N
N

N

HAL

open science

Role of the ciliopathy gene Ftm/Rpgripll and primary
cilia in forebrain patterning and morphogenesis

Abraham Andreu Cervera

» To cite this version:

Abraham Andreu Cervera. Role of the ciliopathy gene Ftm/Rpgripll and primary cilia in forebrain
patterning and morphogenesis. Biochemistry [q-bio.BM]. Sorbonne Université, 2018. English. NNT:

2018SORUS223 . tel-02483157v2

HAL Id: tel-02483157
https://theses.hal.science/tel-02483157v2
Submitted on 18 Feb 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-02483157v2
https://hal.archives-ouvertes.fr

SORBONNE
UNIVERSITE

rr INSTITUT DE
BIOLOGIE

PARIS = SEINE

Sorbonne Université

Ecole doctorale Complexité du Vivant

Laboratoire de Biologie du Développement

Role of the ciliopathy gene Ftm/Rpgrip1l and
primary cilia in forebrain patterning and
morphogenesis

Présenté par

Abraham ANDREU CERVERA

These de doctorat de Biologie du Développement

Dirigée par Sylvie SCHNEIDER-MAUNOURY

Présentée et soutenue publiquement le 25 septembre 2018

Devant un jury composé de:

Dr. Sylvie SCHNEIDER-MAUNOURY Directrice de Recherche Directrice de Thése

Dr. Isabelle CAILLE Maitre de Conférences Examinateur, Président du jury
Dr. Fiona FRANCIS Directrice de Recherche Examinateur

Dr. Anne CAMUS Chargée de Recherche Examinateur

Dr. Bénédicte DURAND Professeur Rapporteur

Dr. Sandra BLAESS Professeur Rapporteur

@ ® @ @ Except where otherwise noted, this work is licensed under
http://creativecommons.org/licenses/by-nc-nd/3.0/



A mi madre Mmgarl’m



“Es preciso sacudir enérgicamente el 6osque de las neuronas cerebrales adormecidas;
es menester hacerlas vibrar con la emocion de lo nuevo e inﬂncﬁr(es nobles Y elevadas
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“It is necessary to shake w’gorousfy the forest of the sfegay brain neurons;

itis necessary to make them vibrate with the emotion of the new and arouse them noble and

ﬁigﬁ interests.”
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Role du gene de ciliopathie Ftm/Rpgrip1l et des cils primaires dans la

régionalisation et la morphogeneése du cerveau antérieur

Résumé

Les cils primaires sont essentiels au développement du systeme nerveux central. Chez la
souris, ils jouent un role essentiel dans l'organisation de la moelle épiniere et du
télencéphale via la régulation de la signalisation Hedgehog/Gli. Cependant, malgré la
perturbation fréquente de cette voie de signalisation dans les malformations du cerveau
antérieur chez I'homme, le réle des cils primaires dans la morphogenéese du cerveau
antérieur a été peu étudié en dehors du télencéphale. Pendant mon doctorat, j’ai étudié
le développement du diencéphale, de I'hypothalamus et des yeux chez des souris
mutantes pour le géne de ciliopathie Ftm/Rgprip1l. En fin de gestation, les feetus Ftm~/-
présentent une anophtalmie, une réduction de I'hypothalamus ventral et une
désorganisation du diencéphale. Chez les embryons Ftm7-, 1'expression de Sonic
hedgehog (Shh) est perdue dans le cerveau antérieur ventral, mais maintenue dans la
zona limitans intrathalamica (ZLI), I'organisateur diencéphalique. Dans le diencéphale,
l'activité de Gli est atténuée dans les régions adjacentes a la ZLI, mais montre un niveau
de base plus élevé dans les autres régions. Nos données révelent un réle complexe des
cils dans le développement du diencéphale, de I'hypothalamus et des yeux via le controle
régional du ratio entre les formes activatrices et répressives des facteurs de
transcription Gli. Ils sont en faveur d’'un examen plus approfondi des anomalies du
cerveau antérieur dans les ciliopathies séveres et de la recherche de génes de ciliopathie
comme modificateurs dans d'autres maladies humaines présentant des anomalies du

cerveau antérieur.



Role of the ciliopathy gene Ftm/Rpgrip1l and primary cilia in

forebrain patterning and morphogenesis

ABSTRACT

Primary cilia are essential for central nervous system development. In the mouse, they
play a critical role in patterning the spinal cord and telencephalon via the regulation of
Hedgehog/Gli signaling. However, despite the frequent disruption of this signaling
pathway in human forebrain malformations, the role of primary cilia in forebrain
morphogenesis has been little investigated outside the telencephalon. Here we studied
development of the diencephalon, hypothalamus and eyes in mutant mice in which the
Ftm/Rgprip1l ciliopathy gene is disrupted. At the end of gestation, Ftm7/- fetuses
displayed anophthalmia, a reduction of the ventral hypothalamus and a disorganization
of diencephalic nuclei and axonal tracts. In Ftm”/- embryos, we found that the ventral
forebrain structures and the rostral thalamus were missing. Optic vesicles formed but
lacked the optic cups. We analyzed the molecular causes of these defects. In Ftm~/-
embryos, Sonic hedgehog (Shh) expression was lost in the ventral forebrain but
maintained in the zona limitans intrathalamica (ZLI), the mid-diencephalic organizer. In
the diencephalon, Gli activity was dampened in regions adjacent to the Shh-expressing
ZLI but displayed a higher Hh-independent ground level in the other regions. Our data
uncover a complex role of cilia in development of the diencephalon, hypothalamus and
eyes via the region-specific control of the ratio of activator and repressor forms of the
Gli transcription factors. They call for a closer examination of forebrain defects in severe
ciliopathies and for a search for ciliopathy genes as modifiers in other human conditions

with forebrain defects.
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INTRODUCTION



I. Forebrain development in mouse

In vertebrates, the central nervous system is composed by two main structures: the
spinal cord and the brain. These structures arise from a sheet of epithelial cells, the
neural plate, which forms during and after gastrulation. Later on, the neural plate folds
to form the neural tube, a process called neurulation. The most anterior portion of the
neural tube will form the three different parts of the brain: the hindbrain or
rhombencephalon, located in the caudal part, followed by the midbrain or

mesencephalon and rostrally the forebrain or prosencephalon (Fig. 1).

Midbrain

Forebrain

Figure 1. Representation of the different regions of the brain in a mouse
foetus at 18.5 days of gestation (E18.5). Anterior to posterior we can observe
the forebrain (comprising the telencephalon, hypothalamus and
diencephalon), the midbrain and the hindbrain. Di, diencephalon; Hyp,
hypothalamus; Tel, telencephalon.

1. Formation and closure of the neural tube: neurulation

Neurulation is the process by which the neuroepithelium, derived from the
ectoderm, will form the neural tube. Neurulation involves two distinct processes,
primary and secondary neurulation, which occur sequentially and in different regions of
the CNS (Copp et al., 2003; Nikolopoulou et al., 2017). During primary neurulation,
which starts at E8.5 in the mouse, the borders of the neural plate fold upwards, forming

the neural folds, and fuse in the dorsal midline to form the neural tube (Fig. 2A). In the
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mouse, closure is initiated in the caudal hindbrain, and proceeds like a zipper in both
directions, toward the future brain and spinal cord. A second closure point starts at the
forebrain-midbrain limit and a third is initiated at the rostral end of the forebrain.
Primary neurulation ends with the closure of the three neuropores: the anterior
neuropore, the hindbrain neuropore and the posterior neuropore (Fig. 2C-F). Secondary
neurulation is a process by which the most caudal part of the spinal cord (sacral and
coccygeal regions) is formed. This process involves the condensation of tail bud cells to

form the secondary neural tube and notochord (Fig 2B).

A Primary neurulation

C Rostrocaudal events of neurulation

Hindbrain

B Secondary neurulation neuropore

%
g
Tail-bud cells Medullary cord . "

= Anterior (¥ O

neuropore Ry ,
\E §§ \CI“UMBQ
475777 Lo

NC

Condensation Notochordal precursor Secondary neural tube

Figure 2. A. Representation of the primary neurulation, including the elevation of the neural
folds and bending and fusion of the neural tube. B. Secondary neurulation. Cells from the tail
bud condense and form the medullary cord and notochordal precursor in the midline,
generating the secondary neural tube and notochord. C. Illustration of the sequence of events of
neural tube closure during primary neurulation in mouse embryos. Closure starts at the
hindbrain/cervical boundary at E8.5 (Closure 1). A second de novo closure event occurs at the
forebrain/middbrain boundary (Closure 2) and a third one occurs at the rostral extremity of the
forebrain (Closure 3). The closure of the neural tube finishes at the end of anterior neural tube
(posterior neuropore) where the secondary neurulation begins (red arrow). D-F. Scanning
electron microscopy of the closing neural tube at two different stages, 10 somites (D) and 25
somites (E). Scale bars: 10a um in D and E, 10 pm in insets. Adapted from Nikolopoulou et al.,
2017 and Copp et al., 2003.
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Neurulation varies between vertebrate species, with regard to the number and
position of the closure points, the dynamics of closure, and the neurulation movements.
However, all vertebrates analysed have both primary and secondary neurulation (Copp

et al., 2003; Nikolopoulou et al., 2017).

The closure of the neural tube is a complex process involving different cellular
mechanisms such as convergence-extension, bending and elevation of the neural folds,
neural fold adhesion and tissue fusion. These processes are controlled by molecular
pathways such as the Wnt/PCP (planar cell polarity), the Hedgehog (Hh) and the Bone
Morphogenetic Protein (BMP) signalling pathways (Nikolopoulou et al, 2017).
Convergence-extension of the neural plate requires mediolateral convergence and
anterior-posterior extension of axial tissues. In mouse, the neural plate is formed by a
single-layer, pseudostratified epithelium called the neuroepithelium. Neuroepithelial
cells display apicobasal polarity and interkinetic nuclear migration (IKNM), by which
their nucleus migrates apicobasally during the cell cycle, with mitosis occurring at the
apical (ventricular) surface. (Spear and Erickson, 2012). The neural plate cells are
organized in rosette-like structures, which drive the formation of new medio-lateral
junctions leading tissue extension. Convergence-extension is driven by the Wnt/PCP
pathway. For instance, mutations of the genes encoding Vangl2 and Ptk7, two members

of the PCP pathway, result in defective convergence-extension (Williams et al., 2014).

During convergence-extension, the lateral regions of the neural plate start to fold
upwards forming the neural folds. In the mouse neural tube, two types of neural folds
are found. In the midbrain, the neural folds first have a biconvex shape and then when
they bow dorsally the folds become biconcave (Morriss-Kay, 1981). In contrast, in the
spinal cord the neural folds remain straight, except for the midline and dorsolateral
bending (Shum and Copp, 1996). As mentioned before, the neuroepithelium is
pseudostratified, and the local bending of the median hinge (at the midline) is due to
IKNM (McShane et al., 2015). In contrast, the dorsolateral hinges do not depend on
IKNM, but on actomyosin dynamics (Sawyer et al., 2010). The bending of the neural
plate is driven by ventral induction from the notochord (Shh pathway) and from the
non-neural ectoderm in the dorsal regions that secretes BMPs. The formation of the

medial hinge point depends on Shh secretion by the notochord (Smith and Schoenwolf,
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1989). The dorsal non-neural ectoderm controls the formation of dorsolateral hinges in
the neuroectoderm. In anterior regions, ectodermal cells secrete BMP2, preventing the
formation of dorsolateral hinges. In posterior regions, the BMP antagonist Noggin is
expressed and represses BMP signalling, leading dorsolateral hinge formation (Ybot-

Gonzalez et al., 2007).

After neural fold formation, completion of neural tube closure involves the fusion
of the dorsal region of the neural folds. During this fusion, two new epithelia are shaped,
the internal neural tube and the external non-neural ectoderm that will form the
epidermis (Copp et al., 2003). Neural fold fusion includes the formation of cellular
protrusions required for the attachment of the distal folds to form the dorsal midline
(Mak, 1978; Waterman, 1976). These protrusions, filopodia or lamellipodia, are rich in
actin structures. The first contact of the neural folds in midbrain, hindbrain and spinal
cord is made by non-neural ectodermal cells. in contrast, in the forebrain the first

contact is made by neuroectodermal cells (Nikolopoulou et al., 2017).

A Anencephaly — crosuA

Hindbrain
neuropore

**| Closure 1

Closure 3 |
Spina bifida A~
HCOLUE
occulta Posterior
neuropore

Lumbosacral
spina bifida

Graniorachischisis

Figure 3. Mouse foetuses with neural tube closure defects. A. Schematic representation of
neural tube closure defects. Defects in the first closure cause craniorachischisis, a totally
open neural tube. Problems in the anterior neuropore, the hindbrain neuropore, the second
and the third closure produce anencephaly. Defects in the posterior neuropore lead to the
formation of lumbosacral spina bifida and spina bifida occulta. B. Mouse foetus mutant for
Celsr1 (a binding partner of Frizzled, the receptor of Wnt ligands) at E15.5, showing
craniorachischisis. C. The mouse curly tail (ct) mutant foetus at E15.5 showing exencephaly

and open spina bifida. Adapted from Copp et al. 2003.
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More than 300 genes have been implicated in neural tube closure defects in mice
(Wilde et al., 2014), and 82 genes in humans (Pangilinan et al., 2012). Defects in fusion
of the cranial neural folds lead to exencephaly progressing to anencephaly due to
degeneration of the neural tissues. In mice, Par1~/-/Par2/- or Celsr1”/- foetuses display
exencephaly (Fig. 3; Camerer et al., 2010; Robinson et al., 2012). Failure of spinal cord
closure leads to spina bifida (also known as myelomeningocele). Mutations of Zic2
(endoding a member of Zic family of zinc-finger protein) or the paired box transcription
factor Pax3 result in spina bifida and exencephaly in mice (Epstein et al., 1991, Elms et
al, 2003). A milder defects in secondary neurulation leads to occult spina bifida, in
which the spinal cord does not separate from the surrounding tissues (Fig. 3; Copp et al,,

2003).

2. Patterning of the central nervous system

2.1. The brain vesicles and their derivatives.

During neurulation, the anterior part of the neural tube undergoes drastic
changes, generating, by differential proliferation, the three rostro-caudal primary
vesicles of the brain. In the most posterior region, the hindbrain (rhombencephalon)
will give rise to the cerebellum (coordination of complex muscular movements), the
pons (connexion between the cerebellum and the cortex) and the medulla oblongata
(sensorymotor control of the face and neck through cranial nerves, regulation of reflexes
and involuntary movements and of vegetative functions). Anterior to the hindbrain, the
midbrain (mesencephalon) will give rise to the tectum and the brain peduncles
(temperature regulation, motor control and visual processing). Finally, in the most
anterior part of the neural tube, the forebrain (prosencephalon) will give rise to the
diencephalon (implicated in relaying sensory signals to the cortex), the hypothalamus
(important for the regulation of sleep and temperature), the eyes and the telencephalon

(involved in smell, memory storage and learning; Fig. 4; Darnell and Gilbert, 2017).
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Figure 4. Formation of the brain vesicles. The three primary vesicles forebrain,
midbrain and hindbrain will give rise the different structures of the adult brain.

Adapted from Darnell and Gilbert, 2017.

2.2. Brain patterning: a diversity of processes

Beyond the morphological transformation, distinct developmental processes are
involved in spinal cord and brain patterning. The hindbrain becomes subdivided along
its anteroposterior (AP) axis into 7-8 transiently reiterated units called rhombomeres.
Rhombomeres (a condensation from rhombencephalon and metameres) are considered
as true segments and they are units of gene expression, cellular differentiation and
lineage restriction (Schneider-Maunoury et al., 1998). Rhombomere formation involves
a regulatory network including Krox20/Egr2, MafB and HNF1b, as well as several Hox
genes, while acquisition of rhombomere identity and fate (up to r2) is controlled by Hox
genes (for review, Schneider-Maunoury 1998). While no true metameres have been
identified anterior to the hindbrain, many studies have led to the definition of
“prosomeres” and “mesomeres” (see below). This is embedded in a theory of brain
development and patterning called the “prosomeric model”, developed principally by Pr.
L. Puelles and Pr. John L. R. Rubenstein, which is constantly evolving and refining. The

prosomeric model will be presented below in Chapter II.
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Patterning of the brain relies on a series of signalling centres, which form at
boundaries between different brain domains. These signalling centres are called
secondary organizers, to distinguish them from the primary organizer or Spemann’s
organizer, which induces the embryonic axes. They secrete diverse signalling molecules
or morphogens that act at a distance and in a concentration-dependent manner to
organize cell fate and cell proliferation in adjacent territories. The main organizing
centres along the AP axis of the brain are the anterior neural ridge (ANR) at the rostral
end of the anterior neural tube; the zona limitans intrathalamica (ZLI) or mid-
diencephalic organizer (MDO) within the diencephalon, and the isthmic organizer (IsO)

at the midbrain-hindbrain boundary (Fig.5; Vieira et al., 2010).

«—Is0 Figure 5. Representation of the secondary organizers in the

E10.5 mouse embryo neural tube. The main secondary

organizers active in the brain are the ANR in the rostral

+ cephalic

ANR 1 forebrain, the ZLI in the mid-diencephalon and the IsO at the
exure

midbrain-hindbrain boundary. ANR, anterior neural ridge; IsO,

cervical
flexure

isthmic organizer; ZLI, zona limitans intrathalamica. Adapted

from Vieira et al., 2010.

The anterior organizer, the ANR, is a source of Fibroblast growth factors (Fgf),
principally Fgf8. The ANR is essential for the regionalization of the telencephalon
(Shimamura and Rubenstein, 1997; Ye et al., 1998). The specification and cell fate of
diencephalic structures is mediated by the morphogen Sonic hedgehog (Shh) secreted
by the ZLI. This morphogenetic activity of Shh controls the compartmentalization of the
different prosomeres through the control of gene expression (see below; Kobayashi et
al, 2002; Vieira et al., 2005). Moreover, in the dorsal part of the MDO, Fgf8 and a
member of wingless family, Wnt1, are expressed and regulate cell fate specification
during diencephalic development (McMahon and Bradley, 1990; Crossley and Martin,
1995). Finally, the IsO controls the formation of the midbrain and of the anterior
hindbrain via the secretion of the morphogens Fgf8 and Wntl (McMahon and Bradley,
1990; Garda et al., 2001).
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2.3. Dorso-ventral (DV) patterning of the neural tube

Dorso-ventral (DV) patterning of the neural tube also results from the activity of
signalling centres. In the spinal cord, there are two main organizing centres along the DV
axis, a ventral one composed of the notochord and floor plate (FP), and a dorsal one, the
roof plate (Ulloa and Marti, 2010). Lateral signals derived from somites are also involved
in DV patterning of the spinal cord. The secreted signalling molecules and pathways
involved have been extensively studied. These molecules are Sonic hedgehog (Shh), Wnt
family ligands, Bmps, Fgfs and Retinoic acid (RA). The morphogen Shh is initially
expressed in the notochord, located ventral to the neural tube, and induces its own
expression in the ventral midline to form the FP. Secreted Shh forms a gradient and is
involved in ventral fate specification in a concentration- and time-dependent manner.
Another signalling centre located dorsally, the roof plate, secretes BMP and Wnt
signalling molecules to control cell fate in the dorsal spinal cord (Fig. 6). These DV
signalling centres are conserved in the brain. The prechordal plate, which is the most
anterior portion of the axial endo-mesoderm anterior to the notochord, expresses Shh.
Shh induces its own expression in the ventral midline of the hypothalamus and

diencephalon (see below in Chapter II; Blaess et al., 2015).

Figure 6. Scheme of the developing spinal

Bmp
Dorsal cord. The neural tube contains progenitor

cells located in the ventricular zone (VZ)

close to the central canal (CC). These

progenitors  will differentiate  into
postmitotic neurons, which will form the
mantle zone (MZ). Patterning of the
ventral spinal cord is due to the secretion

of Shh from the floor plate (FP) and

|
QMITE

notochord,and Wnts and BMPs form the
roof plate (RP). These signalling
Sy Ventral molecules and their downstream

pathways regulate a number of

transcription factor genes, which together specify cell fate along the DV axis of the spinal cord. Other
signals involved in DV patterning derive from the somites, such as retinoic acid (RA). Adapted from Ulloa

and Marti, 2010.
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2.4. The Hedgehog (Hh) pathway and its role in spinal cord DV

patterning

In 1988 Mohler and colleagues identified Hedgehog (Hh) as a segment polarity
gene in Drosophila melanogaster. Its name comes from the phenotype of the mutant
larvae, which present spines resembling that of a hedgehog (Mohler, 1988). The Hh
ligand is initially formed as a 46 kDa precursor (Lee et al., 1997). An autocatalytic
cleavage occurring in the endoplasmic reticulum produces a N-terminal domain of 19
kDa (Hh-N) and a C-terminal domain of 25 kDa (Hh-C) (Chen et al, 2011). The C-
terminal domain acts as a cholesterol tranferase, attaching covalently a cholesterol
molecule in the carboxy-terminal end of Hh-N followed by addition of a plamitoyl group
(Porter et al., 1996). The resulting hydrophobic molecule Hh-Np is transported to the
cell membrane (Ramsbottom and Pownall, 2016). Hh-Np is released from the plasma
membrane in multimeric complexes with the help of heparin sulphate proteoglycans
(HSPGs). HSPGs facilitate the oligomerization and liberation of the Hh ligand (Goetz et
al,, 2006). In vertebrates there are several Hh ligands. The three Hh ligands in mammals
are Shh, Indian Hedgehog (Ihh) and Desert Hedgehog (Dhh). Shh is the major ligand

involved in neural patterning (Lee et al., 2011).

In the receiving cell, the Hh pathway comprises its membrane receptor Patched
(Ptch) of which Ptch1 is the main member in vertebrates, and another transmembrane
protein, the G protein coupled receptor (GPCR) family protein Smoothened (Smo), that
initiates intracellular signalling. The effectors of Hh signalling are a family of zinc finger
proteins, the Gli transcription factors. In the absence of ligand, Ptch1 inhibits the activity
of Smo. In the presence of Shh ligand, Shh binds to Ptch1 which relieves Ptch1 inhibition
of Smo, which induces the activation of the pathway (Fig. 7). In Drosophila, there is only
one Gli factor called Cubitus Interruptus, which can be either a transcriptional activator
in its full length form, or a transcriptional repressor after cleavage by the proteasome. In
the presence of Hh ligand, Ci is under its activator form, while in the absence of Hh
ligand, Ci is under its repressor form. In vertebrates, there are at least three Gli
transcription factors downstream of Smo: Glil, GliZ and Gli3. In the absence of Hh
ligand, Gli2 and Gli3 proteins are subject to a cascade of post-translational modifications

initiated by phosphorylation by PKA, which leads to their targeting to the proteasome,
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where they are cleaved into a transcriptional repressor form that inhibits the
expression of Hh target genes. The Gli transcription factors are differentially controlled
by the Hh pathway. In the absence of Shh, Gli2 is mainly degraded by the proteasome,
while Gli3 is transformed into a strong transcriptional repressor (Gli3R) by proteasomal
activity. In the presence of Hh ligand, Gli2 is transformed through several post-
translational modifications into a strong transcriptional activator (Gli2ZA), which
activates the expression of target genes, among which are two genes encoding members
of the pathway, Ptchl and Gli1 (Fig. 7). Glil is not cleaved in the absence of ligand, and
thus is an constitutive activator, whose expression is enhanced by the Hh pathway (Lee
etal, 2011). Another essential actor in Hh signalling in vertebrates is the primary cilium.
Many Hh signalling events occur within the cilium or at its base and require the integrity
of primary cilia (Ribes and Briscoe, 2016). The role of the cilium and ciliary proteins in

Hh signalling will be presented in greater detail in Part III.
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Figure 7. Shh signal transduction. A. In the absence of Shh, its receptor Ptchl represses the
transmembrane protein Smo, in part by preventing it from entering the cilium. Then Gli transcription
factors are processed by the proteasome into repressor forms (GliR) that translocate to the nucleus to
repress the target genes. B. In the presence of Shh ligand, Shh binds Ptch1, which allows Smo to
translocate into the cilium. The activation of Smo inhibits the proteolytic processing of Gli and their
activated form GliA translocates to the nucleus and activates target gene expression. Adapted from Ribes

and Briscoe, 2016.

In the mouse neural tube, Hh signalling regulates the activity of Gli transcription

factors, such that Gli2A concentration is high ventrally and decreases ventral to dorsal,
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while Gli3R presents an opposite gradient. Likewise, the target genes Ptchl and Gli1 are

expressed in a ventral to dorsal decreasing gradient (Ribes and Briscoe, 2016).
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Figure 8. Linear progression and temporal gene induction in the ventral neural tube. I.A. Ventro-dorsally
there are six progenitor domain, FP, p3, pMN, p2, p1 and p0 that will give rise to the neuronal subtypes VO
to V3 and MN. The ventral pattern is established by the secretion of Shh by the FP and notochord (Nc). I.B.
The specific expression of Nkx2.2, Olig2, Nkx6.1, Nkx6.2, Dbx1, Dbx2, Irx3, Pax6, and Pax7 transcription
factors in each type of progenitor cells are regulated by the gradient of secreted Shh. L.C. Olig2, Nkx2.2 and
Shh expression specifies the three most ventral progenitor domains pMN, p3 and FP, respectively. The
expression of each transcription factor is initiated at a different time-point in the ventral midline and then
extends to more dorsal positions with the appearance of the next marker at the midline. IL.A-ILC.
Shh::GFP expression visualized by RNA in situ hybridization. ILD-ILF. Shh::GFP protein distribution
visualized by confocal microscopy. Shh::GFP concentrated in an apical region of ventral midline cells
overlying the notochord (white arrows in ILD-ILF) and basolateral region (red arrow, ILE). ILG-ILI.
Immunostaining showing Shh-dependent neural progenitor domains p3 (Nkx2.2) and pMN (Olig2). Note
that the most dorsally positioned Shh::GFP ligand signal in IL.D is punctate and is adjacent to the most
dorsally positioned pMN cell in IL.G (blue arrows). Adapted from Chamberlain et al., 2008 & Ribes and
Briscoe, 2009.

