super optimal broth

Saline sodium citrate

Tris-acetic acid-EDTA-buffer
Tris-borate-EDTA-buffer

Tris-buffered saline

Tris-buffered saline + Tween-20
Transmission EM
N,N,N',N'-Tetramethylethylenediamine
Trimethylsilylsilan

Polyethylene glycol p-(1,1,3,3-tetramethyl-
butyl)-phenyl-ether
Polyoxyethylen(20)-sorbitan-monolaurate

Western blot

Antibody

Basepairs

centi Morgan
Treshold cycle
Embryonic day
Embryonic stem cell
et alteri

Generation 1

hour

kilo Dalton

knock out

Mol pro litre

Mouse embryonic fibroblasts
miligram

Milliliter
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ms Mouse

n Number (of samples)

n.s. Not significant

o/N Over night

p Probability-value (statistical significance)

pH Potentia hydrogenii (cologarithm of the
activity of dissolved hydrogen ions)

rb Rabbit

RE Relative expression

rpm Rounds per minute

SEM Standard error of the mean

uv ultraviolet
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