In the mouse, the role of Shh as a morphogen to specify cell fate has been
extensively studied in the spinal cord. Shh is first secreted by the underlying notochord.
Then, a second source of the protein is the cells of the FP in the neural tube (Marti et al,,

1995; Roelink et al., 1995). This second source of Shh is established after the expression
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of six molecular markers in the ventral progenitors of the spinal cord, Nkx2.2 (P3) Olig2
(pMN) , Nkx6.1 (p3-pMN-p2), Nkx6.2 (p2), Dbx1 (p0) and Dbx2 (p1-p0), suggesting that
ventral patterning is first due to the secretion of Shh from the notochord (Chamberlain
et al.,, 2008). The majority of the ventral progenitors are exposed to Shh and inhibiting
the Hh pathway represses ventral marker gene expression and blocks cell
differentiation (Ribes and Briscoe, 2016). In the ventral spinal cord there are five neural
cell types and one non-neural class, called VO, V1, V2, MN, V3 and FP, from dorsal to
ventral (Ericson et al., 1997; Matise and Joyner, 1997). V0-V3 are interneurons subtypes,
MN stands for motoneurons and FP cells. The neural subtypes are generated in the
ventricular zone from specific neural progenitors expressing distinct transcription
factors (named pO, p1, p2, pMN and p3) (Briscoe et al., 2000). All these progenitors are
not produced at the same time, there is a temporal sequence of gene activation where
the early progenitor markers induced are positioned more dorsal as soon as the later
progenitor maker genes are induced in the ventral part. Nkx6.2 and Nkx6.1 genes are
expressed early defining the p1 and p2 domains, followed by the expression of Olig2
(pMN), Nkx2.2 (p3) and FoxAZ2 (FP) (Matise, 2013). Furthermore, p0 progenitors express
Dbx1, in the most dorsal region of the ventral spinal cord (Fig. 8; Dessaud et al., 2008).

In the ventral spinal cord there is a spatial gradient of Shh that decreases ventro-
dorsally (Chamberlain et al., 2008). The most ventral progenitor domains, FP and p3 are
exposed to the highest levels of Shh. The level of Shh then decreases in the pMN domain
and is lowest in the p2 domain. During development of the neural tube there is an
increase of Shh levels, resulting in a temporal gradient. As a result, cells near to the
ventral midline are exposed to higher levels of Shh ligand over a longer period of time
than more dorsal cells (Jeong and McMahon, 2005; Chamberlain et al, 2008).
Accordingly, Hh target gene expression shows spatio-temporal switches. As example, the
transcription factor Olig2, required for MN formation, is initially localized in ventral
midline cells exposed to low levels of Shh (produced by the notochord) for a short
period of time. Later, Olig2 expression expands more dorsally. Followed by this, the level
of Shh protein increases in the ventral midline, producing a change of the fate of the
ventral cells to Nkx2.2-positive identity. Nkx2.2 requires not only higher levels of SHh
but also longer exposure times. (Figure 8C; Jeong and McMahon, 2005; Dessaud et al,,

2007; Chamberlain et al., 2008).
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The final progenitor fate is also dependent on cross-repressive interactions
between the transcription factors activated by the Gli gradient. For instance, Pax6,
Nkx2.2 and Olig2 are involved in these cross-regulations. Combined with the temporal
and spatial gradient of Shh expression and the corresponding Gli activity gradient, this
leads to the establishment of distinct, sharp domains of gene expression driving

progenitor fate specification (Balaskas et al., 2012; Figure 8).

In the absence of Shh, Gli3R is produced and Gli2 is degraded. In the neural tube,
Gli3R is present in the dorsal regions where there is no Shh ligand. Mouse embryos
mutant for Gli3 show a dorsal expansion of the ventral neural tube, showing an increase
of Nkx6.2, Dbx1 and Dbx2 progenitor domains (Wang et al., 2000; Persson et al., 2002).
Reintroducing Gli3R constitutively in these Gli37- mouse embryos restores the formation
of the dorsal progenitor domains, demonstrating the essential role of Gli3R in dorsal
neural tube formation (Persson et al., 2002). In cells responding to Shh, the processing
of Gli3 is inhibited, resulting in the reduction of Gli3R levels. The response to high levels
of the ligand also requires an activation of Gli2 into Gli2A. This is required for the
formation of the ventral progenitor domains. Mutations in Gli2 gene lead to the loss of
FP and p3 cells in mouse embryos (Matisse et al., 1998; Persson et al., 2002; Pan et al,,
2006). These studies suggest the different levels of Gli activity facilitate the graded

response of cells to Shh.

In conclusion, the logics of the response to Hh signaling in the spinal cord can be

summarized as follows:

1. The Shh ligand forms a spatial gradient, highest in the most ventral part of the
spinal cord and decreasing dorsally.

2. The Shh ligand also forms a temporal gradient, inducing the expression of
different ventral transcription factors in a different time-points.

3. The Shh gradient is transformed into a GliA-GliR gradient, which determines the
activation of Hh target genes encoding transcription factors.

4, The final progenitor domains are established through cross-repressive

interactions between the transcription factors, which control cell fate.
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It should be noted that in the FP, this logic is modified: FP cell fate specification
requires an initial high level of Hh signaling, followed by a decrease in Hh
responsiveness. The forkhead transcription factor FoxaZ is expressed in the FP in
response to Shh and then induces FP fate independently of Hh (Ribes et al., 2010). Thus,
the most ventral region of the neural tube has a distinct mode of response to Hh

signaling.
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II. Morphogenesis of the forebrain

During development, each region of the neural tube expresses a specific
combination of genes encoding transcription factors and members of signalling
pathways. This gene expression pattern characterizes the different subdivisions of the
brain and leads to the region-specific control of essential processes such as proliferation,
cell fate acquisition, differentiation, migration, etc. In the mouse forebrain, all of these
processes will give rise to a variety of different structures along the AP and DV axes of
the three main regions, the telencephalon, the hypothalamus and the diencephalon (Fig.

9). Concerning the molecular mechanisms, we will focus on the role of the Hh pathway.
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1. Specification of the telencephalon

The dorso-anterior part of the forebrain, the telencephalon, is an important
region of the brain implicated in memory, learning, sensory integration, etc. It can be
divided in two main regions, the pallium, located in the most dorsal part, separated by
the pallio-subpallial boundary from the subpallium. The subpallium is located dorsal to
the hypothalamus. The pallial region is subdivided in medial pallium that will give rise
the hippocampus (important for learning and memory), the dorsal pallium that will
form the neocortex (implicated in cognition, awareness, language, attention and
memory), and the lateral and ventral pallium that will differentiate into the olfactory
bulbs, amygdala (involved in olfaction and perception of the emotions and storage of

memory events respectively) and other structures. The subpallium contains the medial,
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lateral and caudal ganglionic eminences. These structures will give rise to the striatum
and globus pallidus (implicated in voluntary movements) and are a source of GABAergic
interneurons that will migrate tangentially into the neocortex (Fig. 10; Puelles et al,,

2013; Puelles, 2016).
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area). Adapted from Puelles et al., 2013.
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The anterior neural ridge (ANR) is a secondary organizer that regulates gene
expression in the telencephalon. At early stages of development, Fgf8 is expressed in the
ANR. Fgf8 is required for FoxG1l expression, important for cell proliferation in the
telencephalon (Shimamura and Rubenstein, 1997; Xuan et al., 1995; Ye et al., 1998).
Another signal secreted in the telencephalon, in close proximity to the ANR, is Shh,
which is required for the specification of the ventral telencephalon, mainly through the
inhibition of the formation of Gli3R (Rallu et al., 2002; Vieira et al., 2010). A third
essential signalling centre in the telencephalon is the dorsal midline (including the roof
plate and the cortical hem) which expresses Wnts and BMPS and is essential for
patterning the medial pallium and the cortex. All these signalling centres interact with
one another to set up cell proliferation, neurogenesis and cell fate in the telencephalon

(Fig. 11; Hebert and Fishell, 2008).

Figure 11. [llustration showing different sources of
diffusible molecules that have effects in
telencephalon and hypothalamus patterning. The

anterior neural ridge, ANR, is a source of Fgf8; the

MIDBRAIN

mammillary and retromammillary floor plate
secrete Shh at early stages and later Shh expression
is displaced laterally, at the tuberal - alar limit of
the hypothalamus. The acroterminal regions (basal

and alar) are others sources of Fgf8, Fgf10 and

acroterminal eye

organizer (alr) Fgf18. Adapted from Puelles and Rubenstein, 2015.
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2. Hypothalamus formation

The hypothalamus is a complex structure important for endocrine and metabolic
regulation. Rostral to the diencephalon, it represents the most anterior part of the
neural tube. Theories on the AP and DV subdivisions of the hypothalamus have varied a
lot and are still not totally fixed. This is due in part to the difficulty in defining the
position of the rostral extremity of the AP axis. We use the subdivisions from Puelles and
Rubestein, 2015. According to this model, the anterior extremity of the of the brain (i.e.
of the alar-basal boundary, Figure 11) is located within the hypothalamus, between the
tuberal and alar domains. The hypothalamus has both AP and DV subdivisions. Along the
AP axis, the posterior part of the hypothalamus that abuts the prethalamus is the
peduncular hypothalamus (PHy or hypothalamic prosomere 1, hp1l) and the anterior
part is the terminal hypothalamus (THy or hypothalamic prosomere 2, hp2) (Puelles and
Rubenstein, 2015). Along the DV axis, the subdivisions, summarized in Figure 10, will
give rise to multiple nuclei essential for the secretion of numerous neuropeptides. In
addition, several regions of the hypothalamus are important for eye development. The
terminal paraventricular hypothalamus (TPa) contains the eye vesicle, the optic stalk
and the optic chiasma, and the terminal subparaventricular hypothalamus (TSPa)
contains the optic tract. Finally, the preoptic area (POA), localized dorsal to the TPa
(included in hp2) has been long considered as hypothalamic for its function in adult, but
embryologically it has telencephalic origin (Fig. 10 and 12; Puelles et al., 2013; Diaz et
al., 2015; Puelles and Rubenstein, 2015; Puelles 2016).

To simplify the terminology of the hypothalamic regions, in the next parts of
description, results and discussion, mammillary and tuberal areas will be termed
“ventral hypothalamus”, as opposed to the alar (formerly called anterior) hypothalamus.
Moreover, the forebrain midline will be called “ventral midline” even in the alar
hypothalamus, to acknowledge that, like in the tuberal and mammillary regions, the
midline receives Hh signals from the underlying mesoderm (i.e. from the prechordal

plate).

The Hh pathway is essential for hypothalamus formation and patterning. During

development, at E8.5 the prechordal plate expresses Shh and induces the expression of
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Shh in the ventral midline of the future hypothalamus. Thus, according to the Puelles,
model, part of the “ventral” hypothalamus, which receives high Hh signalling from the
prechordal plate, is in fact in the alar domain of the forebrain. Later on, at E9.5-E10.5
Shh expression is downregulated in the FP and is activated laterally (Figure 13; Blaess et
al,, 2015). The hypothalamus has a different mode of Hh signalling than the more caudal
regions. In the hindbrain as in the spinal cord, Shh acts as a morphogen and it is non-
neurogenic: it is never expressed in neuronal progenitors. In contrast, in the
hypothalamus, genetic fate-mapping has shown that most of the mammillary and
tuberal regions are derived from Shh-expressing cells. However, Shh may also act as a
morphogen to specify structures in the alar hypothalamus, where it is not expressed
(Figure 12; Alvarez-Bolado et al., 2012, Blaess et al., 2015; Zhang & Alvarez-Bolado,
2016).
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Figure 12. Scheme of a lateral view of the hypothalamic regions. A. Representation of the AP regions. The
most anterior region is the terminal hypothalamus (THy, in orange) followed by the peduncular
hypothalamus (PHy, in yellow) that abuts the prethalamus. B. DV structures of the hypothalamus. The alar
regions of the hypothalamus are (in dark and light violet) the paraventricular and subparaventricular
areas (dorsal to ventral). The ventral regions (in dark and light green) correspond to the tuberal and
mammillary areas. C. Summary and names of each region of the hypothalamus. E, eye; MB, mammillary

body; POA, preoptic area.

The first sign of Shh activity is the induction of the Nkx2.1 and Nkx2.2
transcription factors. This expression expands during development and leads to the

subdivisions of the hypothalamic vesicle into mammillary, tuberal and alar
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hypothalamus (Figure 12). Around E10, the expression of Nkx2.1 expands to the basal
telencephalon and the POA (Fig. 13; Shimamura et al., 1995; Crossley et al., 2001; Ware
etal., 2014).

Studies of null and conditional Shh mutant mice have shown that prechordal
plate-derived Shh is essential to maintain the prechordal plate and to induce the
hypothalamic midline (Aoto et al., 2009), while neural plate-derived Shh is required for
the formation of the mammillary and tuberal hypothalamus, and for the specification of
lateral hypothalamic neurons (Szabo et al., 2009; Shimogori et al.,, 2010; Zhao et al,,
2012). Glil and Gli2 are together required for the formation of the hypothalamic ventral
midline (Park et al.,, 2000). Hypothalamic defects in Gli3 mutant mice are not reported

(Haddad-Toévolli et al., 2015).

Other signalling molecules are involved in the development of the hypothalamus,
such as Wnt antagonists, NODAL and BMPs (Kiecker and Nihers, 2001; Mathieu et al,,
2002; Manning et al., 2006). Their role will not be discussed here.

Nkx2.1 Nkx2.2 ’/A Shh

Figure 13. Schematic representation of the hypothalamic vesicle in the
mouse brain. The three subdivisions of the hypothalamus are based on
Shh expression and on the expression of the target genes Nkx2.1 and
Nkx2.2. AH, alar hypothalamus; MH, mammillary hypothalamus; TH,
tuberal hypothalamus. Adapted from Ware et al., 2014.
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3. Formation of the eyes

The development of the vertebrate eyes results from the coordinated interaction
between the extraocular mesenchyme, the neuroepithelium and the surface of the
ectoderm. The neuroepithelium of the alar hypothalamus evaginates to form the
bilateral optic vesicles. Later on, the vesicles grow towards the surface of the ectoderm
to form the lens placode and then invaginate to create the optic cups. The interaction
between the lens placode and the distal part of the optic vesicle leads to invagination of
the lens. The inner layer of the optic cup will develop into the neural retina (where
retinal ganglionic cells, RGC, differentiate) while the outer layer becomes the retinal
pigmented epithelium or RPE. Furthermore, the proximal optic cup will give rise to the
optic stalk (neuroectoderm-derived), which connects to the brain (Fig. 14; Wallace,
2008; Fuhrmann, 2010; Graw, 2010).

Placode stage Lens pit stage Optic cup slage Prospective refinal
=, [ pigmentepithelium

_—_ . Prospective retinal
i : .\'-§~ pigment epithelium

_.E)(_)E‘;%'__- Optic vesicle

'.I - -
_Prospective retina = - Prospective retina

|- Lens

. #" placode @ _’ Lens pit [ ' )| If;irri:: siele
Ventral = = I_ — »/- Prospective iris
Prospeclive oplic ] Prospective ciliary body
chiasm - Prospective optic nerve
E8.5 ES.5 E11.5

Figure 14. Schematic view of a developing vertebrate eye. Adapted from Graw, 2010.

During development of the eye, genes encoding molecules of Hh signalling
pathway, Shh, Ptch1 and the three Gli, are expressed in specific domains (Furimsky and
Wallace, 2006). Eye morphogenesis is induced at E8.0 by Shh secreted from the
prechordal plate and then by the ventral forebrain (FP) (Marti et al, 1995). This
separates the eye fields and forms the bilateral optic vesicles (Chiang et al., 1996). Hh
signalling contributes to both DV and proximo-distal (PD) patterning of the eye. It
regulates the expression of paired box (Pax) genes to repress distal and promote
proximal fates of the optic vesicles. Pax2, expressed in the optic stalk, represses Pax6, a
marker of the neural retina, thus separating these two regions. Later, BMP4 secreted
from the dorsal optic vesicle and Shh from the ventral midline play opposite roles in

optic vesicle patterning. Target genes of the Hh (Vax2) and BMP (Thx5) pathways
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expressed in the ventral and dorsal neural retina, respectively, repress each other to

establish the D-V axis of the optic vesicles (Fig. 15.A-B).

The effectors of the pathway, Glil, Gli2 and Gli3, play an important role in the
formation of the eyes and the optic stalks. Shh represses the formation of Gli3R in the
midline to promote bilateral eye development (Furimsky and Wallace, 2006). Mutations
in Gli3 produce several defects in the eyes, such as anophtalmia, microphtalmia and
coloboma; whereas the optic stalk is well defined (Hui and Joyner, 1993; Furimsky and
Wallace, 2006). Gli3R is required for the formation of the retina and optic nerve
territories. Gli2A and Glil play a role complementary to Gli3R, inducing the formation of
optic stalks. GliZ null mutants present defects in the ventral neural tube, but the eyes
and optic stalk are still formed (Ding et al., 1998; Matise et al.,, 1998; Furimsky and
Wallace, 2006) whereas double mutants of Gli2 and Glil show a strong reduction of the
optic stalk (Furimsky and Wallace, 2006). All of these data reveal the essential functions
of Gli3 in eye formation and of Glil and Gli2 in optic stalk specification (Figure 15.C).
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4. Diencephalic specification

The diencephalon is a sophisticated structure located between the secondary
prosencephalon (telencephalon and hypothalamus) and the midbrain. The prosomeric
model proposed by Rubenstein and Puelles (Rubenstein et al., 1994) defines several
landmarks that subdivide the diencephalon. This model, now broadly accepted, defines
the AP and alar-basal (DV) territories of the forebrain. According to the prosomeric
model, the diencephalon is subdivided along the AP axis into three prosomeres (from
caudal to rostral): the pretectum or prosomere 1 (p1), the thalamus or prosomere 2 (p2)
and the prethalamus or prosomere 3 (p3) (Fig. 9). Note that the pretectum, thalamus

and prethalamus correspond to the alar parts of p1, p2 and p3, respectively.

Figure 16. lllustration of the different nuclei and structures of mouse
diencephalon. Representation of alar-basal and rostro-caudal
subdivisions and axonal tracts. Adapted from Martinez-Ferre and

Martinez, 2012.

Prosomere 1, the pretectum, presents two main alar structures at postnatal
stages, the caudal part called the commissural pretectum (associated with the posterior
commissure) and the rostral part called the pre-commissural pretectum. The border

between pl and p2 corresponds to the retroflex tract (an axonal tract with habenular
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origin). Pretectal structures are important for the correct regulation of visual inputs and
visual reflexes. P1 ventral structures, the ventral tegmental area (VTA) and the
substantia nigra, are involved in the control of reward behaviour and voluntary

movements, respectively (Fig. 16).

Prosomere 2 alar derivatives are the thalamus and epithalamus. The alar p2
develops the thalamic nuclear system. In addition, it is divided in two sub-regions: the
rostral thalamus (Th-R) and the caudal thalamus (Th-C). Th-C comprises a large number
of thalamic nuclei with several functions, such as the regulation of alertness, learning
and memory, as well as motor and sensory functions. The caudal thalamus is connected
with the cortex by the cortico-thalamic (CTA) and thalamo-cortical (TCA) axonal tracts.
The Th-R is a small region that does not project axons to the cortex and is composed
mostly of GABAergic inhibitory neurons. These neurons, at E13.5, migrate to form the
subcortical visual shell, a group of interconnected nuclei involved in entrainment of the
circadian rhythm (Delogu et al., 2012). The epithalamus, situated in the dorsal part of
the thalamus, is composed of the habenula, the stria medullaris tract and the pineal
gland (epiphysis). The habenula is implicated in motor and cognitive functions. From the
habenula emerges a tract called fasciculus retroflexus that projects to the
interpenduncular nucleus in the hindbrain. The epiphysis secretes melatonin for the
control of circadian rhythms. The basal plate of p2 is composed by the interstitial rostral

nucleus, implicated in visual reflexes, the VTA and the substantia nigra (Fig. 16).

Prosomere 3, the prethalamus, is composed of different nuclei. These alar nuclei
connect with the epithalamus controlling afferent and efferent information, and receive
inputs from the retina, essential for the circadian regulation. The most dorsal part of the
prethalamus is composed of the choroid plexus, important for the secretion of different
molecules in the ventricle, and of the prethalamic eminence. Additionally, the
prethalamus has a role in navigation of the TCA and CTA tracts between the cortex and

the thalamus (Fig. 16).
The topological distribution of the AP and alar-basal structures of the

diencephalon begins at 9.5 days of gestation and at is completed by E12.5. The

specification of the different regions of the diencephalon requires, as in other regions of
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the brain, the involvement of signalling molecules produced by organizing centres and
transcription factors in responding tissues. As in other more caudal regions, Shh is
produced by the notochord underlying the diencephalon and then by the ventral
diencephalon, where it organizes DV patterning. The principal AP organizing centre of
the diencephalic morphogenesis is the mid-diencephalic organizer (MDO) or zona
limitans intrathalamica (ZLI), an alar region located between the thalamus and
prethalamus. Although other signals such as FGFs and Wnts are secreted in this region
(Zeltser et al., 2001; Kiecker and Lumsden, 2004; Scholpp et al., 2006), the predominant
morphogen expressed in the ZLI is Shh, whose expression progressively expands from
ventral to dorsal between E9.5 and E11.5 (Fig. 17; Shimamura et al., 1995).
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Figure 17. Schematic representation of Shh source (in red) and Wnts/FGFs
sources (in green) in the diencephalon. Shh is expressed in the ZLI, basal plate
and floor plate of the diencephalon. Wnts and FGFs are expressed dorsal to the
ZLI and in the roof plate. Di: diencephalon; Hyp: hypothalamus; P1: pretectum;
P2: thalamus; P3: prethalamus; Tel: telencephalon; ZLI: zona limitans

intrathalamica.

The ZLI forms at the junction between thalamus and prethalamus in an Otx-
positive region and is positioned by the repressive function of Fez (prethalamus) and Irx
(thalamus) transcription factors (Scholpp and Lumsden, 2010). The formation of the ZLI
is thought to involve an inductive process requiring Hh signaling from the ventral

diencephalon (Kiecker and Lumsden, 2004; Zeltser, 2005; Vieira and Martinez, 2006).
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1.

Shh is secreted first by FP cells underlying the future ZLI and is then activated within the
ZLI with a ventro-dorsal progression. Experiments in chicken embryos have shown that
Shh from the basal plate is required for Shh expression in the ZLI (Kiecker and Lumsden,
2004; Zeltser, 2005; Vieira and Martinez, 2006). The ZLI itself is considered as part of
the alar plate since it is not formed by the migration of basal plate cells (Zeltser, 2005).
This requirement for basal Shh is not conserved in the zebrafish, and studies in mouse
mutants have led to contradictory conclusions. Nevertheless, a conditional mouse
mutant in which Shh is absent from the basal forebrain clearly shows that basal Shh is
required for ZLI formation and for the correct segregation of ZLI cells from the thalamus

(Szabo et al., 2009b; Vieira and Martinez, 2006; Epstein 2012).

Three different Shh-dependent steps can be distinguished during regionalisation

of thalamus and prethalamus primordia (Scholpp and Lumsden, 2010) in the ZLI:

The prethalamus and thalamus acquire distinct identities depending on their
response to Shh exposure. This distinct competence to respond to Hh signalling is
due in part to the previous expression of Iroquois homeobox factors (Irx genes) in
thalamic primordium. Overexpression of Irx3 in the prethalamus leads to the Shh-
dependent expression of thalamic genes, Sox14 (in Th-R) and Gbx2 (in Th-C)
(Kiecker and Lumsden, 2004). Fez genes would play a similar function in the
prethalamus (Hirata at al, 2006).

Shh signalling from the ZLI induces the proneural genes Neurogeninl (Ngnl) and
Neurogenin2 (NgnZ2) in the Th-C and Mash1 (or Ascl1) in the Th-R and prethalamus
(Vue et al., 2007). This differential expression of the proneural genes leads to the
specification of glutamatergic neurons (Ngn1 and NgnZ2 expressing cells) in the Th-C
and of inhibitory GABAergic neurons (Mashl expressing cells) in Th-R and
prethalamus. Studies in mouse have shown that blocking the Shh pathway leads to
an absence of the Th-R and to a strong reduction of the Th-C (Vue et al., 2009).

The last step involves the expression of different transcription factors that depend
on the concentration of Shh. High levels of Shh activity induce the expression of
Nkx2.2, Olig2, Sox14, Tall and Gad1 in Th-R. In contrast, only low levels of Shh are
required for Gbx2, Dbx1, Olig3 and Lhx2 in Th-C (Barth and Wilson, 1995;
Hashimoto-Torii et al., 2003; Kiecker and Lumsden, 2004; Szabo et al., 2009; Vue at
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al, 2009). Consequently, the reduction of Shh signalling from the ZLI leads to an
absence of rostral thalamic nuclei such as lateral and medial geniculate nucleus at
later stages of the development (Szabo et al., 2009b). Thus, Shh from the ZLI acts as
a morphogen to regulate AP patterning of the diencephalon as it does for DV

patterning in the spinal cord (Scholpp and Lumsden, 2010).

Other signalling pathways, such as the Wnt and Fgf pathways, are active in the
vertebrate diencephalon. Wnt ligands are present in the diencephalic roof plate and in
the ZLI where they overlap with Shh. Fgf ligands are in the dorsal diencephalon and in
the prethalamus. Wnt signalling has a role in survival of the ZLI in zebrafish and
promotes thalamic fate at the expense of prethalamic fate. It also plays later roles in
compartmentation and neurogenesis within the thalamus. Fgf activity downstream of
Shh is important for the development of GABAergic neurons in the Th-R and
prethalamus (Hagemann and Scholpp, 2012). Many studies have addressed the function
of these signalling pathways, but I will not detail them further.

5. Defects in the Shh pathway in humans : holoprosencephaly.

Holoprosencephaly is a complex and very severe malformation affecting the most
rostral region of the neural tube. It is characterized by a lack or a partial defect of
cleavage of the prosencephalon, concerning mainly the telencephalon but also the
diencephalon. Such a cleavage is provided by the ventral midline but also by the dorsal
one. These two midlines differ from the developmental origin as from the molecular
regulations that ensure their formation. Several neuropathological forms have been
described according to the severity of this malformation. Classically recognized forms
are as follows: alobar holoprosencephaly (in which the telencephalon is a totally
uncleaved holosphere), semi-lobar forms (with a presence of an incomplete inter-
hemispheric fissure which is present at the posterior pole but absent at the frontal pole),
and lobar forms (cerebral hemispheres are then completely separated but a bridge of
cerebral cortex connecting the two sides and passing over the corpus callosum is
present). Other forms have been isolated more recently: the septo-preoptic forms in
which cleavage is perturbed in the septal or preoptic regions (Hahn et al., 2010), the

middle hemispheric variants in which the defect of cleavage involves only the posterior
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frontal and anterior parietal cortex (Fig. 18; Barkovich and Quint, 1993; Lewis et al,,

2002; Simon et al., 2002).

Figure 18. Illustrative cases of holoprosencephaly. A-B. Two cases of alobar holoprosencephaly (ventral
view). The two prosencephalic hemispheres are totally fused. C-D. Two cases of semilobar
holoprosencephaly. In the axial view of C, the frontal poles are fused whereas an interhemispheric fissure
is evidenced at the occipital regions. In the coronal view of the case D the thalami are fused. E-F. Rostral
and caudal views of coronal sections in a case with lobar holoprosencephaly. The cortex extends and
covers the midline. G-H. Sagittal and axial view of a case with middle interhemispheric variant of
holoprosencephaly that presents defects in the septo-preoptic cortex. Sources Hahn et al, 2010;

humpath.com; radiopaedia.org.

Holoprosencephaly is in a proportion of the cases associated with chromosomal
abnormalities (Mercier et al, 2011). Heterozygous mutations in 14 genes have been
identified as causing holoprosencephaly, four of which are considered as major causal
genes: SHH, ZIC2, SIX3 and TGIF, which in total amount to 25-30% of the known
holoprosencephaly cases. SHH mutations are the most frequent (10% of the cases in a
European cohort, Mercier et al., 2011). Other members of the Hh pathway are also
mutated in holoprosencephaly cases: GLI2, PTCH1 (probably dominant active
mutations), DISP1 (regulation of Hh ligand secretion and internalization), GAS1 and
CDON (membrane proteins that act with Ptch1l and positively regulate Hh signaling).

Mouse models have been very informative in the mechanisms of HPE. They point to a
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prime involvement of defects in Shh expression and signaling in the forebrain. According
to these studies, the pathogenicity of the mutations in the three major
holoprosencephaly genes, outside Shh, are explained by the role of these genes in Shh
expression or pathway activity in the forebrain. Zic2 is essential for the formation of the
prechordal plate (Warr et al, 2008); Six3 directly regulates Shh expression in the
forebrain (Jeong 2008, Geng 2008); Tgifl has an indirect action on Shh signaling by
regulating Gli3 and Nodal independently (Taniguchi 2012, 2017). Thus, the study of HPE
shows that the importance of Hh signaling in forebrain morphogenesis is conserved in

human.
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III. The primary cilium

The cilium is a slim microtubule-based organelle that projects from the cell
surface of many cell types. Cilia are typically classified in primary cilia (or non-motile
cilia) and motile cilia (called in some cases flagella). Motile cilia are present in several
cell types, either individually (in the vertebrate laterality organ for instance, or in the
zebrafish FP) or in large numbers (in the murine trachea and ependyma). Motile cilia are
involved in generating or maintaining fluid flow, for instance for the cerebrospinal fluid
(CSF) in the brain ventricular cavities or for the mucus in respiratory airways or in the
Xenopus skin, and have been proposed to help transport determinants within these
fluids (Lun et al. 2015; Chang et al. 2016). Motile cilia and flagella are also essential for
locomotion in many simple organisms and embryos (such as the unicellular alga
Chlamydomonas, paramecia, cnidarian embryos and planarians) or in specialized cell

types (spermatozoa; Fig. 19).
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Figure 19.A. Representation of motile and non-motile cilia. B. Primary cilia (non-motile cilia) in
the ventricle of the mouse neural tube C. Motile cilia in multiciliated ependymal cells. Adapted
from Liu and Zeitlin, 2011. D) Kinocilia in mechanosensory cells of the mouse inner ear. D.
Flagella of the green alga Chlamydomonas. F. Motile cilia of floor plate in the neural tube of
zebrafish. Pictures from Singla and Reiter, 2006; Besse et al., 2011; Mahuzier et al, 2012;
Mirzadeh et al.,, 2017.

Primary cilia are present in nearly all vertebrate cells and they have been
proposed as receptors of several signals from the cell environment, such as chemical
compounds, small proteins, light (in photoreceptors) and mechanical forces (for

instance to fluid flow in the kidney tubules). Primary cilia have been implicated in the
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transduction of several signalling pathways. In humans, a variety of inherited diseases
with diverse manifestations and severities have been linked to primary cilia
dysfunctions and called ciliopathies. Defects found in ciliopathies include kidney cysts,
retinal degeneration, intellectual disability, obesity, polydactyly, skeletal abnormalities

and brain malformations (Reiter and Leroux, 2017).

1. Structure and ciliogenesis

1.1. Structure of primary cilia

Primary cilia consist of a specialized plasma membrane supported by a specific
microtubule network, the axoneme, anchored to a centriolar structure, the basal body. In
between the axoneme and the basal body lies a distinct structure called the transition
zone. The axoneme consists of nine outer doublet microtubules that elongate from the
basal body. Each doublet comprises one complete microtubule (the A-tubule) connected
to an incomplete microtubule (the B-tubule). In addition to this basic structure, motile
cilia have two complete microtubules in the centre of the axoneme called the central
pair, which is attached to the outer doublets by radial spokes and dynein arms (Fig. 20;
Nicastro et al., 2006; Singla and Reiter; 2006; Sui and Downing, 2006; Ishikawa and
Marshall, 2011). The tubulin of the outer doublets is exposed to different post-
translational modifications to regulate cilia assembly and motility such as glycylation,

glutamylation and acetylation (Thazhath et al., 2004; Ikegami et al., 2010).
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The basal body is important to nucleate the cilium and it is formed after mitosis
by maturation of the oldest centriole, known as the “mother centriole”, of the cell. The
centrioles are microtubule-based structures with several functions in mammals such as
cell proliferation, cell polarity, signalling and motility (Loncarek and Bettencourt-Dias,
2017). They are composed by 9 outer triplet microtubules with a complete microtubule
(A tubule) and two incompletes microtubules (B and C tubules; Carvalho-Santos et al.,
2011). Surrounding the centrioles, the pericentriolar material (PCM) is important for
microtubule nucleation. The PCM is a defined supramolecular material composed of
many proteins that extend radially, such as pericentrin, PLK, CEP and CDK proteins
(Lawo et al., 2012; Mennella et al., 2012; Conduit et al., 2015). In primary cilia, the basal
body remains close to the daughter centriole, which is not the case in multiciliated cells

(Fig. 21).
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Figure 21. Basal body structure. Longitudinal sections of two centrioles. Both centrioles
are composed by nine microtubule triplets in radial symmetry. The centriole is decorated
by distal and subdistal appendages and by the rootlet. In many vertebrates, satellites
surround the centriole and its proximal end its embedded in the pericentriolar material.

Adapted from Loncarek and Bettencourt-Dias, 2017.

The basal body is characterized by the presence of appendages. At the most distal
part of the mother centriole, close to the transition zone, a variable number (depending
on the cell type in mammals) of distal appendages appear, such as the transition fibers,
which connect the basal body to the membrane. These distal appendages are involved in

ciliogenesis by interacting with the vesicle that caps the future cilium and in which the
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axoneme grows (Tanos et al., 2013). Subdistal appendages harbour proteins such as
0df2, Cep128 and Ninein and are involved in cilium planar polarity, centriole cohesion
and in maintaining cilia submerged within deep membrane invaginations (Galati et al.,
2016). Some cilia possess a basal foot instead of subdistal appendages. At the proximal
part, the centrioles sometimes display a rootlet. The rootlet is a fibrous appendage-like
striated structure that provides structural support to ciliated cells and is associated with
actin filaments (Yang et al., 2005; Yang and Li, 2006; Loncarek and Bettencourt-Dias,
2017). It contains Rootletin, which is also involved together with c-Nap1 in centrosome
cohesion. Subdistal appendages, basal foot and the rootlet, as well as centrosome

cohesion, are all dispensable for ciliogenesis.

The transition zone is located distal to the centriole, where the triplet
microtubules of the basal body make the transition with the doublets of the axoneme.
This region is characterized by Y-shaped links that bind the microtubules of the
axoneme with the ciliary plasma membrane. Between the transition zone membrane
and the plasma membrane, an invagination of the plasma membrane called ciliary
pocket is often observed. The ciliary pocket is important for endocytosis of ciliary
components. The transition zone is required for making the cilium a true cell
compartment, despite the fact that it is not completely separated from the cytosol by
membranes. An essential function of the transition zone is indeed to control the entry
and exit of different ciliary components in and out of the cilium (Garcia-Gonzalo et al.,
2011; Reiter et al; 2012). This includes both membrane proteins and cytoplasmic
proteins. In mammals, three different protein complexes compose the transition zone:
the MKS, NPHP and CEP290 complexes. The MKS complex, whose inactivation is
associated with a severe ciliopathy in humans, Meckel Syndrome, is an important
module of multiple proteins for cilia formation in some tissues (Garcia-Gonzalo et al.,
2011). The NPHP (for nephronophthisis disorder) complex has interactions with MKS
proteins. Together they are involved in transition zone assembly and in cilia building,
regulating the entry of several proteins (Yee et al,, 2015). Moreover, the centrosomal
proteins CEP290 and NPHP5 (CEP290 complex) interact with MKS and NPHP complexes
for their recruitment and for construction of the transition zone (Schouteden et al,,
2015; Li et al,, 2016). These complexes interact with other ciliary proteins implicated in

cilia formation, ciliary trafficking and signalling, such as RPGRIP1L, IFT (intraflagellar
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transport) proteins and BBSome components (Fig. 22; see below; Yee et al, 2015;
Avidor-Reiss et al.,, 2017; Gongalves and Pelletier, 2017; Garcia et al.,, 2018). RPGRIP1L is

the main protein I have focused on during my PhD and it will be presented in greater

detail in Chapter IV.
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Figure 22. transition zone structure. The transition zone lies proximal to the axoneme.
Distal to the transition zone, there is an inversin domain which lacks Y-links and displays
protein composition different from that of the transition zone. The right scheme shows the
modules of the transition zone (CEP290, NPHP1 and MKS) and the genetic interactions
between components of the BBSome and IFT. Adapted from Gongalves & Pelletier, 2017.

1.2. Primary cilia assembly and disassembly

Ciliogenesis starts in interphase when the cells exit the cell cycle (GO) in response
to differentiation signals (Wheatley et al., 1996; Stinchcombe et al, 2015). In GO,
cytoplasmic vesicles produced in the Golgi, called distal appendage vesicles (DAVs),
accumulate and dock to the distal appendages of the mother centriole (Schmidt et al.,
2012). DAV fusion makes a ciliary vesicle at the distal part of the centriole. At the distal

tip, the centriolar microtubules extend below the ciliary vesicle, enclosing its shape in a
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double membrane. The newly born cilium docks and fuses to the plasma membrane of
the cell, creating a continuity of the compartments (Fig. 23.A; Sanchez and Dynlacht,

2016).

It has been reported that small Rab GTPases have an important role in ciliary
vesicle formation and extension. Rab8a is involved in ciliary membrane assembly
(Yoshimura et al., 2007; Westlake et al., 2011) and is localized in trans-face of Golgi and
cytoplasmic vesicles. Once DAVs are formed, the Ehd1 protein is recruited and promotes
an enlargement of these vesicles and a merging with Rab8-positive vesicles to produce
the primary cilium membrane. The endosomes positives for Rab11 transport the GEF
(guanine nucleotide exchange factors), Rabin8 (an activator for Rab8) and Trappll
(membrane-tethering complex) to the location of Rab8 to activate Rab8-ciliogenic
signal. Rab8 is activated with the fusion of Rab11- and Rab8-positive vesicles leading the
activation of the ciliary assembly program (Fig. 23.B; Westlake et al., 2011).

Several components of the basal body are subjected to numerous changes during
the initial steps of cilium assembly. One of the proteins involved is CP110, essential for
centriole duplication and size regulation. CP110 interactions with Cep97 and its
asymmetric abolition in the mother centriole may be important for the initiation of the
ciliogenesis (Spektor et al, 2007). The elongation of the axoneme occurs after the
docking of the basal body to the plasma membrane through distal appendages. The
association of distal appendages to the mother centriole involves the accumulation of
five proteins (Cep83, Cep89, Cepl164, SCLT1 and FBF1) (Tanos et al., 2013). As an
example, Cep164, a distal appendage protein, helps dock vesicles through interaction

with Rabin8 and Rab8 (Sanchez and Dynlacht, 2016).

During cell cycle progression, the disassembly of the cilia occurs in G1/M phase.
Recent studies identified numerous regulators of cilium disassembly, such as HEF1 (a
scaffolding protein) and Aurora A (a calcium-calmodulin activated kinase which
phosphorylates and activates the histone deacetylase HDAC6). HDAC6 promotes the de-
acetylation of the stable tubulins in the axoneme, promoting cilia disassembly
(Plotnikova et al., 2012). Another function of Aurora A is to activate the phosphatase
INPP5E, which supports high levels of the phosphatidylinositol PtdIns(4)P and
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suppresses ciliogenesis (Xu et el, 2016). Furthermore, there are two activators of Aurora
A at the basal body, trichoplein and Pitchfork (Pifo), both playing a role in cilia
disassembly (Fig. 23.C; Kinzel et al., 2010; Plotnikova et al., 2012).
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Principal components of cilia assembly. C. Cilium disassembly and principal molecules implicated.

Adapted from Sanchez and Dynlacht, 2016.

Two de-polymerizing kinesins, members of the Kinesin13 family, Kif2a and
Kif24, are involved in cilia disassembly (Sanchez and Dynlacht, 2016). Kif2a localizes in
the appendages of the mother centriole and it is activated by phosphorylation produced
by the G2/M kinase PIk1. Its activation stimulates the de-polymerization of the axoneme
microtubules, producing cilia disassembly and initiating a proliferative signal
(Miyamoto et al., 2015). Kif24, associated with CP110, localizes at the distal centrioles.
This kinesin has de-polymerizing activity and it is regulated by its phosphorylation by
Nek2. Nek?2 is expressed in S/G2 phase, activating Kif24 in cells that lack cilia (Kim et al.,
2015). In this manner, Kif2a and Kif24 are activated by kinases expressed in S/G2
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(Nek2) or G2/M (Plk1l) phase, additionally linking cell cycle progression with the
maintenance of disassembly required for mitosis (Fig. 23.C; Sanchez and Dynlacht,

2016).

As presented above, the assembly and disassembly of primary cilia are tightly
linked to the cell cycle. Cilium disassembly is required for proper cell cycle in
proliferating cells. The central point of this relation between cell division and primary
cilia is the common use of the same centrioles in cilia assembly and in the mitotic
spindle. As shown previously, ciliogenesis starts during the G1/G0 phase, however the
retraction of the cilium is initiated at S/G2 to enter again in the cell cycle (Elliott and
Brugmann, 2018). Numerous proteins have been involved in the repression or
activation of these two cellular events. The IFT proteins play an important role in the
cell cycle. The partial knockdown of Ift27 produces defects in cytokinesis. Furthermore,
the inactivation of Ift88 accelerates S/G2/M progression and upregulation of Ift88
represses G1/S advance, leading to apoptosis (Qin et al., 2007; Robert et al., 2007). Two
other proteins implicated in cell division, Trichlopein and Aurora A, are required for cilia
resorption (Pan et al., 2004; Inoko et al,, 2012). Trichlopein localizes in mother and
daughter centrioles during cell division, but is lost in GO. Overexpression of Trichlopein
represses ciliogenesis, in contrast, depletion induces cilia assembly. Aurora A is
important for cilium resorption, and its inactivation induces ciliogenesis and cell cycle
arrest (Inoko et al., 2012). Thus, cilia have a direct role on the control of the cell cycle. It
should be remembered that cilia may also control proliferation and cell cycle length
through their modulation of signalling pathways such as Wnt and Hh, both of which

control these processes.

1.3. Intraflagellar transport (IFT) complexes and cilia trafficking

The building of the axoneme needs a selective import and transport of ciliary
proteins by intraflagellar transport (IFT). When cilia assembly is finished, the cilium will
develop its function as a receptor antenna to transduce several signalling pathways (see
below). IFT is a bidirectional protein transport system inside the cilia that brings ciliary
components from the cell body to the tip of cilia (anterograde transport) and sends back

the products to the cell body from cilia (retrograde transport) (Ishikawa and Marshall,
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2011 and 2017). The IFT bidirectional transport is mediated by IFT complexes called
IFT trains (Kozminsky, 1993).
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Figure 24. Intraciliar transport machinery. The anterograde IFT motor, kinesin-2,
transports IFT complexes A and B, and the inactive dynein 2. At the ciliary tip,
anterograde IFT trains release the axonemal proteins. Thus, the retrograde IFT
machinery is rearranged and dynein 2 is activated to transport the complexes back to the

cell body. Adapted from Ishikawa and Marshal, 2011.

Two different types of microtubule motors drive IFT: kinesin-2 for anterograde
transport and cytoplasmic dynein 2 for retrograde transport. There are two different
kinesin-2 motors (heterotrimeric and homodimeric). The most common anterograde
IFT motor is the heterotrimeric kinesin-2 composed by two heterodimeric kinesin-2
motor subunits and an accessory subunit, the kinesin-associated protein (KAP).
Heterotrimeric kinesin-2 is required for the assembly and maintenance of cilia in most
ciliated cells (Nonaka, 1998). Homodimeric kinesin-2 is involved the assembly of
specific types of cilia such as the connecting cilium of photoreceptors in the vertebrate
retina (Snow et al., 2014; Insinna et al., 2009). The IFT motor cytoplasmic dynein 2 is a
multiprotein complex comprising 4 different subunits: a heavy chain, a light
intermediate chain, an intermediate chain and a light chain (Ishikawa and Marshall,
2017). The cytoplasmic dynein 2 is required for the assembly of cilia and is not essential

for cilia maintenance (Fig. 24; Engel et al., 2012).
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The IFT trains consist in two large complexes, called IFT complex A and complex
B (Piperno and Mead, 1997 ; Cole et al., 1998). IFT complexes A and B are associated and
move together within the cilium. IFT complex A contains six known proteins and
complex B contains 16 known proteins. IFT complex A is involved in retrograde
transport, returning the proteins to the cytoplasm, and is not required for cilia assembly
(Iomini et al., 2009; Tsao and Gorovsky, 2008). In contrast, IFT complex B, required for
anterograde transport, is essential for cilia assembly and maintenance (Fig. 24; Pazour

et al., 2000; Follit et al., 2006).

The Bardet-Biedl Syndrome (BBS) proteins are required for the transport of
several membrane proteins to cilia (Jin et al, 2010). Eight core BBS proteins (BBS1,
BBS2, BBS4, BBS5, BBS7, BBS8, BBS9 and BBIP10) form a complex called the BBSome.
The BBSome recognizes ciliary targeting sequences in proteins important for their
transport, such as the N-terminal RVxP and the C-terminal VxPx sequences. Rabin8
binds BBS1 together with Rab11 and regulates Rab8 activity. The BBSome-Rab8/Rab11
interaction mediates ciliary transport of selected cargos from the Golgi to ciliary
membrane (Malicki and Avidor-Reiss, 2014; Malicki and Johnson, 2017). Several studies
have shown that the BBSome is involved in the ciliary localization of opsin, somatostatin
receptor 3 (SSTR3), melanin concentrating hormone receptor (MCHR1), neuropetide Y
receptor (NPYR2) and G protein-coupled receptors (GPCRs) (Malicki and Avidor-Reiss,
2014). The BBSome is not a direct component of cilium formation but the lack of BBS

proteins lead to cilia-related defects in cell signaling and embryogenesis.

The proteins not associated to the plasma membrane are transported into the
cilium through the transition zone by an active or by a passive mechanism. Small soluble
proteins can enter the cilium by passive diffusion across the filter-like transition zone. It
has been found that proteins with less than 9 nm can diffuse and enter the cilia, but the
size limit depends on the cell type (Breslow et al., 2013). Nevertheless, bigger soluble
proteins need active mechanisms to pass the transition zone filter. As an example of
active transport, the radial spokes (composed by 22 polypeptides and required for the
mechanical movement of the motile axoneme) are transported to the ciliary tip by IFT
proteins. The IFT anterograde machinery is authorized to cross the transition zone by

crucial interactions with transition zone proteins (Malicki and Avidor-Reiss, 2014).
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These direct interactions are essential for the transport into the cilium. Other proteins
require extra cargo-specific adapters (such as Inversins and MKS proteins) to be

transported (Zhao and Malicki, 2011).

2. Role of primary cilia in the Hedgehog (Hh) signalling pathway
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Figure 25. Hedgehog signaling pathway and primary cilia. In the absence of Hh ligand, the
receptor Ptch localizes to cilia and inhibits Smo from entering the cilia. Full-length Gli (yellow Glif-) bind
to SuFu and Kif7. GlifLis phosphorylated by PKA-Gsk3{-Ck1 at the cilia base (orange GlifL). Then Glift is
processed by the E3-proteasome system to form the truncated form of Gli (red GliRer). GliRer dissociates
from SuFu and moves to the nucleus to repress the target genes. In the presence of HH ligand, Ptch leaves
the ciliary membrane allowing the activation and the entry of Smo to the cilium. The GliF- - SuFu complex
dissociates in the cilium, and Glift is transformed into an activator form (green GliAct). GliAct then
translocates into the nucleus to activate the expression of HH target genes. Adapted from Sasai and

Briscoe, 2012.

Cilia have been involved in the reception, transduction and modulation of several

signalling pathways. The Hh pathway is the best studied and will be presented in detail
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below. Cilia have also been involved in the balance of the Wnt pathways by
downregulating the canonical, Wnt-f3-catenin pathway and promoting the Wnt-PCP
(planar cell polarity) pathway (Gerdes and Katsanis, 2008; Wallinford and Mitchell,
2011). In addition, cilia have been involved in the PDGFa (Schneider et al., 2005), Notch
(Ezratty et al., 2011), Hippo (Habbig et al, 2011) and mTOR (Boehlke et al., 2010)
pathways.

During the last 15 years, genetic studies in mouse have uncovered and essential
role for cilia in the transduction of the Hedgehog (Hh) signalling pathway. The signalling
starts with the binding of Hh ligand to the receptor Ptch, which occurs in or around the
cilium. This binding relieves the Ptch-mediated repression of the Smo receptor (Stome
et al, 1996) allowing Smo entry into the ciliary membrane. Smo activates signal
transduction in the cilium by the activation of Gli transcription factors, which
accumulate at the tip of cilia upon pathway activation. Then Gli factors translocate to
the nucleus and activate the expression of targets genes of Hh such as Ptch and Glil. In
the absence of ligand, Gli2 and Gli3 are cleaved into Gli repressor forms (Gli2R and

Gli3R) in a cilium-dependent manner (Fig. 25; Bai et al.,, 2004; Sasaki et al., 1999).

Other important positive or negative regulators of Hh sinalling are present in the
cilium. SuFu is essential for vertebrate embryogenesis and localizes at primary cilia
(Haycraft et al., 2005). In the absence of Hh ligands, SuFu binds Gli transcription factors
and this binding is essential for GliR production (Humke et al., 2010). Smo activates the
pathway by releasing Gli proteins from their binding to Sufu (Ocbina and Anderson,
2008). However, recent data have complicated the picture, by showing that Sufu
suppresses the Hh pathway by restricting the nuclear translocation of the Gli
transcription factors (Elliott and Brugmann, 2018). Moreover, upon Hh binding to Ptch,
Sufu acts as a chaperone to transport GliA into the nucleus and GliR out of the nucleus,
thereby being required for high levels of pathway activation (Zhang et al., 2016). Kif7 is
an atypical kinesin that binds Gli transcription factors and favours their transport to the
cilium in the Hh-dependent manner. (Corbit et al., 2005; Liem et al, 2009; Endoh-
Yamagami et al., 2009). GPR161, a G-protein coupled receptor, is a negative regulator of
the Hh pathway which binds IFTA and Tulp3, increases ciliary cAMP levels required for
PKA activation, and favours Gli targeting to the proteasome. Hh binding to Ptchl
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removes GPR161 from the cilium and this is necessary for pathway activation (Fig. 25;

Mukhopadhyay et al., 2013).

Figure 26. Scheme of the different domains of Gli1,
Gli2 and Gli3. Adapted from Gerhardt et al., 2016.
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In the absence of Hh, Ptch remains in the ciliary membrane and inhibits the entry
of Smo. The Sufu-Gli complex is at the basal body where Gli is processed into its
truncated form GliR. Then GliR enters the nucleus where it recruits a co-repressor
complex to repress the transcription of Hh target genes (Fig. 25; Cheng and Bishop,
2002; Pan and Wang, 2007). Several studies have analysed in greater detail the
processing of Gli transcription factors. As mentioned above, Gli1 is a target gene of Gli2ZA
and Gli3A, and only acts as a constitutive activator (Hynes et al., 1997). The proteolytic
processing of Gli2 and Gli3 full-length proteins into the truncated repressor forms
(Gli2R and Gli3R) is executed by the ubiquitin-proteasome system. This system is
composed by three ubiquitin enzymes (E1, E2 and E3) and the proteasome (Coux et al.,
1996; Gerhardt et al,, 2016). Glil gets degraded by the proteasome while Gli2 and Gli3
are proteolytically processed (Kaesler et al., 2000). Before and essential to the partial
proteolysis of Gli2 and Gli3, full-length forms are phophorylated by Protein Kinase A
(PKA) at the basal body (Tuson et al., 2011). This triggers their phosphorylation by
other kinases, Casein kinase 1 (Ck1) and Glycogen synthase kinase 3 3 (Gsk3f3). The
phosphorylation of Gli2 and Gli3 is recognized by an E3 ubiquitin ligase. Gli2 and Gli3
are then ubiquitinated at the cilia base and targeted to the proteasome where they are
processed into their repressor forms, Gli2ZR and Gli3R (Fig. 25; Sasai and Briscoe, 2012;
Wang et al., 2014; Elliott and Brugmann, 2018). Several studies have shown that Gli2 is
less efficiently processed than Gli3, acting mostly as Gli2ZA. The processing efficiency is

controlled by three sites in Gli proteins. The first processing site is the zinc-finger (ZF)
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domain of Gli3. The second is located between the ZF domain and the degron sequence
(lysine sites). The third is the degron protein sequence (Fig. 26; Pan et al., 2007;
Schrader et al., 2011; Gerhardt et al., 2016).

In conclusion, cilia are essential for two aspects of Hh/Gli signalling that normally
occur at very different levels of pathway activity. They are required for the formation of
activator forms of Gli transcription factors, GliA (GliZA and Gli3A) normally achieved in
the presence of high levels of Shh ligand. They are also required for the proteasomal
processing of Gli into a repressor form, GliR (in particular Gli3R), which is normally
present in the absence of Hh ligand. This dual and opposite roles of primary cilia in
Hh/Gli signal transduction are key to understand the phenotype of mouse ciliary

mutants (see below).

3. Developmental processes that require primary cilia

Obtaining mouse mutants for ciliary genes has allowed to dissect the multiple
functions of primary cilia in development. The first defects described in ciliary mutants

are kidney cysts, polydactyly and neural tube patterning defects.

Kidney cysts have been studied in detail and are caused by dilatation of the
nephric tubules. Cilia are present at the apical surface of kidney epithelial cells where
they respond to mechanical stress cause by fluid flow within the tubule. The potential
cellular mechanisms identified for kidney cyst formation are increased proliferation,
altered orientation of cell divisions and increased tubule cell size. The signalling
pathways affected are the Wnt pathways, since the balance between canonical Wnt and
Wnt-PCP regulates proliferation and oriented cell divisions, and the mTOR pathway,
which regulates cell size (Patel et al., 2008; Lancaster et al., 2010; Boehlke et al., 2010).

Polydactyly and neural tube patterning defects are both related to the
modulation of Hh/Gli signalling. The role of cilia in neural tube patterning will be
presented in detail below. Polydactyly is caused by a defect in limb anteroposterior (AP)
patterning. Limb AP patterning relies on the Hh pathway; a posterior region of the limb

bud called the Zone of Polarizing Activity (ZPA) is the source of Shh for limb AP
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patterning. Downregulation of the Hh pathway leads to a reduction in digit numbers,
while an increase in Gli activity leads to polydactyly (augmentation in the number of
digits). Gli3 is central to limb formation and Gli3 mutants display polydactyly, showing
that Gli3 acts mainly as a repressor. Thus, polydactyly in ciliary mutants is interpreted

as a defect in the production of Gli3R (Liu et al., 2005; May et al., 2005).

Brain morphogenesis defects have also been observed in mouse ciliary mutants,
such as exencephaly (Huangfu and Anderson, 2005; Besse et al,, 2011), hydrocephaly
and ventriculomegaly (Baas et al., 2006; Foerster et al., 2017), agenesis of the olfactory
bulbs and corpus callosum (Besse et al., 2011; Benadiba et al., 2012; Laclef et al., 2015),
and cerebellar hypoplasia (Lancaster et al., 2011). [ will present these defects in Part IV
in context with the role of the Ftm/Rpgrip1l gene in development. In addition, the cilium
has been shown to be involved in a number of cellular processes. I will present below

data about cell division and cell migration.

3.1. Primary cilia in patterning of the neural tube

The role of primary cilia in Hh signalling has been discovered thanks to a large-
scale genetic screen for mouse mutants with defects in neural tube patterning
performed in Kathryn Anderson’s laboratory (Huangfu et al., 2003). Many mutants
identified were found to have mutations in IFT genes, and showed a reduction in
number or an absence of ventral progenitor types, as well as reduced expression levels
of Hh target genes, which rapidly led to the proposal that primary cilia were involved in

Hh signalling.

As mentioned above, Shh is produced in the notochord and FP and forms a
ventro-dorsal decreasing gradient. The response of neuroepithelial cells depends on the
level of Hh signals they receive and on the time of exposure (Stamataki et al.,, 2005).
High levels of Shh signal transduction induce the expression of Nkx2.2, a marker of p3
progenitors, while lower levels are sufficient to induce the expression of Olig2, a marker
of pMN. Low levels of Shh also repress the expression of Pax7, which is restricted to the

dorsal progenitor domain (Dessaud et al., 2010; Sasai and Briscoe, 2012).
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In the absence of Shh or Smo, the ventral markers of the spinal cord are not
expressed and the dorsal marker Pax7 is extended ventrally. In contrast, in the absence
of functional Ptch1, the pathway is constitutively activated (i.e. independently of the
ligand), which leads to a dorsal extension of the expression of FP and P3 markers (Fig.

27; Jeong et al., 2005).
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Figure 27. Classification of neural tube phenotypes in mutant mice lacking Shh-related ciliary factors. A.
[llustration of dorso-ventral patterning of the neural tube. Each interneurons subtypes (v0-v3) and motor
neurons (MNs) differentiate to their progenitor domains (p0-p3, pMN) located in specific dorso-ventral
position. B-F. Classification of different patterning defects observed in progenitor domains of the neural

tube, indicating the mutated genes that produce these phenotypes. Adapted from Sasai and Briscoe, 2012.

Several mutants involved in IFT, such as Kif3a, Ift172 and Ift88, show defects of
intermediate severity. Markers that require high levels of Gli activity, such as Nkx2.2
(p3), are lost. However, genes that require intermediate levels of Hh signalling such as
Olig2 (pMN) are still expressed in a region more ventral than in controls and the dorsal
marker Pax7 is not expanded ventrally (Bai et al, 2004). The phenotype of these IFT

mutants is very similar to that of embryos lacking both the repressor and activator
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forms of Gli transcription factors, such as compound Gli2 x Gli3 mutants. The IFT
mutants mentioned above present a total lack of the ciliogenesis. A similar but
sometimes less severe phenotype is found in mutants for genes encoding components of
the basal body or transition zone (such as Talpid 3 and Ftm/Rpgrip1], respectively). In
these embryos, the genes requiring high levels of Shh activity are repressed, whereas the
expression of Olig2 and Pax7 is still present (Fig. 27; Davey et al., 2006; Vierkotten et al.,
2007; Corbit et al., 2008).

In contrast, ciliary mutants with abnormal morphology of primary cilia present a
partial activation of Shh signal transduction. For example, mouse mutants for the gene
encoding the GTPase Arl13b produce malformed primary cilia with a shorter axoneme.
These mutants lack progenitors that require high levels of Shh activity, but they show a
dorsal expansion of the genes that require low levels of Shh, suggesting that there is a
basal production of GliA in these mutants (Fig. 27; Caspary et al., 2007; Sasai and
Briscoe, 2012).

All these observations indicate that the ventro-dorsal gradient of GliA/GliR ratio
present in the spinal cord is disrupted in ciliary mutants, with distinct severities
depending on the extent of cilia defects. The study of double mutants for IFT genes
suggests that these genes act on Hh signaling mainly via their role in cilia structure
(Ocbina et al., 2011). The role of cilia in patterning of ventral neural structures may be
conserved in the brain as shown in the midbrain, where cilia are required for the

formation of ventral dopaminergic neurons via Hh signalling (Gazea et al., 2016).

If cilia are essential for Hh activity, cilium length may have a negative impact on
Hh signalling, and this may explain the decreased responsiveness of FP cells to Hh
signals in the ventral neural tube. The transcription factor Foxj1 is expressed in the FP in
response to Shh. Foxj1l is a master gene of motile ciliogenesis and its overexpression
increases ciliary length in the spinal cord. These Foxjl-induced longer cilia have reduced
Hh signalling (Cruz et al, 2010). This difference in ciliary structure and length may
explain in part the reduced sensitivity to Shh of FP cells.
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4. Dysfunction of primary cilia in humans: the ciliopathies

The importance of cilia has been studied in recent years because of its important
role in human development and diseases. Ciliopathies are complex human disorders of
cilia (motile and non-motile) including defects in the kidney, brain, eyes, lungs and
limbs. Motile cilia are present in lung epithelial cells, oviduct cells, ependymal cells (in
brain ventricles) and on the node (responsible for right-left axis establishment in early
development). Defects in motile cilia produce a motile ciliopathy called primary cilia
dyskinesia (PCD). PCD is characterized by sinusitis, chronic bronchitis, atelectasis, situs
inversus (left-right axis inverted) and male infertility. In some cases, the ciliopathies are
associated with hydrocephaly and defects in female infertility (Fig. 28; Horany et al,,
2016).

As discussed previously, primary cilia control several signalling pathways and
defects in these pathways affect the function of different organs such as the heart, the
kidney, the brain and the skeleton. An example is HH pathway (Reiter and Leroux,
2017). HH components comprise several proteins that localize into the cilium such as
PTCH1, SMO and GLI proteins. Defects reminiscent of Hh pathway dysfunction are
observed in ciliopathies, for example polydactyly in BBS and in Meckel syndrome (MKS)
(Zhang et al., 2012). Several ciliopathies are associated with impairment of different
structures of the primary cilia such as the formation of basal body, transition zone
formation and ciliary trafficking. Disruption of the distal appendages components,
CEP164 or CEP83, triggers cystic kidney disease, nephronophthisis (NPHP), and defects
in SCLT1 produces orofaciodigital syndrome (OFD), with polydactyly and craniofacial
abnormalities (Failler et al., 2014; Adly et al., 2014). Mutations in components of the
distal region of the basal body, such as HYLS1, produce hydrocephaly and brain defects
(hydrolethalus syndrome) or Joubert syndrome (JBTS) (Mee et al, 2005; Oka et al,
2016).

Defects in transition zone proteins are widely implicated in ciliopathies. The
NPHP and MKS complex are linked with NPHP and MKS ciliopathies (that give name to
these protein complexes). Impairment of MKS proteins lead in to defects in the transport

of membrane associated proteins, such as ARL13B, INPP5E, ADCY3 and SMO, associated
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with ciliophathy developmental defects (Reiter and Leroux, 2017). Moreover, mutations
in RPGRIP1L, a NPHP component, produce MKS, JBTS and COACH (cerebellar vermis
hypo/aplasia, oligophrenia, ataxia, ocular coloboma and hepatic fibrosis) (Delous et al.,
2007). Mutations in other transiction zone proteins, including polycystin 1 or 2 (PKD1
and PKD2), generate the polycystic kidney disease (ADPKD) and MKS (Huang et al,,
2014).
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Apart from the structural defects in primary cilia, impairment of IFT trafficking
and BBSome components are involved in ciliopathies. IFT mutations lead to skeletal
defects in humans. Mutations in genes of IFT retrograde transport (DYNC2H1, DYNC2L1
or TCTEX1D2) and IFT-A complex (IFT43, IFT121 OR IFT122) are related with Jeune
asphyxiating thoracic dystrophy (JATD), cranioectodrmal dysplasia (CED) and short-rib
polydactyli syndrome (Reiter and Leroux, 2017). The defects of BBSome arise from
mutations in genes encoding the eight BBS proteins. The BBS-related ciliopathies induce

retinal degradation, obesity, cystic kidneys and polydactyly (Zhang et al., 2012).
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IV. The Ftm/Rpgrip1l ciliopathy gene

1. Structure and functions

1.1. Identification of the gene and structure of the protein

The Ftm/Rpgrip1l gene has been identified as one of the deleted genes in Fused
toes (Ft) mouse mutants. Ft mutants, obtained in Ulrich Riither’s lab in Diisseldorf
(Germany) result from a deletion of 1.6 Mb in the chromosome 8, including the Iroquois
B cluster (Irx3, Irx5 and Irx6) and three genes called Ftm, Fto and Fts (Fig. 29; Peters et
al., 2002). Ft mutant embryos present malformations in craniofacial structures, defects
in right-left asymmetry, polydactyly, and defects in forebrain and ventral spinal cord
(Gotz et al., 2005; Anselme et al,, 2007). These defects suggested an impairment of the
Hh pathway indicating that one of the six genes deleted in Ft are implicated in this
pathway. Further studies from U. Riither’s lab have shown that Ftm null mutant embryos
reproduce the majority of the defects of Ft mutants (Vierkotten et al., 2007), especially

in left-right asymmetry and neural tube patterning.
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Figure 29. Chrosomomal deletion in the Fused toes (Ft) mutant and structure of the Ftm
gene. A. The green bar indicates the region deleted in the Ft mouse, comprising the Irx3, Irx5,
Irx6, Fto, Fts and Ftm genes. B. Exon-intron representation of the Ftm gene composed by 27
exons (vertical hatches) and extending over 103.2 kb. C. Representation of the domain
structure of the Ftm protein. CC, coil-coiled domain; C2, protein kinase C (PKC) conserved
region 2 motif; RID, domain with homology to the RPGR-interacting domain of RPGRIP1.
Adapted from Delous et al., 2007.
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Ftm encodes a protein of 1264 amino acids, which encompasses three distinct
regions with protein-protein interaction domains (Vierkotten et al., 2007). It contains
five coiled-coil domains involved in the formation of homo-polymers, two C2 domains
(protein kinase C-conserved region 2) and a RID domain (RPGR-Interacting Domain,
where RPGR stands for Retinitis Pigmentosa GTPase regulator; Fig. 29). Ftm is the
paralog of another gene called Rpgripl (which stands for RPGR-interacting protein 1),
with a very similar structure. The RID domain was characterized before in Rpgripl
(retinitis pigmentosa GTPase regulator interacting protein 1). Rpgripl has been
identified in connecting cilia of the photoreceptors and has a high homology with Ftm,
thus also known as Rpgripll (Rpgril-like). The Ftm mouse protein presents 82%
homology with the human protein RPGRIP1L, with the same functional domains (Arts et
al., 2007; Delous et al., 2007). RPGRIP1L gene is localized in the human chromosome 16
and the protein presents 1315 amino acids (Arts et al.,, 2007; Delous et al., 2007).

1.2. Localisation of Rpgrip1l

The Ftm/Rpgripll gene is widely expressed during embryogenesis in mouse,
zebrafish and humans. In mouse and humans, its expression has been reported in the
retina, brain, kidney and liver (Arts et al., 2007; Delous et al.,, 2007; Vierkotten et al,,
2007; Mahuzier et al., 2012). The subcellular localization of Rpgrip1l has been analysed
in vitro and in vivo by transfection of fusion proteins constructs and using specific
antibodies. In different cell lines, the Rpgrip1l protein is observed in the transition zone
of the cilium where it co-localizes with the NPHP4 and CEP290 ciliopathy proteins
(Gerhardt et al., 2015; Yang et al., 2015; Shi et al., 2017; Wiegering et al., 2018). In vivo,
Rpgripll is localized in the transition zone of the connecting cilia in retinal
photoreceptors, and in the transition zone of the cilia in brain, in neural progenitor cells,
ependymal cells and in the choroid plexus (Fig. 30; Arts et al., 2007; Delous et al., 2007;
Vierkotten et al., 2007). Rpgrip1l has also been found outside of cilia, in centrosomes
during cell division (Gerhardt et al., 2015) and at cell junctions together with Nphp1 and

Nphp4 (Delous et al., 2009 and personal communication from M. Delous and S. Saunier).
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Figure 30. Molecular architecture at the base of the primary cilium obtained by overlapping coordinate-
defined super-resolution images of transition zone proteins. A. A 7-color super-resolution image obtained
by merging multiple single-color STED images illustrating the relative locations of important transition
zone (transition zone) proteins. B. Transmission electron microscopy (TEM) image of a primary cilium in
an RPE-1 cell, where transition fibres (TF) are marked as blue dots, areas of microtubule doublets (MT)
circled with red dashed lines, areas of the ciliary membrane (CM) covering the ciliary necklace (CN)
circled with yellow dashed lines, and the distal end of the basal body (BB) marked by a white dashed line.
CP, ciliary pocket. C. A merged image of A-B obtained by aligning the TFs in TEM and CEP164 in STED.
RPGRIP1L is close to the microtubule doublets; TMEM67 and TCTN2 are localized mostly toward the
transition zone membrane, while MKS1 is localized midway between the membrane and microtubules.
CEP290, right above the BB, is localized at a different axial level from the other transition zone proteins. D.
A localization model of transition zone proteins at the ciliary base pinpointing the positions of these
proteins relative to each other and to known structural elements. Scale bar, 200 nm. Adapted from Yang

etal,, 2015.

1.3. Cellular functions of Rpgrip1l

1. Cilium integrity and construction of the transition zone

Rpgrip1l is a component of the transition zone and its role in transition zone
construction has been studied in several species. In C. elegans sensory neurons, Rgprip1l
(often called MKS5 in this species) mutants have no overt ciliary defect (Williams et al.,
2011), Compound [Rpgrip1l; Nphp4] mutants or compound mutants with MKS genes
have abnormal dye filling and osmotic avoidance, two defects characteristic of ciliary
dysfunction. Cilia are shorter and abnormally oriented and the transition zone is

disconnected from the ciliary membrane and presents abnormal ultrastructure,
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including the loss of Y links. Rpgrip1l localizes to the transition zone independently of
other transition zone proteins and is essential for the transition zone localization of all
other known transition zone proteins, in particular those of the NPHP and MKS modules.
IFT is not affected in these mutants, but Rpgripll is required for the “ciliary gate”
function of the transition zone, preventing proteins to enter the cilium. Rpgrip1l also
excludes other ciliary proteins such as GPCRs from the transition zone (Williams et al.,
2011; Jensen et al., 2015). Thus, the C. elegans data suggest that Rpgrip1l is a central

player in transition zone construction and function as a ciliary gate.
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Figure 31. Schematic illustration of the transition zone assembly organisation in vertebrates. A. Proposed
model of the organisation of the Rpgrip1l-Cep290-Nphp4-Invs-Nphp1l axis. The arrows indicate the
quantitative dependency between the transition zone proteins. Rpgrip1l regulates the amount of Cep290
at the vertebrate transition zone. In turn, Cep290 controls the transition zone amount of Nphp4 which
ensures the proper amount of Invs at the transition zone. Finally, Invs governs the transition zone amount
of Nphp1. B. Two schemes that depict the cell type-specific roles of Rpgrip1l and Rpgrip1 in the vertebrate

transition zone assembly hierarchy. Adapted from Wiegering et al.,, 2018.

In vertebrate cells, Rpgripll has a cell type-specific role in transition zone
construction. In mouse embryonic fibroblasts (MEFs), it is required for ensuring a
correct amount at the transition zone of proteins of the NPHP complex (Nphp4, Nphp1,
Nphp2/Inv, Nphp6/Cep290), but not of proteins of the MKS complex (Mksl,
Tmem67/Mks3, Tctnl, Tctn2 and Tctn3). Interestingly, in vivo, a similar result is
obtained in embryonic kidneys, while in limb buds, proteins of both complexes are
affected by the inactivation of Rpgrip1ll (Wiegering et al., 2018). Cilia form and are
longer than in controls, but their ultrastructure is perturbed, and some microtubules are
present as singlets in the axoneme. Interestingly, the cognate protein Rpgrip1 is present
in higher amount at the basal body in Rgprip1l/- MEFs than in controls and the
compound [Rpgrip1l; Rpgrip1] mutant presents a strong reduction of both NPHP and
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MKS complex protein at the transition zone, indicating a compensation of the Rpgrip1l
deficiency by Rpgripl (Wiegering et al., 2018). Thus, the cell-type specificity of Rpgrip1l
function in vertebrates can be, at least in part, explained by partial functional

redundancy with Rpgrip1 (Fig. 31).

As in C. elegans, Rpgrip1l also acts as a gatekeeper in mice, since the amount of
Arl13b is severely reduced in Rpgrip1l/- MEFs. However, Smo amount in cilia is not
perturbed, while it is reduced in Rpgripll mutant tracheal cells in culture, here again
indicating a cell-type -specific function of Rpgrip1l in cilium construction (Gerhard et al.,

2015; Shietal., 2017).

In vivo, the perturbations in cilia structure are also cell-type specific. In mouse
Ftm”/- embryos, many embryonic cells display longer and thinner cilia. However, cilia are
either absent or very short and bloated in neural progenitor cells and in the node, and

are shorter in the heart (Vierkotten et al.,, 2007; Besse et al., 2011; Gerhardt et al., 2015).

1. Function of Rpgrip1l in proteasomal activity and autophagy

Gli3 processing is reduced in Ftm-/- mice (Vierkotten et al., 2007; Besse et al,,

2011), While this can be explained by an upstream defect in post-tranlational

modification or ciliary trafficking of Gli3, Gerhardt et al. tested the idea of a defect in

Figure 32. Interactions between ciliary proteins and the

et G o G\ Proteasome cilia-regulated proteasome. INVS is located in the Inversin

‘0FD1 RPGRIP1L ‘ IBasaI body

compartment and in the transition zone and interacts with

components of the 19S proteasomal subunit (black lid of
the proteasome). The TRANSITION ZONE protein
RPGRIP1L interacts with components of the 19S
proteasomal subunit. IQCB1 is present at the TRANSITION
ZONE and the basal body and interacts with components of

the 20S proteasomal subunit. OFD1 localises to the basal

};Transmcmne body and interacts with components of the 19S

proteasomal subunit. Components of the BBSome are

located at the basal body and interact with components of

the 19S and 20S proteasomal subunit. Adapted from
Gerhardtet al., 2016.
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general proteasomal activity (Gerhardt et al, 2015). Strikingly, they found that in
Rpgrip1l/- MEFs, proteasomal activity is specifically reduced around the cilium base.
Investigating the molecular cause of this defect, they found that Rpgrip1l interacts with
the proteasomal subunit Psmd2. Thus, Rpgrip1l has a specific function in proteasomal

activity at the cilium base (Fig. 32; Gerhardt et al., 2015).

Interestingly, pharmacological restoration of proteasomal activity in Rpgrip1l/-
mutant cells does not rescue longer cilia, suggesting additional mechanisms of control of
the ciliary length. Recently, Struchtrup et al. (2018) showed that Rpgrip1l also regulates
autophagy by downregulating the mTOR pathway. Application of the mTOR inhibitor
rapamycin rescued autophagic activity and cilia length but not proteasomal activity in
Rpgrip1l/- MEFs. This suggest that Rpgripll regulates autophagy and proteasomal
activity independently from each other (Struchtrup et al.,, 2018).

1.4. Function of Ftm/Rpgrip1l in vertebrate development

Ulrich Riither’s laboratory has generated a knock-out mouse line for
Ftm/Rpgrip1l, called the Ftm mutant. Ftm*/- animals are viable and fertile and do not
present any obvious defect. Ftm”/- foetuses die at or before birth. The phenotype of
mouse Ftm mutant embryos is similar to that of several ciliary gene mutants described
in the literature: exencephaly, hydrocephaly, polydactyly, dorsalized neural tube,
laterality defects. However, IFT mutants which resemble the Ftm mutant are usually
hypomorphs, and null IFTB mutants such as I[FT172 die around E12.5 (Willaredt et al,,
2008; Gorivodsky et al., 2009). In addition, Ftm~- feetuses display dilatation of kidney
tubules, cerebellar hypoplasia (Delous et al., 2007), defects in heart septation (Gerhardt
et al,, 2013) and in hair follicle development (Chen et al., 2015). Moreover, they display
abnormal planar cell polarity in the cochlea and PCP defects (affecting the planar
polarization of cilia). These defects are also found in zebrafish Rpgrip1l morphants

(Mahuzier et al., 2012).
In the neural tube, Ftm~/-embryos show a loss of the FP and of p3 progenitors, a
strong reduction in motoneuron progenitors, and a ventral expansion of intermediate

and dorsal progenitors. This phenotype is partially rescued in compound [Ftm-/-;
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Gli3X/Xt] embryos (Gli3*t is a null allele of Gli3). Gli3 processing is impaired in the mutant
(Fig. 33.I). Moreover, Ftm~/- MEFs isolated from mutant embryos have reduced Gli1 and
Ptch1 response to Hh stimulation (Vierkotten et al., 2007).

[ control [ Rpgrip1] [ Regripti~ Gl ==

Figure 33. I. Rescue of neural tube patterning in Ftm+/- embryos by abrogating Gli3 function. A-C. In wild-
type embryos, MNR2 (A) is expressed lateral to Nkx2.2 (B), which is expressed adjacent to the floor plate.
Furthermore, Pax2 is expressed in the dorsal region of the neural tube (C). D-F. By contrast, Ftm~/-
embryos show a strong reduction of MNR2-positive cells (D) and Nkx2.2-expressing cells (E). Expression
of Pax2 is expanded into the most ventral part of the neural tube (F). G-I. In Ftm~/-; Xt/+ embryos, the
number of MNR2-positive (G) and Nkx2.2-positive (H) cells is increased, but these cells still cross the
midline. Pax2-expressing cells are expanded into more ventral parts within the neural tube, but there are
fewer cells crossing the midline (I). J-L. In Ftm”/-; Xt/Xt embryos, MNR2-expressing (J) and Nkx2.2-
expressing (K) cells are absent from the midline and located in two lateral distinct domains. Pax2-
expressing cells (L) seem to be completely restored. II. Rescue of corpus callosum (CC) formation by
expressing GLI3R in Rpgrip1l-/- mice. A-F. L1 and TAU1 label the callosal axons and show that, in contrast
to Rpgrip1l-/- fetuses (B and E), in Rpgrip1l-/-; Gli32699/+ double mutant (C and F), the callosal axon cross
the midline and form a CC very similar to the control (A and D). Immunochemistry for CALBINDIN (A-C)
labelled the guidepost neurons in the indusium griseum (IG) and showed that IG positioning is rescued in
Rpgrip1l-/-; Gli34699/+ double mutant (C) and appeared very similar to control IG (A), in contrast to the
loose and asymmetric IG found in Rpgrip1l-/- mutants (B). Inmunochemistry for GFAP (D-I) and NEU-N
(G-I) labelled the glial guidepost cells and subcallosal sling (SCS) neurons, respectively, and showed a
significant rescue of glial and SCS cell organization in Rpgripll-/-; Gli3269%/+ double mutant (F and I)

compared with Rpgrip1l-/- fetuses (E and H). Adapted from Vierkotten et al., 2017 and Laclef et al., 2015.
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My laboratory has used the Ftm mutant line as a model to study the role of cilia in
brain patterning and morphogenesis. Indeed, contrary to many other tissues, the
neuroepithelium has almost no cilia in the mutants (the remaining are very short and do
not contain an axoneme) (Besse et al., 2011). At the end of gestation, Ftm mutants
display agenesis of the olfactory bulbs (OB) and of the corpus callosum (CC), a major
axon tract joining the left and right cortices. Ftm”/- embryos show a dorsal expansion of
the subpallium (ventral telencephalon) at the expense of the pallium (dorsal
telencephalon), which is a likely cause of the OB and CC agenesis. Indeed, my laboratory
could show that reintroducing GliR into the Ftm mutant background (in [Ftm~/-, Gli346%?]
mutants) rescues telencephalic DV patterning and OB and CC agenesis (Besse et al.,
2011; Laclef et al., 2015). The GIi346°? allele corresponds to a knock-in of a truncated Gli3
form into the Gli3 locus, leading to the constitutive production of Gli3R (Bose et al,,
2002). These data demonstrate that, in the telencephalon, Ftm is required for DV
patterning through controlling Gli3R production (Fig. 33.I1I). CC agenesis and defective
DV telencephalic patterning have also been found in mice mutant for Rfx3, a

transcription factor of the Rfx family involved in ciliogenesis (Benadiba et al., 2012).

In collaboration with N. Spassky and A. Alavarez-Buylla, our lab has also shown
that Ftm is required for the Hh-dependent proliferation of granule progenitors in the
cerebrellum and dentate gyrus. This phenotype is also found in conditional mutants for
[ft88 and Kif3A, demonstrating that it corresponds to a ciliary function (Spassky et al.,
2008; Han et al.,, 2009).

Altogether these data demonstrate an essential role of Ftm/Rpgripll in Hh
signalling in the brain and spinal cord, for both repressor and activator activity of Gli

transcription factors.

2. Ftm/Rpgrip1l and ciliopathies

The phenotype of the Ftm mouse mutant is reminiscent of severe ciliopathies.
Therefore, my laboratory undertook a collaboration with human geneticists in Necker
hospital in order to look for mutations in the human RPGIRP1L gene in two severe

recessive ciliopathies with brain abnormalities: Meckel-Griiber syndrome (MIM
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611561) and Joubert type B (CORS) syndrome (MIM 213300). Meckel syndrome, the
most severe ciliopathy, is lethal at or before birth and is mainly characterized by central
nervous system malformations, occipital encephalocele, polydactyly and a very severe
cystic kidney disease. Joubert syndrome is usually less severe and is characterized by
central nervous system malformations, mainly midbrain-hindbrain malformations
identified on MRI as the “molar tooth sign”. Joubert type B syndrome is characterized, in
addition, by either nephronophtisis (a kidney disease with interstitial fibrosis and cysts)
or retinal dystrophy. Mutations on both alleles of the RPGRIP1L gene were found in
these ciliopathies, with a good genotype -phenotype correlation: truncating mutations in
MKS and missense mutations in JBTS type B. other studies also reported Rpgrip1l
mutations in Joubert syndrome (Arts et al., 2007; Brancati et al.,, 2008) and as a modifier

gene in retinal degeneration (Khanna et al., 2009).
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V. Aims of the thesis project

In the last years, studies of the ciliopathy gene Rpgrip1l have uncovered its
functions in several cellular processes as well as its role during development in different
tissues. Specifically, in the neural tube, Rpgrip1l and primary cilia are required for the
correct formation of the ventral spinal cord and are essential for the genesis of the
olfactory bulb and corpus callosum. During my PhD, I studied the role of the Rpgrip1l
gene and of primary cilia in forebrain patterning and morphogenesis, focusing on three
specific regions: the diencephalon, the hypothalamus and the eyes. The aims of my

thesis project are:

1. To describe the defects in morphogenesis and neural progenitor fate in the

diencephalon, hypothalamus and eyes of Ftm/Rpgrip1l mouse mutants.

2. To uncover the cellular and molecular mechanisms which cause these defects,

with particular interest in the Hh/Gli pathway.
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ABSTRACT

Primary cilia are essential for brain development. In the mouse, they play a critical
role in patterning the telencephalon via the regulation of Hedgehog/Gli signalling.
However, despite the frequent disruption of this signalling pathway in forebrain
malformations, the role of primary cilia in morphogenesis of other forebrain regions
has been little investigated. Here we studied development of the diencephalon,
hypothalamus and eyes in mutant mice in which the Ftm/Rgprip1/ ciliopathy gene is
disrupted. We found that ventral forebrain structures were strongly reduced in Ftm™
embryos. The ventral structures of the diencephalon and hypothalamus were missing
and dorsal diencephalic structures were expanded ventrally. The rostral thalamus
was absent, and eyes were severely reduced in size. We analysed Hedgehog/Gli
activity pathway using different readouts. Sonic hedgehog expression was lost in the
ventral forebrain but maintained in the zona limitans intrathalamica. In the
diencephalon, Gli activity was dampened in regions adjacent to Shh-expressing
domains but displayed a higher Hh-independent ground level in the other regions.
Our data uncover a complex role of cilia in development of the diencephalon,
hypothalamus and eyes. They call for a closer examination of forebrain defects in
severe ciliopathies and for a search for ciliopathy genes as modifiers in other human
conditions with forebrain defects.

Keywords: forebrain, diencephalon, hypothalamus, primary cilia, ciliopathy,
holoprosencephaly, Hedgehog, Gli, Gli3.
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INTRODUCTION

The Hedgehog (Hh) pathway plays an essential role in forebrain patterning. This is
illustrated in humans by holoprosencephaly, a phenotypically and genetically
heterogenous condition defined as a defect in the formation of midline structures of
the forebrain and face (Muenke & Beachy, 2001). The most severe forms of
holoprosencephaly are associated with cyclopia and formation of a proboscis. Among
the causal genes of holoprosencephaly are several members of the Hh pathway,
among which the gene encoding the Sonic Hedgehog (Shh) secreted protein and,
less frequently, the gene encoding the Gli2 transcription factor, an effector of the
pathway (Fernandes & Hébert, 2008). In mice, many studies have addressed the role
of the Hh pathway in ventral forebrain formation and patterning. Null mouse mutants
for Shh display growth retardation as well as a “holoprosencephaly” phenotype,
including cyclopia and proboscis (Chiang et al., 1996). A series of studies involving
gene inactivation in mouse (including conditional and compound mutants), lineage
tracing and loss- and gain-of-function approaches in chick identified the multiple,
successive functions of the Hh pathway in the diencephalon, hypothalamus and eyes
(Vue et al.,, 2009; Jeong et al., 2011; Alvarez-Bolado et al., 2012; Furimsky &
Wallace, 2006; Haddad-Tovolli et al., 2012, 2015; reviewed in Blaess et al. 2015;
Zhang & Alvarez-Bolado 2016).

In vertebrates, transduction of Hh/GIi signalling depends on primary cilia (Goetz &
Anderson, 2010). Primary cilia are sensory, antenna-like structures pointing out of
many vertebrate cells. They are made of an axoneme composed of nine doublets of
microtubules, surrounded by a specialized plasma membrane enriched in receptors
of signalling pathways. The cilium builds on a basal body derived from the mother
centriole of the cell, and on a transition zone (TZ) located between the basal body
(BB) and the axoneme. The TZ is considered as the “ciliary gate” because it controls
the entry and exit of proteins in and out of the cilium and is essential for cilium
construction and function (Reiter et al., 2012). In the developing central nervous
system, primary cilia are essential for proper dorso-ventral (DV) patterning of the
spinal cord via modulating Hh signalling. Shh binds to its receptor Ptch1, which
removes Ptch1 from the cilium and relieves the inhibition of the G-protein coupled
receptor (GPCR) Smoothened (Smo) by Ptch1. Hh signalling at the cilium leads to
the translocation of the Gli transcription factors into the nucleus and their activation
into Gli activator form (GliA). In the absence of ligand, Gli2 and Gli3 are targeted to
the proteasome in a cilium-dependent manner. Proteasomal cleavage of Gli2 and
Gli3 gives rise to short forms with transcriptional repressor activity, among which
Gli3R is a particularly strong repressor. Thus, the primary cilium is essential for the

69



production of both GIliR and GIiA forms (Goetz & Anderson., 2010). In the forebrain,
functional primary cilia are required for correct DV patterning of the telencephalon
(Besse et al., 2011, Laclef et al., 2015, Willaredt et al. 2008, Stottmann et al., 2009;
Benadiba et al., 2012; Willaredt et al. 2013) and for the proliferation of granule cell
precursors in the cerebellum (Spassky et al., 2008) and dentate gyrus (Han et al.,
2008). Surprisingly, despite the essential function of Hh signalling in the forebrain,
the role of primary cilia outside the telencephalon has been little explored (Willaredt
et al., 2013).

In this paper we study the function of the Ftm/Rpgrip1l ciliopathy gene in the
forebrain. RPGRIP1L is a causal gene in severe human ciliopathies with brain
abnormalities, Meckel-Gruber syndrome (MKS5 OMIM # 611561) and Joubert
syndrome type B (also called CORS syndrome, JBTS7 OMIM # 611560) (Delous et
al. 2007, Arts et al 2007). The Rpgrip1l protein is enriched at the TZ in many
embryonic cell types (Vierkotten et al 2007; Mahuzier et al., 2012), including neural
progenitors in the brain (Besse et al.,, 2011). Rpgrip1l is essential for the TZ
localization of many other ciliopathy proteins of the NPHP and MKS complexes
(Reiter et al., 2012; Shi et al., 2017, Wiegering et al., 2018). In addition to its role in
TZ construction, Rpgrip1l is required for proteasome activity at the cilium base
through its interaction with the Psmd2 regulatory subunit of the proteasome
(Gerhardt et al., 2015), and for autophagy via downregulation of mTOR signalling
(Struchtrup et al., 2018).

Ftm homozygous mouse mutants display laterality defects, polydactyly, a reduction in
ventral spinal cord cell types, and renal cysts (Vierkotten et al., 2007, Delous et al.,
2007). They show an almost total loss of cilia in the developing telencephalon.
However, unlike several null IFT mutants (Goridovsky et al., 2009), Ftm™” fetuses can
be recovered until birth. Thus, Ftm mutant mice are an excellent model to study the
role of primary cilia in brain patterning and morphogenesis and to help understand
the developmental origin of brain abnormalities found in severe ciliopathies. Using
this mutant, our lab has previously shown that primary cilia are required for DV
patterning of the telencephalon by controlling the production of the repressor form of
Gli3. In Ftm” embryos, the olfactory bulbs (OB) and corpus callosum (CC), two
dorsal telencephalic structures, are missing (Besse et al., 2011; Laclef et al., 2016).
This is linked to an expansion of ventral telencephalic structures at the expense of
dorsal ones. The phenotype is rescued by introduction, into the Ftm mutant
background, of one allele of Gli3*%® (Besse et al., 2011; Laclef et al., 2015), which
produces only and constitutively a short, repressor form of Gli3 (Bose et al., 2002).
These studies show that the main role of cilia in telencephalic patterning is to permit
Gli3R formation.
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Is this also the case in other forebrain regions? We showed here that Ftm” fetuses
at the end of gestation displayed a severely disorganized hypothalamus and
diencephalon and lacked eyes. Using molecular markers of the different diencephalic
and hypothalamic subdivisions in Ffm embryos, we observed that the dorsal
structures were enlarged and ventrally fused and the ventral structures were missing.
Analysing eye development, we found that the retina was strongly reduced in size
and malformed, and that the lens was missing. To further understand the origin of
these defects, we investigated the molecular mechanisms involved in patterning of
the affected structures, with particular interest for Hh/Gli signalling. We found that
Shh expression itself was differentially affected in different forebrain regions. In order
to quantify Gli transcriptional activity in the forebrain, we made use of the transgenic
reporter Tg[GBS::GFP] mouse line in which GFP expression is driven by eigth
concatamerized Gli binding sites. Our results showed that Hh/Gli signalling was
strongly downregulated in the Ftm” embryonic forebrain in regions of high Hh
signalling. We also identified a ground, Hh-independent level of Gli activity in the
diencephalon of Ftm mutant embryos, likely caused by the reduction in Gli3R. To
confirm this hypothesis and identify the respective roles of the reduction of Gli1A and
of GliR levels in the observed phenotype, we analysed the forebrain phenotype of
compound [Ftm, Gli3*%**®] embryos. Ground level Gli activity was lost in these
mutants, and some defects such as optic cup formation were totally rescued. Our
results uncover essential and diverse functions for Ftm/Rpgrip1l and cilia in Gli
activity in patterning the ventral forebrain and eyes and call for further examination of
the role of ciliopathy genes in holoprosencephaly, a human condition linked to
defects in Hh signalling.
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RESULTS

Ftm™ fetuses at the end of gestation display microphthalmia and profound
perturbations of the diencephalon and hypothalamus.

Histological analysis combined with dye labelling of axonal tracts showed profound
defects in the diencephalon and hypothalamus of Ftm” fetuses at the end of
gestation (E18.5; Fig. 1). The ventral regions of the diencephalon and hypothalamus
were particularly affected, with a highly thickened ventral part and a perturbed
position and shape of the 3™ ventricle (Fig. 1A-D). In wild type fetuses, habenular
and thalamic nuclei were clearly visible in the dorsal region (Fig. 1A and C). In Ftm™
fetuses, these nuclei were also present even if their organization was mildly
perturbed (Fig. 1B and D). In contrast, the ventral brain appeared highly
disorganized in Ftm” fetuses (Fig. 1A-D). The ventral midline, normally thin in wild
type, was enlarged in Ftm™, likely due to the absence of the most ventral region and
secondary fusion of the lateral parts. The most medial hypothalamic nuclei (such as
the anteroventral nuclei) were indistinguishable. The dorsal diencephalon and
hypothalamus were present although malformed. In both regions, the axonal tracts
(internal capsule (IC) and retroflexus tract (RT)) were defasciculated in Ftm” brains
(arrowheads in Fig. 1B, D). Defects in cortico-thalamic (CTA) and thalamo-cortical
(TCA) axonal tracts were confirmed with carbocyanine dye labelling (Fig. 1E-H). In
wild type brains, both CTA (red) and TCA (green) axons were visualized and
colocalized in the IC (Fig. 1E and G). In Ftm™ brains, neither CTA nor TCA grew
sufficiently to reach the IC (Fig. 1F and H). The eyes were absent in Ftm” foetuses
(Fig. 1I-L), only remnants of the retinal pigmented epithelium were observed under
the brain (arrowhead in Fig. 1L). We next focused on the developmental origin of
these defects.

Patterning of the diencephalon and hypothalamus is affected in Ftm™” embryos.

The developing diencephalon is subdivided along the DV axis in roof, alar, basal and
floor plates, and along the caudo-rostral axis in three regions or prosomeres, p1, p2
and p3. The alar plates of p1, p2 and p3 give rise to the pretectum (PT), thalamus
(TH) and prethalamus (PTH), respectively (Fig. 2A). The zona limitans intrathalamica
(ZL1) is located at the junction between the TH and PTH. The ZLI acts as an
organizer for the TH and PTH, regulating proliferation and cell fate in these two
regions (Epstein, 2012; Hagemann & Scholpp, 2012; Zhang & Alvarez-Bolado,
2016).

72



To investigate diencephalon patterning in Ftm mutants, we performed in situ
hybridization (ISH) for genes expressed in these different regions, on coronal and
sagittal sections of E13.5 embryos. We first used the alar plate-expressed genes
Pax6 (PTH), Gbx2 (TH) and Gad67 (PTH and PT) (Fig. 2) encoding, respectively,
two transcription factors involved at multiple steps of brain patterning and
neurogenesis and a subunit of the glutamate decarboxylase involved in the synthesis
of GABA (Stoykova and Gruss, 1994; Stoykova et al, 1996, Miyashita-Lin et al, 1999;
Katarova et al., 2000; Hevner et al, 2002). We found that the expression domains of
these genes were expanded along the DV axis in Ftm” embryos (Fig. 2). In control
embryos, robust Pax6 expression was detected in both the ventricular and
subventricular zones (VZ and SVZ) of the PTH as well as in differentiating neuronal
populations (Fig. 2B, D, F and H). Pax6 was also more faintly expressed in the VZ of
the adjacent regions. In Ffm” embryos, we observed a ventral expansion of the Pax6
expression domain, which now reached the ventral midline (green arrowheads in Fig.
2C, E, G and I). In addition, in anterior coronal sections, the hypothalamic, Pax6-
negative region was absent from the sections shown (Fig. 2E). Gbx2 expression in
control embryos was observed in differentiating neurons of the TH but not in the
tegmental areas (TA) of the diencephalon (Fig. 2J, L, N and P). In Ftm” embryos,
Gbx2 expression expanded ventrally (Fig. 2K, M, O and Q). Gad67 expression in the
control diencephalon was widespread in neurons of the PT and PTH and absent from
diencephalic TA (Fig. 2R, T and X). In Ftm™ embryos, the PT and PTH expression
domains expanded ventrally (Fig. 2S, U and Y). The ventral expansion of the
diencephalic alar plate and the reduction of the basal plate in Ftm” embryos were
confirmed using additional marker genes, Lhx2 for TH (Nakagawa and O’Leary,
2001; Puelles et al, 2006) (Supplementary Fig. 1), Ebf1 for PT and Six3 for PTH
(Garel et al., 1997; Kobayashi et al, 2002) (Supplementary Fig. 1).

The hypothalamus can be subdivided into three main regions, the mammillary area
(MAM), the tuberal hypothalamus (TUB) and the anterior hypothalamus (ANT).
According to the revised prosomeric model (Puelles et al., 2012; Zhang & Alvarez-
Bolado 2016), the MAM and TUB are in the basal plate of the hypothalamus while
the ANT (also called alar hypothalamus) is in the alar plate (Fig. 3A). The preoptic
area (POA), formerly considered as a hypothalamic region, is actually part of the
telencephalon. Nkx2.1 is expressed in the HYP in response to Hh signals from the
underlying mesendoderm (Dale et al., 1997, Zhao et al., 2012, Blaess et al., 2015).
Nkx2.1 is also expressed in the POA and medial ganglionic eminence (MGE) (Fig.
3B, D, F). In Ftm” embryos, the Nkx2.1 expression domain was preserved in the
telencephalon (Fig. 3B, C, F and G) but strongly reduced in the hypothalamus (Fig.
3D-G). Dbx1 expression in progenitors of the TUB (Fig. 3H, I, L and M) and MAM
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(Fig. 3J-M) regions was severely reduced as well, whereas it was maintained and
even expanded in the thalamus (Fig. 3H-M). Analysis of Wnt8b and Pitx2 expression
confirmed the reduction in the surface of the MAM (Supplementary Fig. 2). Ebf1
expression in the ANT was still present but fused at the midline (Fig. 2N-Q).

These data strongly suggest a strong reduction or loss of the basal plate and ventral
midline of the forebrain in Ftm” embryos. Conversely, the alar plate of the
diencephalon appears expanded ventrally at all anteroposterior levels.

The rostral thalamus is absent in Ftm” embryos

We took advantage of the expression of two proneural genes, Ngn2 and
Mash1/Ascl1, expressed in distinct and complementary progenitor domains (Fode et
al., 2000), to analyse diencephalic subdivisions with greater precision. Ngn2 is
expressed in progenitors of most of the TH, in the ZLI and in the tegmental areas
(TA) of the diencephalon, in a domain in the POA and in the dorsal telencephalon
(Fode et al., 2000; Vue et al., 2007) (Fig. 4B, D, F and H). Mash1 is expressed in
progenitors of the PTH, in the prospective rostral thalamus (TH-R, see below) and in
different hypothalamic subdivisions (McNay et al. 2006; Vue et al., 2007; Kim et al.,
2008) (Fig. 4J-P). In Ftm” embryos, Ngn2 expression was lost in the TA and
activated ectopically in a salt-and-pepper manner in regions adjacent to the
telencephalon (Fig. 4C and |, white arrowheads), suggesting a perturbation of the
telencephalic-diencephalic boundary (Fig. 4C and E, black arrowheads). Mash1 was
still expressed in the PTH and HYP, but very reduced caudally (MAM, black
arrowheads in Q). The analysis of Ngn2 and Mash1 expression also revealed a
thickening of the progenitor domains in the TH and PTH at E12.5-E13.5 (Fig. 4F-I, N
and O). This was confirmed using other progenitor markers and we showed that this
increase in progenitor number, particularly striking in the thalamus, correlated with a
delay in neurogenesis (Supplementary Fig. 3). Progenitors were labelled Sox2 and
Pax6, which label neural progenitors in the PTH and in the whole diencephalon,
respectively. (Supplementary Fig. 3A-D) and with Ki67, a general marker of cycling
cells (Supplementary Fig. 3G-J). Neurons were labelled with Tuj1 (Supplementary
Fig. 3A-D and G-J) in all regions and with Calbindin and Pax6 in the TH
(Supplementary Fig. 3E-F). At the beginning of neurogenesis in the ventricular zone
of the thalamus, at E11.5, controls and Ftm mutants did not present differences in
this proliferative layer (Supplementary Fig. 3A, B and K). In contrast, later at E12.5
and E13.5, in Ftm” embryos the ventricular zone was thicker than in controls,
suggesting an increase of the number of proliferative cells (Supplementary Fig. 3C-
D). To confirm the increase of neural progenitors, we quantified the density of their
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apical endfeet in the thalamus by en face immunostaining of the ventricular surface.
Ftm-/- embryos presented elevated density of endfeet (Supplementary Fig. 3L-N).
Furthermore, Ftm-/- embryos presented a reduction of the neuronal populations
observed wih Tuj1, Calbindin and Pax6 (Supplementary Fig. 3A-F and G-K). These
increased of the neuronal progenitors and decrease of the neurons, strongly suggest
a delay in neurogenesis in the diencephalon of Ffm mutants.

The nested domains of Ngn2 and Mash1 expression in the diencephalon preFig. the
intrinsic subdivision of the thalamus into antero-ventral (TH-R) and postero-dorsal
(TH-C) territories (Vue et al., 2007). Ngn2 and Mash1 domains in the TH and PTH,
respectively, were continuous in Ftm” embryos, suggesting a perturbation of
thalamic subdivisions (Fig. 4C and K, asterisks). This was confirmed by a closer
examination of Ngn2 and Mash1 nested expression domains (Fig. 4R-AA). We
performed combined Shh/Mash1, Shh/Ngn2 and Ngn2/Mash1 fluorescence ISH and
immunostaining to analyse the relationship of the different diencephalic domains with
respect to the ZLI. In Ftm™ embryos, the domain of Mash1 expression posterior to
the Shh-positive ZLI was lost (white asterisks in Fig. 4Y). The Ngn2-positive TH-C
and Mash1-positive PTH domains abutted at the level of the ZLI (Fig. 4Z and AA).

The TH-R contributes to GABAergic nuclei that participate in the subcortical visual
shell, involved in the entrainment of the circadian rhythm (Delogu et al. 2012). Thus,
neurons of the TH-R express Gad67 like those of the PTH, while neurons of the TH-
C do not (Fig. 2V). In Ftm” embryos, the stripe of Gad67 expression in the thalamus
was absent, confirming the loss of the TH-R (Fig 2W).

In conclusion, the TH-R is lost in Ftm” embryos and the TH-C now abuts the ZLlI.

Optic vesicles form in Ftm” embryos and display patterning defects

Since eyes were severely reduced or absent in Ftm” fetuses at the end of gestation
(Fig. 1), we investigated eye formation and patterning at E11.5. Eye development
begins with the formation of the eye field in the alar hypothalamus and its separation
into two bilaterally symmetrical optic vesicles. The expanding optic vesicles induce
the surface ectoderm to form the lens placodes. The optic vesicle separates into the
optic stalk proximally and the optic cup distally. Then the optic cup invaginates with
the lens placode, forming two layers, the outer layer differentiates into the retinal
pigmented epithelium (RPE) and the inner layer into the neural retina (Furimsky &
Wallace 2006).

We analyzed the expression patterns of the Pax2, Vax2, Pax6 and Chx10
transcription factor genes, which define distinct eye territories (Furimsky and Wallace
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2006). At this stage, Pax6 and PaxZ2 are expressed in the optic cup and optic stalk,
respectively (Fig. 5F and K), where they repress each other. Pax6 is required for
optic cup formation, whereas Pax2 null mice display increased optic cups at the
expense of optic stalk (Schwarz et al., 2000). Chx70 is also expressed in the optic
cup (Fig. 5P). Vax2 is expressed in the ventral domain of the optic cup (Fig. 5A),
where it promotes ventral optic fates. In Ftm” embryos, the neural retina was absent
as assessed by the absence of Chx10 and Vax2 expression (Fig. 5B and Q). Only a
tiny region of the RPE could be detected thanks to cell pigmentation (empty
arrowheads in Fig. 5B, G, L and Q). Pax2 was expressed, indicating the presence of
the optic stalk (Fig. 5G), which suggests correct eye field separation. Consistently,
optic vesicles formed in E9 Ftm” embryos as in controls (Fig. 6S, U and V).

In conclusion, in Ftm” embryos, eye field separation occurs correctly but proximo-
distal patterning of the optic vesicle is incorrect, leading to an absence of the optic
cup and of lens induction.

Hh expression and pathway activity are impaired in the forebrain of Ftm™
embryos

The reduction of the ventral forebrain in Ffm mutants suggests defects in the Hh
pathway. To test this hypothesis, we analysed Hh signalling activity in the forebrain
by ISH with probes for Shh itself and for the Hh target genes Ptch1 and Gli1. In
addition, in order to obtain a context-independent assay of Hh transcriptional activity
through Gli transcription factors binding to their DNA targets, we introduced into the
Ftm mutant background the Tg[GBS::GFP] reporter transgenic line in which GFP
expression is driven by a concatemer of Gli-binding sites (Balaskas et al., 2012).

In mouse embryos, Shh is initially expressed from E7.5 in axial tissues underlying the
neural plate (notochord posteriorly and prechordal plate anteriorly), where it signals
to the overlying neural plate to induce ventral structures. Hh signalling induces Shh
expression in the ventral forebrain from E8.0 onwards (Dale et al., 1997). While Shh
expression in the axial mesoderm was unperturbed in E7.5 Ftm” embryos as
compared to controls (asterisks in Fig. 6A and B), Ptch1 expression in the ventral
neural plate (black arrowheads in Fig. 6C) was lost in Ftm” (empty arrowheads in
Fig. 6D). In E8.5 control embryos, Shh is still expressed in the mesendoderm
underlying the brain (asterisks in Fig. 6E and I). In addition, it is activated in the
ventral neural tube, including the ventral forebrain (Dale et al., 1997; Alvarez-Bolado
et al., 2012) (Fig. 6E, I, black arrowhead in Fig. 6E). In E8.5 Ftm” embryos, Shh
expression persisted in the notochord and prechordal plate (Fig. 6F, J, black
arrowhead in Fig. 6F) but was not detected in the ventral neural tube and brain (Fig.
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6F, J, empty arrowheads in Fig. 6F). Ptch1 expression in two stripes surrounding the
Shh expression domain in the ventral neural tube and brain of control embryos (black
arrowheads in Fig.6G) was not found in Ftm” (empty arrowheads in Fig. 6H),
consistent with the loss of Shh expression. Foxa2, a target of Hh signalling
expressed in the ventral floor plate and in the ventral forebrain (Hallonet et al., 2002;
Ribes et al., 2010) (Fig. 6K), was faintly expressed in the neural plate of Ftm”
embryos, confirming the very low Hh activity (Fig. 6L).

At E9.0-E9.5, Shh expression is down-regulated in the most ventral hypothalamus
and is activated in two lateral stripes in the basal plate (Szabo et al., 2009; Alvarez-
Bolado et al., 2012, Blaess et al., 2015) (Fig. 6Q, S and U). Shh expression was lost
in the whole ventral forebrain of Ftm” embryos, except in a tiny spot in the
diencephalic ventral midline located roughly at the antero-posterior (AP) level of the
future ZLI (Fig.6P, R, T). Gli activity as assessed by Tg[GBS::GFP] was observed
lateral to Shh expression domain in all forebrain regions of control embryos (Fig. 6Q,
S and U), whereas in Ftm” embryos, Gli activity could not be detected (Fig. 6R, T
and V).

Overall our results show that Hh signalling activity is drastically reduced in the ventral
forebrain of Ftm” embryos as early as E8.5.

Shh expression and Hh/Gli pathway activity show different perturbations in
distinct domains of the E12.5 diencephalon

We next investigated Hh/Gli pathway activity at E12.5, when the ZLI is fully formed
and secretes Shh to organize cell fate in the thalamus and prethalamus (Epstein,
2012; Zhang and Alvarez-Bolado, 2016). The ZLI was formed in both control and
Ftm” embryos, and its DV extent was increased in Ftm” compared to control
embryos (Fig. 7A and B). In contrast, Shh expression was absent from the ventral
forebrain of Ftm” embryos (empty arrowheads in Fig. 7B). In order to test whether
Hh signaling was active at the ZLI, we analyzed Ptch1 and Gli1 expression as well as
Gli transcriptional activity with Tg[GBS::GFP]. Surprisingly, Gli1 and Ptch1 were
differently affected in Ftm™ embryos (Fig. 7C-F). Gli1 expression was dampened in
the regions close to the Shh expression domains (Fig 7C and D). In contrast, Pich1
expression was totally downregulated in the thalamus and upregulated in the
prethalamus and pretectum (Fig. 7E and F). Using FISH on sections and signal
quantification, we confirmed the differential expression of Ptch1 on both sides of the
ZLI in Ftm” embryos and found that this upregulation was more striking at a distance
from the ventricular surface (Fig. 7M-N’, R and S). To test whether this reflected
differential Gli activity on both sides of the ZLI, we observed GFP expression in
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Tg[GBS::GFP] embryos. At this stage, GFP-positive blood cells were present within
the neural tube in all genotypes examined (green arrowheads in Fig. 7G-I point to
examples of these GFP-positive blood cells). We found that Gli activity was
downregulated in the diencephalon and hypothalamus of Ftm” embryos as
compared to controls, in the ventral regions (Fig. 7G and H) as well as on both sides
of the ZLI (Fig. 7J-K”). However, Gli activity was not totally absent on both sides of
the ZLI (Fig. 7K-K”). Moreover, in Ftm” embryos, the Shh-positive ZLI appeared
larger along the AP axis. Quantification of Shh and GFP immunofluorescence
intensity confirmed the reduction of Gli activity and the increased width of the ZLI. In
addition, it uncovered the presence in Ffm mutants of a ground level of Gli
transcriptional activity along the whole AP extent of the TH and PTH, higher than in
control embryos (Fig. 7P and Q).

In conclusion, in the Ftm” embryos, Shh expression is strongly reduced in the ventral
forebrain but maintained and even expanded in the ZLI. Gli activity is dampened in
regions adjacent to Shh-expressing domains and displays a ground level higher than
in control embryos in other regions. The loss of Ftm also uncovered a differential
prepattern of Ptch1 and Gli1 expression in different diencephalic prosomeres.

Reintroduction of GIli3R into the Ftm background rescues aspects of the
forebrain phenotype

The increased ground level of Gli activity in Ftm” embryos is likely caused by the
impaired production of Gli3R (Vierkotten et al., 2007, Besse et al., 2011). We thus
tested how Gli activity in the diencephalon was modified in compound [Ftm™; Gli3’"
embryos, by performing quantification of GFP and Shh expression in [Ftm”;
G1i3*%°**] mutant embryos harbouring Tg[GBS::GFP]. The GIi3*°®° allele produces
constitutively a short form of Gli3 with partial repressor activity (Hill et al., 2007; Cao
et al.,, 2013). We found that both the ground level of Gli activity and the Shh-
dependent Gli activity adjacent to the ZLI were reduced in these compound mutants
(Fig. 71, L-L”, P and Q). Ptch1 expression in the prethalamus was also
downregulated (Fig. 70, O’, R and S). Moreover, the increased width of Shh
expression in the ZLI was rescued in double mutants (Fig. 7J-O).

We then tested the consequences of Gli3R reintroduction on forebrain patterning and
eye formation. ISH for Shh, Ngn2, Gbx2, Pax6 and Gad67 indicated that the
reduction of the ventral forebrain was still observed and even worsened in [Ftm™
Gli3/"] (Supplementary Fig. 4B-P). As in Ftm” embryos, the alar plate of the
diencephalon was expanded ventrally (Supplementary Fig. 4E-P), and Shh
expression was absent from the ventral forebrain but present in the ZLI
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(Supplementary Fig. 4C and D). In contrast, optic cup formation was totally restored
in compound mutants, and the optic cup showed correct DV patterning (Fig. 5C, D,
H, I, M, N, R and S). However, the eyes were internalized and brought together in
[Ftm™; Gli3*%°**] embryos, and even more [Ftm™; Gli3*%°***°] embryos, and this was
associated with a very reduced optic stalk (Fig. 5C, D, H, I, M, N, R and S). We also

analysed [Ftm™"*; Gi3"099/A6%°

] embryos, which looked similar to controls (Fig. 5E, J, O
and T) as found in another study (Christoph Gerhardt, personal communication),

indicating that only GIiR is required for optic cup formation.

In conclusion, reintroducing Gli3R into the Ffm background rescues some of the
defects of Ffm” embryos, such as retinal agenesis and ZL| enlargement but worsens
others such as the reduction in size of the ventral diencephalon and hypothalamus
and of the optic stalk.

Cilia are severely reduced in number in forebrain neural progenitors

In the telencephalon of Ftm” embryos, neural progenitors are devoid of primary cilia
(Besse et al., 2007). Since our data indicate that Hh activity is not totally lost in the
diencephalon and hypothalamus of Ftm” embryos, we tested the status of cilia in this
region. We first analyzed Rpgrip1l expression in E12.5 controls and found that it was
present at the ciliary transition zone in different diencephalic domains including the
ZLI (Fig. 8A-C”’). We then compared cilia in the control and Ffm mutant brain at
different stages by immunofluorescence for Arl13b. Cilia were present in the
forebrain of E8.5 control embryos (Fig. 8D-F) but were not detected in Ftm” embryos
(Fig. 8G-l). In the E12.5 diencephalon, cilia were present in the TH, PTH and ZLI in
control embryos (Fig. 8J-L) and severely reduced in number in Ftm” embryos (Fig.
8M-0O and P). Arl13b staining was less intense in the remaining cilia (Fig. 8M-O). To
analyze cilia shape in greater detail we performed scanning electron microscopy
(SEM) of the ventricular surface of E13.5 control and Ftm” brains, at different AP
levels: in the TH, ZLI, PTH and HYP (Fig. 8Q-X and Supplementary Fig. 5). In control
embryos, cilia of about 1 ym in length were found in the TH, PTH and ZLI (arrows in
Fig. 8Q, S and U), while in the HYP cilia were frequently up to 3 pm long (arrows in
Fig. 8W). Cilia were more difficult to recognize in the ZLI since the ventricular surface
of the cells was rich in protrusions and vesicles (Fig. 8S). In the diencephalon and
hypothalamus of the Ftm” forebrain, cilia were in majority reduced to button-like
structures (arrowheads in Fig. 8R, T, V and X), with a few very long cilia often
abnormal in shape (arrows in Fig. 8R, T, V and X). These remaining cilia were
present in all regions, but more frequently in the ZLI (Fig. 8T).

79



In conclusion, cilia were absent from the forebrain of Ftm” embryos as early as E8.5.
At E12.5 they were reduced in number in the diencephalon and hypothalamus, and
the remaining cilia were longer than in controls and often presented an abnormal

shape.
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DISCUSSION

The role of cilia in the forebrain has been little studied outside of the telencephalon.
In this paper we have studied the role of the Ftm/Rpgrip1/ ciliopathy gene in forebrain
patterning and morphogenesis, focusing on the diencephalon, hypothalamus and
eyes. At the end of gestation, Ftm” foetuses displayed a reduction of the ventral
hypothalamus and a disorganization of diencephalic nuclei and of the internal
capsule, a bidirectional axonal tract joining the cerebral cortex and the subcortical
regions. Eyes were almost totally absent. We examined the developmental defects
underlying this phenotype. Investigating the Hh pathway, we identified region-specific
perturbations of Gli target gene expression and of Gli activity. Combined with our
previous studies, our data lead to a global understanding of the role of primary cilia in
forebrain patterning and morphogenesis of their relationship with Hh signalling.

Patterning defects in the diencephalon and hypothalamus of Ftm mutants
reflect the loss of primary cilia on neural progenitors

Examination of forebrain markers during development showed a strong reduction of
ventral forebrain structures: the tegmental areas of the diencephalon, the mammillary
and tuberal areas of the hypothalamus, and the ventral part of the anterior
hypothalamus. This was accompanied by a dorsoventral expansion of alar
diencephalic domains, thalamus, prethalamus and pretectum. This phenotype is
consistent with that observed in the spinal cord of Ffm mutants, where the most
ventral cell types (FP, V3 interneurons and motoneurons) are absent or considerably
reduced, and intermediate neuronal types are expanded ventrally (Vierkotten et al.,
2007). In contrast, in the telencephalon, ventral structures are expanded at the
expense of dorsal ones, leading to agenesis of the olfactory bulbs and corpus
callosum, two dorsal telencephalic structures (Besse et al. 2011; Laclef et al., 2015).

Do the observed defects correspond to a ciliary phenotype? While the
disorganization of the diencephalic-telencephalic boundary had already been noticed
in ciliary mutants (Willaredt et al., 2008; reviewed in Willaredt et al., 2013), the other
defects observed in this study have not been reported in other ciliary mutants.
Interestingly, a reduction of the midbrain floor plate and derived dopaminergic
neurons was reported in conditional /IFT88 mutants (Gazea et al., 2016). It was thus
important to study the integrity of cilia in different forebrain regions in Ftm mutants.
We have previously reported that cilia are absent from telencephalic progenitors in
E12.5 Ftm” embryos (Besse et al., 2011). Here we analysed the status of primary
cilia in the diencephalon and hypothalamus of Ftm” embryos at different stages. We
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found a near-total loss of cilia in the progenitors of the forebrain of Ftm-/- embryos at
E8.5. At E12.5, cilia were severely reduced in number, and their shape (MEB) and
content (Arl13b immunofluorescence) were abnormal. This, combined with our
previous studies, strongly suggests that the forebrain defects observed in Ftm
mutants are due to the ciliary defects in progenitors.

Region-specific defects in Hh/Gli signalling in the forebrain of Ftm mutants.

The reduction in ventral forebrain areas and the loss of the TH-R in Ffm mutants
suggested an impaired response to Hh/Gli signalling. Indeed, tegmental areas of the
diencephalon and hypothalamus depend on Hh signalling from the notochord and
prechordal plate, which induces Shh expression in the forebrain midline (Dale et al.,
1997). Neural Shh is in turn required for correct formation of the basal diencephalon
and hypothalamus (Szabo et al., 2009; Shimogori et al., 2010; Zhao et al., 2012).
The strategies of Hh signalling are different in the basal diencephalon and
hypothalamus. In the diencephalon, as in the spinal cord, the Shh-expressing cells
are non-neurogenic. In contrast, genetic fate-mapping has shown that most of the
mammillary and tuberal regions are derived from Shh-expressing progenitors
(Alvarez-Bolado et al., 2012, Blaess et al., 2015; Zhang & Alvarez-Bolado, 2016).
Despite these differences, the loss of primary cilia in Ftm mutants has similar
consequences in the basal plate of the hypothalamus and diencephalon, i.e. a severe
reduction of these domains.

High Hh activity is also required for the formation of the TH-R, which gives rise to
thalamic GABAergic neurons, while formation of the TH-C requires lower Hh activity
(Hashimoto-Torii et al., 2003). Loss of Shh expression from E10.5 onwards in the
ventro-caudal diencephalon by deletion of the SBE1 intronic enhancer results in a
loss of the TH-R, showing that Shh signals from the ZLI are not sufficient to form this
region (Jeong et al., 2011). Thus, our observation of the loss of the TH-R and the
expansion of the TH-C in Ftm” embryos is consistent with the strong reduction of Glj
activity and the near-total absence of Shh expression in the ventral diencephalon.

For the ZLI, the situation is different. Shh is expressed in the ZLI of Ftm” embryos
and appears to be able to signal, although with lower efficiency than in controls. This
may explain why the thalamus and prethalamus are of normal size, unlike in Shh
mutants (Ishibashi and McMahon 2002; Szabo et al., 2009). Only the TH-R, which
requires high Gli activity, is lost. Thus, the Hh/Gli signalling pathway is still active in
Ftm mutants. Moreover, a basal, low level of Gli activity appears to be present
throughout the diencephalon, likely caused by the reduction in Gli3R levels (Besse et
al., 2011).
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ZLI formation is independent of primary cilia.

The ZLI has been proposed, initially in chick, to form through an inductive process
requiring Hh signaling from the diencephalic basal plate (Kiecker and Lumsden,
2004; Zeltser, 2005, for review Epstein, 2012). In mouse mutants in which expression
of a functional Shh ligand is absent from the ventral diencephalon, the ZLI| does not
form (Szabo et al., 2009). However, impaired production of functional Shh protein in
the forebrain from E10.5 onwards does not affect Shh expression in the ZLI,
suggesting that Hh signaling is required for the initiation, but not for the maintenance,
of ZLI formation (Vue et al., 2009). Surprisingly, the ZLI forms in Ftm™ embryos and it
is even wider along the AP axis than in controls. This widening is accounted for by
the reduction in GIli3R levels, since it is rescued in compound [Ftm™, Gli3*¢%%*]
embryos. Consistent with this data, Gli3 repression by Wnt signals is required for
controlling the width of the ZLI in chicken embryos (Martinez-Ferre et al., 2013).

If ZLI formation requires Hh signals from the basal plate, how can it occur in Ftm
mutants, which display no Shh expression in the basal diencephalon? In E9.5 Ftm™
embryos, a discrete patch of Shh expression remained in the basal plate at the level
of the future ZLI. We propose that this patch of Shh expression is sufficient for the
initiation of ZLI formation in Ftm mutants. Because this patch of Shh does not give
rise to high Gli activity, we can speculate that here Shh might signal through Gli-
independent, non-canonical pathway (Carballo et al., 2018). This independence of
Gli activity of ZLI formation is consistent with the presence of a Shh-expressing ZLI in
[Gli2”, Gli3”] compound mutants (Bai et al, 2004). Indeed Gli1 is a target of Hh
signaling and cannot activate the pathway on its own in mice (Bai et al., 2002).

A double role of cilia in eye development

Separation of the eye fields requires Shh from the prechordal plate (Chiang et al
1996), and later proximo-distal patterning of the optic vesicle involves Hh/Gli activity
(Furimsky & Wallace 2006). Our data show that cilia are essential for eye formation.
In Ftm™ embryos, the optic cup and lens are totally absent. However, optic vesicles
form, indicating that eye field separation occurred, and the optic stalk is present. This
phenotype is consistent with a strong reduction in GIli3R, known to be required for
optic cup formation. Accordingly, optic cups with correct DV patterning were
observed in compound [Ftm™”, Gli3***¥*] and [Ftm”, Gli3*****%**] embryos, showing
that the repressor form of Gli3 is crucial for optic cup formation, and that cilia function
in this structure is totally mediated by Gli3R. This sole requirement for Gli3R in the
retina was confirmed by the analysis of [Ftm**, Gi3*°°¥*%%| siblings, which displayed
normally formed and patterned retina. In compound [Ftm”, Gli3*°***] and [Ftm™,
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Gli3*%%92%%% embryos, the eyes were closer to each other under the ventral forebrain

and even partially fused in some cases, and the optic stalk was almost totally absent,
consistent with a requirement for GIliA activity in the formation of the optic stalk.
However, this requirement is less conspicuous in Ftm” embryos, probably because
the reduction in GliA levels is counterbalanced by the reduction in GIiR levels.

The Ftm mutant phenotype does not show cyclopia, even when two copies of Gli3R
are reintroduced. This suggests that a low level of Hh activity from the underlying
prechordal mesendoderm is produced and is sufficient to separate the eye fields. The
absence of Gli2R in the Ffm™ brain may contribute to this residual Hh activity.

Primary cilia in the forebrain: a balance of GliA and GlIiR activity

The phenotype of the Ftm mutant in the forebrain is very different from that of a Shh
mutant. Early on, there is enough Hh/Gli activity for proper growth of survival of
diencephalic progenitors. This is not the case in Shh mutants, where proliferation and
survival of diencephalic precursors is reduced as soon as the E8.5 stage, and thus
the whole diencephalon is extremely reduced in size (Ishibashi & McMahon 2002).
Cell proliferation is decreased throughout the diencephalon and correlates with
downregulation of CyclinD1 expression (Ishibashi & McMahon 2002).

More generally, our results show that, in Ffm mutants, forebrain structures requiring
high GIiA activity, such as the rostral thalamus and tegmental areas of the
diencephalon and hypothalamus, do not form. Similarly, structures that require high
GliR activity, such as the optic cup, are also absent. In contrast, structures that
require low or intermediate Hh activity, such as TH-C or the optic stalk, are present
and sometimes expanded. This is to be attributed to the dual role of primary cilia in
Hedgehog signalling: in the production of fully activator forms of Gli transcription
factors, and in the cleavage of full-length Gli2 and Gli3 proteins to form transcriptional
repressors (Gotz & Anderson, 2010). Of note, Rpgrip1l plays a direct role in
proteasomal activity at the cilium base via binding of the Psmd2 proteasomal subunit
(Wiegering et al., 2017). Thus, GIli3R formation may be particularly sensitive to the
loss of Rpgrip1l.

Clinical relevance of our study for human ciliopathies and holoprosencephaly

Hypothalamic and diencephalic malformations are rarely reported in ciliopathies. This
may be partly explained by the fact that a precise analysis of the forebrain is rarely
possible in fetuses with either anencephaly or large occipital encephalocele, which is
often the case for Meckel syndrome due to mutation of RPGRIP1L. Benign tumours
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called diencephalic hamartomas have been observed in cases of Meckel (Roume et
al.,, 1998) or Finnish hydrolethalus syndrome (Paetau et al., 2008) and other
ciliopathies (Poretti et al. 2011; Del Giudice et al., 2014; Poretti et al., 2017).
Interestingly, diencephalic hamartomas are a near-constant feature of Pallister-Hall
syndrome, characterized by a dominant mutation in GLI3 leading to the constitutive
production of GIli3R (Shin et al., 1999). Furthermore, somatic mutations affecting
genes acting on SHH signaling have been described in 37% of the cases of sporadic
hypothalamic hamartomas (Hildebrand MS et al., 2016). This strongly suggests that
hypothalamic hamartomas observed in cases of ciliopathies are caused by defects in
SHH signaling.

Holoprosencephaly, a defect of the forebrain midline often associated with mutations
in SHH, is rarely described in ciliopathies, and only in the most severe form, Meckel
syndrome (Paetau et al., 1985, Ahdab-Barmada & Claassen, 1990). This may be
surprising, given the essential role of cilia in vertebrate Hh signalling. Our study of the
forebrain of Ftm mutants provides a potential explanation, as we find clear
phenotypic differences between the Ftm mutants and Hh pathway mutants.
Nevertheless, ciliopathy genes could act as modifier genes for HPE. HPE shows high
phenotypic variability in single families, which has led to the proposal that a
combination of mutations in HPE genes could account for the variability in severity of
the phenotype (the multi-hit hypothesis). In favour of this hypothesis, digenic
inheritance has been identified in several HPE families (Mouden et al., 2016 and ref
therein). Interestingly, homozygous mutations in the STIL gene encoding a
pericentriolar and centrosomal protein have been found in patients with HPE and
microcephaly (Mouden et al., 2015, Kakar et al., 2015). Mouse Stil homozygous
mutant embryos display severe forebrain midline defects and die at E10.5 (lzraeli et
al., 1999). Ciliogenesis and centriole duplication, as well as Hh signaling, are
defective in the absence of STIL (Mouden et al., 2015). Whole genome sequencing
in heterogenous HPE families will allow testing the involvement of ciliopathy gene
variants in this disease.

More generally, our study of the ciliopathy gene mutant Rpgrip1//Ftm calls for further
examination of ciliary and ciliopathy genes in human neurodevelopmental diseases
associated with SHH pathway defects.
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MATERIALS & METHODS

Mice

All experimental procedures involving mice were made in agreement with the
European Directive 2010/63/EU on the protection of animals used for scientific
purposes, and the French application decree 2013-118. Mice were raised and
maintained in the IBPS mouse facility, approved by the French Service for Animal
Protection and Health, with the approval numbers C-75-05-24. The project itself has
been approved by the local ethical committee "Comité d'éthique Charles Darwin",
under the authorization number 2015052909185846. G/i3*°*° and Ftm-deficient mice
were produced and genotyped as described previously (Bdse et al., 2002; Besse et
al., 2011). Mutant lines were maintained as heterozygous (Ftm*" or Gli3*%**) and
double heterozygous (Ftm*"; Gli3*%°**) animals in the C57BI6/J background. Note
that the eye phenotype of the Ftm” animals was totally penetrant in the C57BI6/J
background used here, unlike in C3H or mixed backgrounds (Delous et al., 2007 and
C. Gerhardt, personal communication). The transgenic line Tg[GBS::GFP] was
maintained in the C57BI6/J background and genotyped as described (Balaskas et al.,
2012). In analyses of Ftm mutant phenotypes, heterozygous and wild-type (wt)
embryos did not show qualitative differences, and both were used as ‘control’
embryos. The sex of the embryos and fetuses was not analyzed. Embryonic day (E)
0.5 was defined as noon on the day of vaginal plug detection.

Histology, In situ hybridization (ISH) and immunofluorescence (IF)

For whole-mount ISH, embryos were dissected in cold phosphate buffered saline
(PBS) and fixed in 4% paraformaldehyde (PFA) in PBS for a time depending on the
embryonic age and then processed as described in (Anselme et al.,, 2007). For
histology and ISH on sections, embryos were dissected in cold PBS and fixed
overnight in 60% ethanol, 30% formaldehyde and 10% acetic acid. Embryos were
embedded in paraffin and sectioned (7 ym). Cresyl thionin staining and ISH were
performed on serial sections, as described previously (Anselme et al., 2007, Besse et
al., 2011, Laclef et al., 2015). For fluorescence ISH (FISH), immunodetection of the
probe was done overnight at 4°C with anti-digoxigenin peroxidase-conjugated
antibody (Roche), diluted 1/50 in maleate buffer supplemented with 2% Boehringer
Blocking Reagent (Roche). Peroxidase activity was detected with FITC-coupled
tyramide (1/50).
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For IF, embryos were fixed overnight in 4% paraformaldehyde (PFA). E18.5 fetuses
were perfused with 4% PFA. Immunofluorescence staining was performed on 14 ym
serial cryostat sections, as described previously (Anselme et al., 2007; Laclef et al.,
2015), with antibodies against Shh (Cell signaling 2207, 1:200 and R&D Systems
AF445, 1:200), Arl13b (Neuromab 75-287; 1:1500), Calb (Swant CB-38, 1:500),
FoxA2 (Abcam ab23630; 1:200), GFP (Aves GFP-1020; 1:200), Mash1 (BD
Pharmigen 556604; 1:200), Ki67 (Millipore AB9260, 1:500), Pax6 (DSHB PAX6,
1:100), Pericentrin (Covance-Genetech PRB-432C, 1:500), Rpgrip1l (Besse et al.,
2011; 1:800), Sox2 (Millipore MAB4343, 1:300), Tuj1 (Sigma T8578, 1:500), ZO1
(Zymed-Invitrogen 33-9100, 1:500). Secondary antibodies were Alexa-Fluor
conjugates from Molecular Probes (1:1000). Nuclei were stained with DAPI (1:500).

Dil/DiA labelling

Brains of E18.5 fetuses were dissected in PBS 1x and fixed overnight in 4% PFA.
After three washes in PBS, were labelled by 1,1"-dioctadecyl-3,3,3",3"-
tetramethylindocarbocyanine perchlorate (Dil; Invitrogen D383) or 4-Di-16 ASP (4-(4-

(Dihexadecylaminostyril)-N-Methylpyridinium iodide (DiA, Invitrogen D3883) crystals,
in the cortex or in the diencephalon of control and Ftm™ brains, as indicated in Fig. 1.
Samples were kept for at least two weeks in PFA 4% at 37°C for the lipophilic dye to
diffuse along the fixed cell membranes. Then, the brains were embedded in 4%
agarose in PBS, and thick coronal vibratome (LeicaVT1000S) sections were made.

Image acquisition and quantification of fluorescence intensity

ISH images were acquired with a bright-field Leica MZ16 stereomicroscope. IF, FISH
and axonal tract dye labelling images were observed with a fluorescent binocular
(LeicaM165FC) and acquired with a confocal microscope (Leica TCS SP5 AOBS).

Fluorescence intensity was measured using the Imaged software. For Shh-GFP
immunofluorescence, adjacent squares of 50 um side were drawn in the
diencephalon, all along the ventricular surface from posterior to anterior. Total
fluorescence intensity was measured in each square on three distinct optical
sections. For each optical section, the background intensity was measured by taking
three squares in the 3™ ventricle, and the mean background intensity was subtracted
from all the measurements of the same image. Images from three controls, three
Ftm” and two [Ftm”, Gli3**¥*] embryos were used for quantification. For
comparison, the measurements were aligned using as a reference the square
corresponding to the AP level of the ZLI (point 6 of the abscissa on the diagrams in
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Fig. 7P and Q). The diagrams in Fig. 8K indicate the mean intensity for each position
of each genotype.

For quantification of Ptch1 FISH, adjacent squares of 20 um side were drawn in the
diencephalon, from posterior to anterior, at two apico-basal levels: along the
ventricular surface and about 40 um away from the ventricular surface. Total
fluorescence intensity was measured in each square on three distinct optical
sections. Images from 4 controls, 4 Ftm” and 3 [Ftm™", Gli3*®***] embryos were used
for quantification. For comparison, the measurements were aligned using as a
reference the square corresponding to the AP level of the ZLI (point 17 of the
abscissa on the diagrams in Fig. 7R and S).

Scanning electron microscopy

Embryos were dissected in 0.1 M sodium cacodylate (pH 7.4), and fixed overnight
with 2% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4) at 4°C. Heads were
then sectioned to separate the dorsal and ventral parts of the telencephalon,
exposing their ventricular surfaces. Head samples were washed several times in 1.22
X PBS and post-fixed for 15 minutes in 1.22 X PBS containing 1% OsO4. Fixed
samples were washed several times in ultrapure water, dehydrated with a graded
series of ethanol and critical point dried (CPD 300, Leica) at 79 bar and 38 °C with
liquid CO; as the transition fluid and then depressurized slowly (0,025 bar/s). They
were then mounted on aluminum mounts with conductive silver cement. Samples
surfaces were coated with a 5 nm platinum layer using a sputtering device (ACE 600,
Leica). Samples were observed under high vacuum conditions using a Field
Emission Scanning Electron Microscope (Gemini 500, Zeiss) operating at 3 kV, with
a 20 ppm objective aperture diameter and a working distance
around 3 mm. Secondary electrons were collected with an in-lens detector. Scan
speed and line compensation integrations were adjusted during observation.

Experimental design and statistical analysis

In all experiments, the number of embryos or fetuses analyzed was = 3 for each
genotype, unless otherwise stated. For the comparison of the number of cilia in the
different diencephalic regions of control and Ftm” embryos (Fig. 8P), quantification
was made in 4 control and 4 mutant embryos. For the comparison of the thickness of
Tuj1 and Ki67 positive tissue was made in 3 control and 3 mutant embryos
Supplementary Fig. 3K). For the comparison of the density of endfeet was made in 3
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control and 3 mutant embryos (Supplementary Fig. 3N). For statistical analysis,
unpaired t-test was performed using the Prism software.
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FIGURE LEGENDS

Figure 1. Histology and dye labelling of axon tracts in the brain of E18.5
fetuses.

A-D) Nissl staining on coronal sections of the brain at two distinct antero-posterior
levels of thalamic and hypothalamic regions in E18.5 wild type (A, C) and Ftm™ (B,
D) fetuses. C, D are more posterior sections than A, B. Both levels of sections
correspond to the ventral hypothalamus and the alar thalamus. Black arrowheads in
B-D point to axon fascicles of the IC and Rt. Double black arrows in B, D point to the
dysmorphic hypothalamus in Ffm mutants. E-H) Carbocyanine dye staining of
corticothalamic (Dil, magenta) and thalamocortical (DiA, green) axons in E18.5 wild
type (E, G) and Ftm” (F, H) brains. G and H are higher magnification of the boxed
regions in in E and F, respectively. I-L) Nissl staining on coronal sections at the level
of the eyes of the head of E18.5 wild type (I, K) and Ftm™” (J, L) fetuses. K and L are
higher magnification of the boxed regions in in | and J, respectively. The arrowhead
in L points to remnants of the RPE. AN: anteroventral nucleus, CX: cortex; HB:
Habenula; HYP: hypothalamus; IC: internal capsule; NR: neural retina; RPE: retinal
pigmented epithelium; RT: retroflexus tract; TH: thalamus; V3: 3™ ventricle. Scale
bars: 1 mm in A-D (shown in A) and in | and J (shown in I); 0.5 mm in E and F
(shown in E); 0.1 mm in G and H (shown in G); 0.2 mm in K and L (shown in K).

Figure 2. Diencephalon patterning at E13.5

A) Schematic drawings of the E13.5 forebrain in sagittal (left) and coronal (right)
views. The position of the coronal (B-E, J-M, R-W) and sagittal (F-I, N-Q, X, Y)
sections shown below is indicated with dashed lines. Note that in the left diagram,
antero-posterior and dorso-ventral axes are indicated at the level of the ZLI. B-Y) In
situ hybridisation with probes for Pax6 (B-1), Gbx2 (J-Q) and Gad67 (R-Y) in coronal
sections at two distinct antero-posterior levels (B-E, J-M, R-W) and in sagittal
sections at lateral (F, G, N, O, X, Y) and medial (H, |, P, Q) levels. The genotype
(control or Ftm™) is indicated on the left of the figure, where control stands for Ftm**
or Ftm*”". In sagittal sections, the brain is outlined with dotted lines. Black and green
arrowheads point to neuronal progenitors and neurons, respectively. Ant: anterior;
AP: alar plate; BP: basal plate; FP: floor plate; HYP: hypothalamus; RP: roof plate;
Post: posterior; PT: pretectum; PTH: prethalamus; TA: tegmental areas; TEL:
telencephalon; TH: thalamus; TH-R: rostral thalamus; ZLI: zona limitans
intrathalamica; 3V: third ventricle. Scale bars: 0.5 mm in all pictures (shown in B for
coronal sections and in F for sagittal sections) except in V and W where scale bar is
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100 ym (shown in V).

Figure 3. Hypothalamus patterning at E13.5

A) Schematic drawings of the E13.5 forebrain in sagittal (left) and coronal (right)
views. The position of the coronal (B-E, H-K, N-O) and sagittal (F, G, L, M, P, Q)
sections shown below is indicated with dashed lines. Note that in the left diagram,
antero-posterior and dorso-ventral axes are indicated at the level of the
hypothalamus. B-Q) In situ hybridisation with probes for Nkx2.1 (B-G), Dbx1 (H-M)
and Ebf1 (B-E) in coronal sections at different antero-posterior levels and in sagittal
sections. The genotype (control or Ftm™) is indicated on the left of the figure. Black
arrowheads point to neuronal progenitors. In sagittal sections the brain is outlined
with dotted lines. Ant: anterior; ANT: anterior hypothalamus; AP: alar plate; BP: basal
plate; FP: floor plate; HYP: hypothalamus; MAM: mammillary area; MGE: medial
ganglionic eminence; POA: preoptic area; Post: posterior; RP: roof plate; PT:
pretectum; PTH: prethalamus; TA: tegmental areas; TEL: telencephalon; TH:
thalamus; TUB: tuberal hypothalamus; ZLI: zona limitans intrathalamica. Scale bars:
0.5 mm in all pictures (shown in B for coronal sections and in F for sagittal sections).

Figure 4. Progenitor domains at E12.5-E13.5

A) Schematic drawings of the E13.5 forebrain in sagittal view. The position of the
coronal sections (D-I, L-Q) shown below is indicated with dashed lines. B-U) In situ
hybridisation with probes for Ngn2 (B-1, R, S) and Mash1 (J-Q, T, U) in whole mount
hybridization on sagittally-bisected brains viewed from the ventricular side (B, C, J, K)
or on coronal sections at different antero-posterior levels (D-I, L-Q, R-U). The
genotype is indicated on the left of the figure. V, W) Shh immunofluorescence
(magenta) combined with Ngn2 fluorescence in situ hybridization (green). X, Y)
Double immunofluorescence for Shh (magenta) and Mash1 (green). Z, AA) Mash
immunofluorescence (magenta) combined with Ngn2 fluorescence in situ
hybridization (green). In C, black arrowheads point to patchy Ngn2 expression in the
prethalamus and white arrowheads point to missing Ngn2 expression domain in the
ventral forebrain. In P, black arrowheads point to remnants of the MAM. Asterisks in
C, K, S and Y point to the absence of the Ngn2-negative, Mash1-positive TH-R in
Ftm” embryos. Ant: anterior; ANT: anterior hypothalamus; AP: alar plate; BP: basal
plate; FP: floor plate; HYP: hypothalamus; MAM: mammillary area; POA: preoptic
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area; RP: roof plate; Post: posterior; PT: pretectum; PTH: prethalamus; TA:
tegmental areas; TEL: telencephalon; TH: thalamus; TH-C: caudal thalamus; TH-R:
rostral thalamus; TUB: tuberal hypothalamus; ZLI: zona limitans intrathalamica. Scale
bars: 0.5 mm in B-Q (shown in B for whole mount ISH and in D for coronal sections);
100 ym in R-U (shown in R); 50 ym in V-Z and AA (shown in V).

Figure 5. Eye morphogenesis in E11.5 embryos

A-T) ISH on coronal sections in the region of the eye of E11.5 Ftm** (A, E, I, M),
Ftm” (B, F, J, N), Ftm”, Gli3/* (C, G, K, O), Ftm”, Gli3/: (D, H, L, P) and Ftm™",
Gli3/A(E, J, O, T) with probes for Vax2 (A-E), Pax2 (F-J), Pax6 (K-O) and Chx10 (P-
T). Empty arrowheads in B, G, L and Q point to the missing optic cup; empty
arrowhead in | points to the reduced optic stalk; black arrowhead in N points to
partially fused optic cups. doc: dorsal optic cup; dos: dorsal optic stalk; I: lens; voc:
ventral optic cup; vos: ventral optic stalk. Scale bars: 100 ym (shown in A).

Figure 6. Hh expression and Hh/Gli signaling in the E7.5-E9.5 embryo forebrain

A-H) Whole-mount ISH on E7.5 (A-D) and E8.5 (E-H) embryos with probes for Shh
(A, B, E, F) or Ptch1 (C, D, G, H). Black arrowheads indicate Shh and Ptch1
expression sites in the neural plate; black asterisks indicate Shh expression in the
mesoderm underlying the neural plate. Empty arrowheads in D, F and H indicate
absence of Shh and Ptch1 expression in the neural plate of Ftm” embryos. I-P) IF for
Shh (I, J, M-P) and FoxA2 (K, L) on coronal sections of E8.5 (I-L) and sagittal
sections of E9.5 (M-P) embryos. The white arrowhead in P points to the small dot of
Shh expression in the basal plate of Ftm” embryos. Q-V) Double IF for Shh and GFP
in Tg[GBS::GFP] transgenic embryos. Green arrowheads point to GFP-positive blood
cells. The genotypes are indicated on the left of the figure. Control stands for Ftm**
or Ftm"”". W, X) Schematics indicating the approximate levels of sections in Q-V.
Note that the sections are tilted, so they do not look bilaterally symmetric. Ov: optic
vesicle. Scale bars: 50 um in A-H (shown in A for A-D and in E for E-H); 20 ym in I-L
(shown in 1); 500 ym in M, N (shown in M); 100 ym in O, P (sown in O) and in Q-V
(shown in Q).
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Figure 7. Hh expression and Hh/Gli signaling in the E12.5 embryo forebrain.

A-F) Whole-mount ISH on E12.5 control (A, C, E) or Ftm” (B, D, F) half-brains
viewed from the ventricular surface, with probes for Shh (A, B), Gli1 (C, D) or Ptch1
(E, F). G-L”) IF on coronal sections of control (G, J, J’, J”), Ftm” (H, K, K’, K”) or
[Ftm, Gli3*®*] (I, L, L, L") Tg[GBS::GFP] embryos. IFs were performed with
antibodies for Shh and GFP. In J’, J”, K, K”, L’, L”, fire versions of Shh and GFP are
shown (fire scale in J’). Empty arrowheads in B point to the missing Shh expression
domain in the ventral forebrain. M-O’) Combined fluorescence ISH Ptch1 and IF for
Shh on coronal sections for of the diencephalon of E12.5 control (M, M’), Ftm™ (N,
N’) and compound [Ftm”, Gli3*®*¥*] (O, O’) embryos. M’-O’ show fire versions of
Ptch1 FISH. Green arrowheads in. M, N and O point to GFP-positive blood cells. P-
S) Diagrams showing the quantification of the intensity of Shh (P) or GFP (Q) IF and
Ptch1 FISH (R, S) along the diencephalon. Ptch1 FISH intensity was quantified next
to the ventricular surface (R) or 40 um away from the ventricular surface (S).
Numbers on the abscissa relate to the position of the squares of quantification.
Fluorescence intensity in ordinate is given in arbitrary units (AUF). HYP:
hypothalamus; PT: pretectum; PTH: prethalamus; TH: thalamus; ZLI: zona limitans
intrathalamica. Scale bars: 0.5 mm in A-F (shown in A); 100 ym in G-O’ (shown in G).

Figure 8. Cilia in the forebrain of Ftm mutants

A-C’”’) Immunofluorescence on coronal sections of E12.5 control embryos with
antibodies for Shh (green), Arl13b (magenta) and Rpgrip1l (white). Nuclei are stained
with DAPI. In B” and C”, only Rpgrip1l is shown. D-lI) Immunofluorescence on
coronal sections of E8.5 control (D-F) and Ftm” (G-l) embryos with antibodies for
Shh (red) and Arl13b (white). Nuclei are stained with DAPI. White squares in D and
G indicate the regions magnified in E, F and in H, |, respectively. J-O)
Immunofluorescence on coronal sections of E12.5 control (J-L) and Ftm” (M-O)
embryos with antibodies for Shh (green) and Arl13b (magenta). In J and M, nuclei
are stained with DAPI. White rectangles in J and M indicate the regions magnified in
K, L and in N, O, respectively. P) Graph comparing the number of cilia in the
diencephalon of control and Ftm” embryos. * indicates that the statistical unpaired T-
test is significant, with P value = 0.0223 for TH, 0.0263 for ZLI and 0.0421 for PTH.
Q-X) SEM of the ventricular surface in different regions of control (Q, S, U, W) and
Ftm” (R, T, V, X) hemisected brains. White arrows point to the base of cilia, white
arrowheads point to button-like structures surrounded by a ciliary pocket, similar to
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those found in the cortex of Ftm” embryos (Besse et al., 2011). HYP: hypothalamus;
PTH: prethalamus; TH: thalamus; ZLI: zona limitans intrathalamica. Scale bars: 50
um in A, J and M (shown in A and J); 20 um in D, G (shown in D); 5 ym in B, C
(shownin B) and in E, F, Hand I (shown in E); 2 ym in B’ and C’ (shown in B’) and in
K, L, N, O (shown in K); 1 um in B”, B, C”, C"” (shown in B”) and in Q-X (shown in
Q).
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1. Additional markers of diencephalon patterning

A) Schematic drawings of the E13.5 forebrain in sagittal (left) and coronal (right)
views. The position of the coronal (B-E, J-M) and sagittal (F-l, N-Q) sections shown
below is indicated with dashed lines. B-Q) In situ hybridisation with probes for Lhx2
(B-1), Six3 (J-M) and Ebf1 (N-Q) in coronal sections at two distinct antero-posterior
levels (B-E, J-M) and in sagittal sections at lateral (F, G, N, O) and medial (H, I, P, Q)
levels. In sagittal sections, the brain is outlined with dotted lines. Black and green
arrowheads point to neuronal progenitors and neurons, respectively. Lhx2 displays
widespread expression in the thalamus, and no expression in tegmental areas, of
control embryos (B, D, F H). In Ftm” embryos, Lhx2 expression is still restricted to
the thalamus along the anteroposterior axis (C, G), but is expanded ventrally (E, G,
[). Six3 expression in the PTH (J, L) also shows a ventral expansion in Ftm™
embryos, with an apparent loss of Six3-negative, hypothalamic structures (K, M).
Ebf1 expression confirms the ventral expansion of PTH and TH in Ftm™ embryos as
compared to controls (N-Q). Ant: anterior; AP: alar plate; BP: basal plate; FP: floor
plate; HYP: hypothalamus; RP, roof plate; Post: posterior; PT, pretectum; PTH,
prethalamus; TA, tegmental areas; TEL: telencephalon; TH: thalamus; ZLI: zona
limitans intrathalamica. Scale bars: 0.5 mm in all pictures (shown in B for coronal
sections and in F for sagittal sections).

Supplementary Figure 2. Additional markers of hypothalamus patterning

A) Schematic drawings of the E13.5 forebrain in sagittal view. The position of the
coronal sections (B, C, F, G) shown below is indicated with dashed lines. B-l) In situ
hybridisation with probes for Pitx2 (B-E) and Wnt8b (F-l) on coronal sections (B, C, F,
G) or in whole mount ISH on sagittally-bisected brains (viewed from the ventricular
side) (D, E, H, I). The genotype of the embryo is indicated on the left of the figure.
Ant: anterior; ANT: anterior hypothalamus; AP: alar plate; BP: basal plate; FP: floor
plate; HYP: hypothalamus; MAM: mammillary area; MGE: medial ganglionic
eminence; POA: preoptic area; Post: posterior; RP: roof plate; PT: pretectum; PTH:
prethalamus; TA: tegmental areas; TEL: telencephalon; TH: thalamus; TUB: tuberal
hypothalamus; ZLI: zona limitans intrathalamica. Scale bars: 0.5 mm in all pictures
(shown in B for coronal sections and in D for whole mount ISH).
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Supplementary Figure 2. Additional markers of hypothalamus patterning

A) Schematic drawings of the E13.5 forebrain in sagittal view. The position of the
coronal sections (B, C, F, G) shown below is indicated with dashed lines. B-l) In situ
hybridisation with probes for Pitx2 (B-E) and Wnt8b (F-l) on coronal sections (B, C, F,
G) or in whole mount ISH on sagittally-bisected brains (viewed from the ventricular
side) (D, E, H, ). The genotype of the embryo is indicated on the left of the figure.
MBO: mammillary body; PT: pretectum; MAM: Mammillary area. Scale bars: 0.5 mm
in all pictures (shown in B for coronal sections and in D for whole mount ISH).

Supplementary Figure 3. Neurogenesis is delayed in the thamalus of Ftm™”
embryos.

A-F) Immunofluorescence for antibodies to Pax6, Sox2, Tuj1 and Calbindin (Calb)
(as colour coded on the figure) on coronal sections of the diencephalon of E13.5
control (A, C, E) and th'/'(B, D, F) embryos. The ventricular zone (high Pax6 and
Sox2 labelling in A-D) is thicker in Ftm™ than in controls, while the neuronal layer
(Tuj1+ in C, D, Calbindin+ in E, F) is thinner in Ftm”". G-J) Immunofluorescence for
antibodies to Ki67 and Tuj1 (as colour coded on the figure) on coronal sections of the
diencephalon of E11.5 (G, H) and E12.5 (1, J) control (G, 1) and Ftm™ (H, J) embryos.
Neurogenesis is just starting at E11.5, and there is no obvious difference between
control and Ftm” embryos. However, at E12.5, the progenitor layer is thicker and the
neuronal layer is thinner in the Ftm™ than in the control thalamus. K) Diagrams
showing the thickness of the neuronal (Tuj1+) layer and of the cycling progenitor
(Ki67+) layer. The thickness of the neuronal layer increases faster in control than in
Ftm™ embryos. The Ki67+ cell layer increases in size in Ftm™ while it does not in
controls. ns indicates that the statistical unpaired T-test is not significant, at E11.5 for
Tuj1 and Ki67, with P=0.1579 and P=0.2532 values respectively. *** indicates that
the statistical unpaired T-test is significant, at E12.5 for Tuj1 and Ki67, with P=0.0006
and P<0.0001 values respectively. L, M) En-face views of the ventricular surface in
the thalamus of control and Ftm” embryos stained with ZO1 to label apical junctions
and Pericentrin to label the centrosome/basal body. N) Quantification of the density
of end-feet, showing a higher density in the Ftm™ thalamus as compared with control.
The higher density of ventricular end-feet strongly suggests an increase in the
density of progenitors. * indicates that the statistical unpaired T-test is significant,
with P value = 0.0251 for endfeet density. PTH: prethalamus; TH: thalamus. Scale
bars: 100 ym in A-D (shown in A) and F-K (shown in F); 10 ym and 1 ym in L, M
(shown in L).
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Supplementary Figure 4. Diencephalon and hypothalamus patterning in

3A699

compound [Ftm™”, Gli ] mutants.

A) Schematic drawings of the E13.5 forebrain in sagittal view. The position of the
coronal sections (H-P) shown below is indicated with dashed lines. B-G) Whole
mount ISH with probes for Shh (B-D) or Ngn2 (E-G) on sagittally-bisected brains
viewed from the ventricular side. Black asterisks in C, D, F and G point to the
absence of ventral forebrain. H-P) ISH on coronal sections with probe for Gbx2 (H-J),
Pax6 (K-M) or Gad67 (N-P). The genotype of the embryo is indicated on the top of
the figure. Ant: anterior; AP: alar plate; BP: basal plate; FP: floor plate; HYP:
hypothalamus; RP, roof plate; POA: preoptic area; Post: posterior; PT, pretectum;
PTH, prethalamus; TA, tegmental areas; TEL: telencephalon; TH: thalamus; ZLI:
zona limitans intrathalamica. Scale bars: 0.5 mm in all pictures (shown in B for whole
mount ISH and in H for coronal sections).

Supplementary Figure 5. Scanning electron microscopy (SEM) of the brain
ventricular surface in at E13.5 shows ciliary defects in different forebrain
regions of Ftm” embryos.

A, B) View of a control (A) and a Ftm” hemisected brain used for SEM, indicating the
regions observed at higher magnification (dotted squares). C-N) SEM of different
regions of the surface. White arrows point to the base of cilia, white arrowheads point
to button-like structures surrounded by a ciliary pocket, similar to those found in the
cortex (Besse et al., 2011). C, F, | and L show images of control brains. In TH and
PTH, cilia are 1 um long and easily recognized. In the ZLI, cilia are also 1 um length
and are more difficult to see due to the presence of many protrusions and vesicles on
the cell surface. In the HYP, much longer cilia (up to 3 um) were found. D, E, G, H,
J, K, M and N show images of Ftm™” brains. In TH, PTH and HYP, few cilia were
present and usually longer than in controls, and many button-like structures were
found (D, E, J, K, M, N). In the ZLI, many very long cilia were found, often malformed
(G, H, see the club-shaped cilium in H). Overall, in the diencephalon and
hypothalamus of the Ftm” forebrain, cilia were in majority reduced to button-like
structures, with a few very long cilia often abnormal in shape. These remaining cilia
were present in all regions, but more frequently in the ZLI. HYP: hypothalamus; PTH:
prethalamus; TH: thalamus; ZLI: zona limitans intrathalamica. Scale bars: 200 um in
A, B (shown in A); 1 ym in C-N (shown in C).
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DISCUSSION

Primary cilia are present in neural progenitors in the mouse neural tube. Several
studies have identified their functions in neural tube development and progenitor fate
through the transduction of different signalling pathways. In the last 15 years,
researchers demonstrated that primary cilia are essential for the transduction of the Hh
signalling pathway, implicated in the specification and formation of ventral neural tube
and other structures (Marti et al.,, 1995; Roelink et al., 1995). These studies have been
mainly performed in the spinal cord and the telencephalon, and very little is known

about the role of primary cilia diencephalon and hypothalamus.

My thesis project was to study the role of the ciliopathy gene Ftm/Rpgrip1l and of
primary cilia in forebrain patterning and morphogenesis, with particular attention to the
diencephalon, hypothalamus and eyes. Ftm encodes a ciliary protein, located in the
transition zone, that is involved in primary cilium formation as well as other functions
such as proteasomal activity at the cilium base and autophagy (Gerhardt et al., 2015;
Struchtrup et al,, 2018). The Ftm protein and primary cilia have been implicated in
progenitor specification in the ventral spinal cord and in the formation of olfactory bulbs
and corpus callosum in the forebrain (Vierkotten et al., 2007; Besse et al., 2011; Laclef et
al, 2015). Mutations in the human RPGRIP1L gene lead to two autosomal recessive
ciliopathies, Meckel and Joubert syndromes, characterized by brain malformations.
Thus, the Ftm mouse model is a good tool to study the physiopathology of these human

conditions.

Ftm7- foetuses at the end of gestation present several defects in the diencephalon,
hypothalamus and eyes. The ventral hypothalamus is drastically reduced; in the
diencephalon, the tegmental areas are reduced in size. The diecenphalon also presents a
severe disorganization of the nuclei and of the internal capsule (containing cortico-
thalamic and thalamo-cortical tracts that connect the cortex and the thalamus); the eyes
are almost totally absent. We studied the molecular defects causing these perturbations.
We paid particular attention to the Hh pathway. Using genetic tools, we discovered

region-specific perturbations of Gli target genes and Gli activity. All these data helped us
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to understand the role of primary cilia and of Ftm in forebrain patterning and

morphogenesis and its relationship with Hh signalling.

Loss of primary cilia in neural progenitors of Ftm mutants leads to

patterning defects in the diencephalon and hypothalamus

Using genetic markers of the forebrain during development, we observed a
severe reduction in the ventral structures of the forebrain. The ventral tegmental areas
in the diencephalon and the mammillary and tuberal hypothalamus were reduced
drastically. The alar diencephalic domains (the pretectum, thalamus and prethalamus)
were ventrally expanded. Furthermore, these different domains and the alar
hypothalamus were fused ventrally showing a one continuous hemisphere. These
defects are consistent with the observation of the ventral spinal cord of Ftm mutant
embryos. Using molecular markers, such as MNR2, Nkx2.2 and FoxA2 that label the
pMN, V3 progenitors and FP respectively, Vierkotten et al. (2007) have shown that these
progenitors were absent in Ftm”/- embryos. The alar markers Pax6 and Pax2 were
expanded ventrally, suggesting a strong reduction of the ventral region of the spinal
cord in Ftm knockout embryos. In contrast, studies in the lab have shown that, in the
telencephalon, two dorsal domains, the olfactory bulb and the corpus callosum, are
absent, due to an expansion of the subpallium (ventral telencephalon) at the expense of

the pallium (dorsal telencephalon) (Besse et al., 2011; Laclef et al., 2015).

Are the defects observed in Ftm~/- embryos caused by a dysfunction of primary
cilia? Defects in the forebrain have been reported in some ciliary mutants. For instance,
the Cobblestone hypomorphic Ift88 mutant presents malformations of the hippocampus,
choroid plexus and cortical hem, and perturbed pallial-subpallial and telencephalon-
diencephalon boundaries (Willaredt et al., 2008). Ift139 (alien) knockout mutant
embryos present a ventralization of the forebrain and a disorganized cortex (Stottmann
et al., 2009). Despite these studies showing defects in the forebrain, the diencephalon
and hypothalamus have not been analysed in detail. Therefore, it is important to study
these regions of the forebrain. My PhD lab has previously shown that primary cilia
(more precisely the axoneme) are not formed in the progenitor domains of the pallium

and subpallium in E12.5 Ftm~- embryos suggesting an important function of Rpgrip1l in
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cilia formation (Besse et al.,, 2011). In this study, we analysed the presence of primary
cilia in Ftm mutant embryos at different stages in the hypothalamus and diencephalon.
We observed that, at E8.5 the cilia were almost totally lost in the ventral forebrain
(corresponding to the ventral hypothalamus and diencephalon). At E12.5 in the alar
diencephalic and hypothalamic structures, primary cilia were severely reduced in
number and the remaining cilia were malformed. These results suggest that the
hypothalamic and diencephalic defects observed in Ftm mutant embryos are due to the
loss of cilia in progenitor domains. To support this hypothesis, other studies have shown
ventral defects in the spinal cord in ciliary mutants in which the primary cilia are absent
or malformed in ventricular progenitor domains. As examples, mutants of genes
encoding IFT proteins, such as Ift172, Ift88 or Ift57 (Hippi; Huangfu et al., 2003; Liu and
Wang, 2005; Houde et al., 2006) and mutants of the basal body proteins, such as,
Stil/SIL, Tectonic, Tectonic2 or Tectonic3 (Izraeli et al., 2001; Reiter and Skarnes, 2006;
Sang et al,, 2011; Wang et al., 2018), show a loss of the ventral midline and a strong
reduction of the ventral progenitor cells, pMN and pV3.

Region-specific defects in Hh/Gli signalling in the forebrain of Ftm

mutants

In addition to the ventral defects in hypothalamus, we found that in Ftm mutant
embryos the Th-R was missing. The absence of the ventral structures and of the Th-R

indicate defects in Hh/Gli signalling pathway.

During development, Shh is expressed in the prechordal plate and notochord
from E7.5 onwards. Shh secretion from the axial mesoderm is required for the induction
of Shh expression in the floor and basal plates of the diencephalon and hypothalamus,
starting at E8.5. This latter source of Shh in the ventral midline of the forebrain is
essential for its correct formation (Szabo et al., 2009a, 2009b; Jeong et al., 2011). In the
ventral diencephalon and hypothalamus, Shh acts as a morphogen to control the
formation of the ventral structures (the diencephalic tegmental areas and the
hypothalamic tuberal an mammillary areas). Moreover, in the hypothalamus, the tuberal
and mammillary areas are derived from Shh-expressing cells. Genetic lineage tracing

experiments using the Shh¢ER and RosaZ26°*F mouse lines have identified three different
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time-windows important for the production of neural population in the hypothalamus.
Before E9.5, Shh-positive cells derived from the mammillary and tuberal hypothalamus
(cells) give rise to neurons, astrocytes and midline tanicytes. After E9.5, neurons and
astrocytes are generated from the tuberal hypothalamus. Finally, after E12.5, all the Shh-
positive cells give rise to hypothalamic astrocytes (Alvarez-Bolado et al., 2012). In Ftm,
mutants we found that Shh expression was not induced in the ventral diencephalon and
hypothalamus, causing an extreme reduction of the tegmental, tuberal and mammillary

dareas.

Another source of Shh in the diencephalon is in the zona limitans intrathalamica
(ZLI), also called the mid-diencephalic organizer (MDO). Shh expression in the ZLI is
required for the correct specification of the antero-posterior structures of the
diencephalon. This specification depends on the level of Hh/Gli activity on both sides of
the ZLI. Diencephalic explant culture experiments have shown that low levels of Hh/Gli
activity are enough to induce the prethalamus and the Th-C, whereas a high level of Hh
activity is required for the formation of Th-R (Hashimoto-Torii et al.,, 2003). Treatment
with SmoM2 mutants, which cause an over-activation of Shh pathway, independent of
the ligands and receptor, leads to an increase in the territory of the Th-R and Th-C (Vue
at al, 2009). In contrast, conditional knockouts of Smo and Shh in the thalamus show a
loss of Th-R and a reduction of Th-C region (Vue at al, 2009). However, Hh activity from
the ZLI is not the only source of Hh required for Th-R induction. A conditional knockout
of Shh in the ventro-caudal region of the diencephalon by deletion of the SBE1 intronic
Shh enhancer results in a strong reduction of the Th-R, indicating that ventral activity is
also required for the formation of this territory (Jeong et al, 2011). In Ftm mutant
embryos, we observed that the Th-R was not formed, which suggests a strong reduction

of Gli activity in the ventral diencephalon and ZLI.

Interestingly, in Ftm mutant embryos, Shh is expressed in the ZLI and seems to
induce Gli activity in neighbouring cells, albeit at a lower level than in wild types. Indeed
we studied Gli activity using a reporter mouse line Tg(GBS-GFP) (a construct in which
concatemerized Gli binding sites drive GFP expression). Previous studies using this
transgenic line have shown a spatio-temporal requirement for Shh in the ventral spinal

cord, where high levels of Gli activity and long exposure to Shh are required for the
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formation of ventral progenitors (pV3) and FP in ventral spinal cord, while lower levels
and shorter exposure are required for the formation of pMN (Ribes et al., 2009; Balaskas
et al,, 2012). This is consistent with our observation of Ftm~/--tg(GBS-GFP) in which there
is a strong reduction of Gli activity in the ventral forebrain, leading to a strong reduction
of the diencephalic tegmental areas and of the basal hypothalamus. In wild type
embryos we observed a strong Gli activity caudal to the ZLI, consistent with the
requirement of high Gli activity for Th-R formation. In contrast, in Ftm~/--tg(GBS-GFP)
this activity was strongly reduced, logically leading to the absence of Th-R in Ftm mutant
embryos. However, our quantification of Gli activity suggest that ground levels of Gli
activity are present throughout the diencephalon, probably allowing the formation of

the prethalamus and Th-C, two regions that required lower levels of Hh/Gli activity.

Zona limitans intrathalamica formation does not require primary cilia

The ZLI emerges from the ventral midline at the thalamic/prethalamic boundary,
coinciding with the prechordal/notochordal limit, at the 25 somite stage in mouse
embryos (Vieira et al., 2005) and extends towards the dorsal neural tube. The induction
of the ZLI requires Shh expression in the ventral diencephalon. In Shh conditional
knockout embryos for the ventral forebrain, the ZLI is not formed (Szabo et al., 2009).
However, inactivation of the Shh pathway using a conditional knockout of Smo in the
MDO showed that Shh expression was still present in the ZLI. These results suggest that
the maintenance, but not the initiation, of Shh expression in the ZLI is independent of
Shh signalling (Vue et al., 2009). Surprisingly, in Ftm mutants the ZLI forms and is more
extended along the DV axis and larger along the AP axis than in wild type embryos. The
greater extension of the ZLI in Ftm'/- embryos is likely due to the reduction of the Gli3R
levels, since it is rescued by reintroducing Gli3R in Ftm mutants (Ftm7/-Gli34/*). To
support this hypothesis, it has been shown that Wnt signalling in the alar diencephalon
stops the dorsal progression of Shh expression in the ZLI by the inhibition of GIi3

expression (Martinez-Ferre et al., 2013).
Primary cilia are present in neural progenitor cells projecting in the ventricle of
the neural tube. As mentioned above, in Ftm mutants we observed a strong reduction of

the number of cilia early on, at E9.5, in the ventral forebrain. Later on, when the ZLI is
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formed, we also observed a strong reduction in the number of cilia in the hypothalamus,
prethalamus, thalamus and in the ZLI. Since in Ftm7- the ZLI is formed, these
observations suggest that the ZLI formation is independent of primary cilia.
Nevertheless, the role of primary cilia in ZLI formation has not been studied in other
ciliary mutants. In the cobblestone mutant, a hypomorphic mutant in IFT88, the ZLI is
also formed. However, mutants have cilia, so they are not the right model t study the
role of cilia in ZLI formation ( Willaredt et al.,, 2008). How is possible that the ZLI is
formed in Ftm knockout embryos having a lack of Shh expression in the ventral
diencephalon? We observed at E9.5 a small region of Shh expression in Ftm mutants at
the level of ZLI. We proposed that this region is sufficient for the induction of the ZLI in
Ftm7/-. Interestingly, [Gli2, Gli3] double mutants have a ZLI while lacking ventral SHh
signalling (Bai et al., 2004). Moreover, in the mouse Glil acts as a target of Hh signalling
and cannot activate the pathway on its own in the neural tube (Bai et al., 2002).This,
together with our results, suggests that high Gli activity in the ventral diencephalon is
not required for ZLI formation. It is thus possible than Shh does not signal through Gli to
induce its own expression in the ZLI. Such non-canonical Shh pathway has been shown

to be active in neuronal migration for instance (Hashimoto-Torii et al., 2003).

Role of primary cilia in eye development

Early on during development, the secretion of Shh from the prechordal plate is
essential for the separation of the eye fields. In Shh mutant embryos, the separation of
the eye fields does not occur, causing the fusion of the two optic vesicles (cyclopia;
Chiang et al., 1996). Later, a balance of Hh/Gli activity regulates the proximo-distal
patterning of the optic vesicles. Gli1 and Gli2 (GliA) are essential for the expansion of the
proximal optic vesicle which gives rise to the optic stalk. Gli2 mutants showed normal
optic stalk formation but reduced eye separation. However, double mutants for Gli1 and
Gli2 showed a strong reduction of the optic stalk (Furimsky and Wallace, 2006)
indicating an essential role of GliA in optic stalk specification. In contrast, GIli3 (GliR) is
important for the optic cup and lens vesicle formation that will give rise the neural
retinal, retinal pigment epithelium and the lens. Gli3*/ t mutant embryos present an
agenesis of the eyes in most of the cases (Furimsky and Wallace, 2006). Our results

show that primary cilia are required for eye formation. Although the optic vesicles were
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formed, Ftm mutant embryos showed an agenesis of the neural retina and the lens,
whereas the optic stalk was still present. These results indicate that the separation of
the eye fields occurred, suggesting that there is a ground level of Hh/Gli activity allowing
this split. Conversely, there is a strong reduction of Gli3R, known to be required for
neural retina and lens formation. In double Ftm~/-GIli34/2 or Ftm~/-Gli3%/+ mutants, the
retina and the lens were rescued, indicating an essential role of the repressor form of

Gli3 for their genesis.

All these results obtained in Ftm mutant embryos indicate the distinct
requirements of GliA and GIiR for eye formation. Ftm~- embryos do not present cyclopia,
even when reintroducing two copies of Gli3R, suggesting that there is a basal Gli activity
in the early hypothalamic primordium sufficient to separate the eye fields. However, we

have not been able to detect this basal activity so far in the Ftm mutant.

A balance of GliA and GliR is essential for forebrain and eye

specification

The formation of specific regions of the forebrain and the eyes required a specific
balance of GliA and GliR. In Ftm mutants, the tegmental areas of the diencephalon, the
tuberal and mammillary hypothalamic areas and the Th-R were not formed. This is
consistent with high levels of GliA being required for the formation of these structures
(Hashimoto-Torii et al., 2003; Vue at al, 2009). In the Tg(GBS-GFP) reporter line in the
Ftm7/- background, a strong reduction of Gli activity in the ventral regions and in the Th-
R is observed, leading to the absence of formation of these structures (Fig. 34.I1-11). We
confirmed this results using ventral markers of each regions of the diencephalon and
hypothalamus (Shh, FoxAZ2, Pitx2, Wnt8b, and Dbx1) and markers for Th-R, such as
Mash1/Ascll or Gad67. On the other hand, Ftm~- embryos show an agenesis of the neural
retina and of the lens, likely due to the reduction in GliR levels, Gli3 being required for
their formation (Furimsky and Wallace, 2006). To support this hypothesis, we
reintroduced the repressor form of Gli3 in Ftm mutants. Surprisingly, the neural retinal
was totally rescued in double [Ftm-/- Gli3 A699] mutant and the specific genes Vax2,
Pax6 and Chx10, were correctly expressed, demonstrating the high requirement of GliR

for retina formation (Fig. 34.11I).
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Figure 34. Schematics of forebrain patterning defects in Ftm embryos and their link to perturbations of
Gli activity. A. Schematic drawings of the forebrain of E13.5 control (left) and Ftm~- (right) embryos. Shh
expression domains are in red. B-D. Interpretive schematics of the GliA/GliR ratios (green) during ventral
forebrain formation (B), alar diencephalon patterning (C) and optic vesicle patterning into optic stalk and
optic cup (D) in control, Ftm”/- and [Ftm*/, Gli34] embryos. B. A high GliA/GliR ratio is required for the
formation of the ventral forebrain. In Ftm+- as well as in compound [Ftm~/-, Gli34] embryos, the reduction
this ratio causes a strong reduction of the ventral forebrain. C. In the alar diencephalon, a high GliA/GliR
ratio is required for TH-R formation, while a lower ratio is sufficient for PTH and TH-C formation. In Ftm~-
embryos the TH-R is lost but the ratio is sufficient for PTH and TH-C formation. D. Optic stalk formation
requires a high GliA/GliR ratio, while the optic cup requires that only GliR is present. Low levels of GliA
are sufficient for optic stalk formation in Ftm~-embryos. In contrast, the optic cup is not formed due to the
reduction of GliR levels. In compound [Ftm+-, Gli34] embryos, the optic cup is rescued and the optic stalk is
reduced (the eyes are closer to one another) due to the reintroduction of Gli3R. A : anterior; ANT : anterior
hypothalamus; AP: alar plate; BP: basal plate; D: dorsal; FP: floor plate; MAM: mammillary
hypothalamus; P : posterior; PT : pretectum; PTH : prethalamus; PO : preoptic area; RP : roof plate; TA :
tegmental areas; TEL: telencephalon; TH-C: caudal thalamus; TH-R: rostral thalamus; TUB: tuberal

hypothlamus; V : ventral; ZLI : zona limitans intrathalamica.
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In contrast to the high requirements of GliA or GIliR, other structures of the
forebrain and the eyes need low levels of Gli signalling. In the diencephalon, the
prethalamus and the caudal thalamus (Th-C) require low levels of GliA to be formed. In
Ftm7/- embryos, these structures are formed, indicating that there is sufficient Hh/Gli
activity for growth and survival of the diencephalic structures (Fig. 34.11). In the case of
the eyes, the optic stalk also requires low levels of GliA to form. In Ftm mutants, the optic
stalks are present indicating that there is still a basal level of GliA leading to its
formation (Fig. 34.1I1). To support this observations, we found that in Ftm mutants the

eye fields were well separated sustaining that there is a ground levels of GliA.

A Ptch1 prepattern in the diencephalon of Ftm~/-embryos

At the end of the Hh/Gli transduction cascade, several generic and tissue-specific
target genes are expressed. Two generic target genes of the Hh pathway are Ptchl
(encoding the Shh receptor) and Gli1 (encoding a transcriptional effector of the
pathway). In the ventral forebrain of E7.5 mouse embryos, non-neural Shh expression in
the prechordal plate and notochord induces the expression of Ptch1 and Gli1 in a ventro-
dorsal decreasing gradient. Later, at E8.5, Shh is expressed in the ventral forebrain and
the expression of Ptchl and Glil is restricted to the lateral domains (Haddad-Tovolli et
al.,, 2015). In Ftm mutant embryos, Ptchl was not expressed in the forebrain at E8.5,
indicating that the Shh pathway is down-regulated. Later, the expression of Ptchl and
Gli1 is also activated around another source of Shh in the diencephalon, the ZLI. The ZLI
is the only AP organizing center expressing Shh (Hagemann and Scholpp, 2012; Epstein,
2012; Zhang and Alvarez-Bolado, 2016). In the ZLI, Ptch1 and Gli1 are both expressed in
a gradient, high in contact to the ZLI and decreasing toward anterior in the prethalamus
and toward posterior in the thalamus. Surprisingly, the expression of Ptch1 and Glil was
differently affected in Ftm mutants. Ptchl expression was drastically reduced in the
thalamus and strongly upregulated in the prethalamus. In contrast, Gli1 was reduced on
both sides of the ZLI. Thus, the loss of primary cilia in the Ftm mutant uncovers a
prepattern of Ptcl expression in the diencephalon, indicating that other mechanisms
regulate this target gene outside the Hh pathway. However, these genes remain
responsive to Gli activity, since the re-introduction of Gli3R (in [Ftm~”/-, Gli34/*] embryos)

abolishes Pthcl overexpression in the prethalamus. The consequences of Ptchl over-
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expression in the PTH are not known. Ptchl overexpression usually inhibits Hh
signalling by preventing Smo from entering the cilium. However, in the Ftm mutant,
there are no or few cilia in the prethalamus, and Smo activity is strongly downregulated
anyway. Ptchl also acts as a dependence receptor, triggering apoptosis when it is
expressed in the absence of ligand, in particular in the nervous system (Thibert et al.,
2003). Therefore it would be very interesting to test whether apoptosis is increased in

the PTH of Ftm mutants.

Are other pathways affected apart from Hh signalling in Ftm mutant?

Other signalling pathways such as the Fgf and Wnt pathways are known to be
essential for proliferation and cell fate in the diencephalon (Zeltser et al., 2001; Kiecker
et al., 2004; Scholpp et al., 2006). Are these other signalling pathways affected in Ftm”-
embryos? The Wnt pathway is essential for the regulation of the progression of the ZLI
(trough the inhibition of Gli3) and controls neuroepithelial cell proliferation (Bluske et
al, 2012; Martinez-Ferre et al., 2013). Several Wnt proteins are expressed in dorsal
diencephalon and ZLI, such as Wnt1 and Wnt3a. In Ftm mutant these genes were still
expressed in the diencephalon and one of the Wnt target genes, Axin2, was normally
induced (Fig. 35.A-F). These results suggest that Wnt signalling is not affected in Ftm

mutants.

The Fgf pathway is implicated in neurogenesis and in cell specification in the
thalamus (Kataoka and Shimogori, 2008; Martinez-Ferre et al, 2016). In in utero
electroporation assays in the mouse thalamus, overexpression of Fgf8 or repression of
the pathway by blocking its receptors, showed an increase or a reduction of the Th-R,
respectively (Kataoka and Shimogori, 2008). In addition, in Fgfl5 mutant embryos,
neurogenesis is reduced in the Th-C, and the Th-R is absent (Martinez-Ferre et al,,
2016). Fgf15 is important for proper neurogenesis in the thalamus (Martinez-Ferre et
al., 2016). We thus wondered whether the Fgf pathway was affected in Ftm knock-out

mouse embryos.
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Figure 35. Analysis of Wnt and Fgf pathways. A-F. In situ hybridisation of Wnt1, Wnt3a and

Axin2 in controls and Ftm~-. G-N. In situ hybridisation of Fgf15, Fgf8, and Spry2. The arrowheads

indicate the dorsal diencephalic expression (in blue) and ZLI expression (in red). Th: thalamus;

pTh: prethalamus

Fgf8 is expressed in the dorsal ZLI and in the thalamic roof plate. In Ftm~/-
embryos, Fgf8 expression was slightly expanded ventrally (Fig. 35.I1-L). This may be due
to the reduction in Gli3R. Indeed, previous studies have shown that Gli3 regulates the
expression of Fgf8 in the diencephalon: in Gli3 knockout embryos, the expression of Fgf8
is upregulated (Aoto et al., 2002). Fgf15, is expressed in neural progenitors of the
diencephalon. In Ftm~/-embryos, Fgf15 expression was normal (Fig.35.G-H). One of the
target genes of the Fgf pathway is Sprouty2 (SpryZ2), expressed in neural progenitors and
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newly born neurons in the thalamus. In Ftm mutants, Spry2 was correctly expressed
(Fig. 35.M-N). Thus, we have no clear indication of defects in the Fgf pathway in Ftm
mutants. This could be further tested, since defects in the Fgf pathway could contribute

to the defects in neurogenesis and Th-R formation observed in the Ftm mutant.

Links between ciliopathies, holoprosencephaly and other human
forebrain malformations linked to defects in Hh signalling

Ciliopathies and diencephalic:hypothalamic hamartomas

Hamartomas are malformations that contain tissues and cells normally present in
this location. They resemble benign neoplasms even if they display radically different
behavior. Hypothalamic or diencephalic hamartomas have been described in human
ciliopathies: some cases of Meckel (Roume et al, 1998) or Finnish hydrolethalus
syndrome (Paetau et al.,, 2008) and rarely in both Joubert syndromes (Poretti et al.,
2017), OFD1 (Del Giudice et al.,, 2014) and Bardet-Biedl syndrome (Diaz et al.,, 1991).
Furthermore they are frequent in oral-facial-digital syndrome type VI (Poretti et al,

2011).

What is the pathological substratum of hamartomas in human ciliopathies? Only
neuroradiological features are available for hypothalamic hamartoma in case of Bardet-
Biedl syndrome (Diaz et al. 1991), Joubert syndrome (Poretti et al. 2017), OFD 1 (Del
Giudice et al. 2014), OFD VI (Poretti et al. 2011). Unfortunately, no histological
description of the hypothalamic hamartoma is available in case of Meckel syndrome
(Roume et al. 1998). In the Finnish hydrolethalus syndrome, neurons grouped in
nodules have been described by Paetau et al. (2008). More descriptions of these lesions
in human ciliopathies are needed for classification of these lesions into different

subgroups.

Ciliopathies, obesity and hypothalamic defects

Obesity is a common trait observed in human ciliopathies. It is constant in
Bardet-Biedl syndrome (OMIM # 209900), Alstrom syndrome (OMIM # 203800) and
MORM syndrome (OMIM # 610156). It has also been reported in some cases of Joubert
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syndromes (JBTS8 in Thomas et al, 2015; Martin Catala unpublished observation).
Obesity has been particularly studied in human Bardet-Biedl syndrome or in its animal
models. Patients or mice are resistant to leptin (Eichers et al., 2006, Rhomouni et al,,
2008, Feuillan et al., 2011), such a resistance could be explained by the requirement of
certain proteins involved in Bardet-Biedl syndrome for the correct trafficking of leptin

receptor and therefore for its signaling pathway (Seo et al., 2009).

However, a longitudinal analysis over time of a conditional murine mutant for
Ift88 shows that the mice become obese even before being resistant to leptin (Berbari et
al., 2013). Thus, this resistance may be a secondary consequence and not the primary
cause of obesity in ciliopathies. An alternative explanation accounting for this obesity
could be the population of uni- and biciliated ependymal cells present on the floor of the
third ventricle (Mirzadeh et al., 2017). These cells are also known as tanycytes and are
derived from a Sonic Hedgehog-expressing domain (Mirzadeh et al.,, 2017). These cells
play a role in regulating hypothalamic functions, including in the regulation of food
intake (Prévot et al, 2018). Thus, a dysfunction of these cells could explain the
development of obesity. We have shown that the positive SHH region of the
hypothalamus depends on cilia. We believe that the population of the tanycytes of the
floor of the third ventricle could be one of the factors explaining the obesity observed in

some human ciliopathies.

Ciliopathies and Holoprosencephaly

Holoprosencephaly (OMIM 236100) is defined as an incomplete separation of
forebrain hemispheres and of left and right facial components, due to defects in the
formation of midline structures. It is the most frequent developmental forebrain defect
in humans: 1/ 10000 live births, and 1 in 250 cases of spontaneous abortions. HPE is a
highly heterogeneous condition, which involves both genetic and environmental factors.
The mode of inheritance is in majority autosomal dominant, with incomplete penetrance

and high intra- and inter-familial phenotypic variability (Fernandes & Hébert 2008).

There are two major classes of holoprosencephaly: classic holoprosencephaly in

which the ventral forebrain is most affected, and midline interhemispheric
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holoprosencephaly (also called syntelencephaly) in which the dorsal midline of the
forebrain is most affected. Classic holoprosencephaly encompasses three severity
classes: alobar (no separation of the ventral forebrain, often associated with cyclopia
and proboscis), semilobar (anterior hemispheres fail to separate) and lobar (milder
separation defects). Lobar holoprosencephaly is often associated with hypoplastic or
missing olfactory bulbs and corpus callosum and dysmorphic third ventricle.
holoprosencephaly is sometimes associated with multiple malformation syndromes

such as CHARGE.

The neuropathological study of cases of holoprosencephaly in humans has been
largely carried out but it mainly concerned foetuses or infants. Cases analyzed during
embryogenesis are rare (Miiller and O'Rahilly 1989, Yamada et al.,, 2004). In the Kyoto
collection, 221 cases of holoprosencephaly were observed among 44,000 specimens
(Yamada et al., 2004). Only 43 of them could be analyzed histologically because the
preservation of others was not compatible with such an examination. Their age ranges
from 32 days embryonic (E32 or Carnegie Stage CS 13) to E48 (CS21). In the Carnegie
Institute collection, 4 embryos were analyzed (Miiller and O'Rahilly, 1989), three at E38
(CS16) and one at E45 (CS19-20). The salient feature observed in these cases is a frank
hypoplasia of prosencephalon. The inter-hemipsheric fissure is either absent (in case of
cyclopia or synophthalmia) or considerably reduced (in case of hyopotelorism). The
diencephalon is considered as normal but no markers have been used to precisely
delineate subdivisions of this region. The hypothalamus is poorly described. In
conclusion, the description of these cases is limited and is based on simple stains
without labelling to highlight the different early territories of the neural tube at these
ages. Nevertheless, these results are important and must be taken into account for the

interpretation of later stages.

The neuropathology of late-observed cases has often focused on cortical damage
to the detriment of a more precise description of diencephalic and hypothalamic
disorders (see Marcorelles and Laquerriere 2010 for an example). Most often, it is
specified that the two thalamus merge on the midline obliterating the third ventricle.
The late-observed thalamic defect is to be correlated with the absence of gross anomaly

observed in cases seen early. It is interesting to note that the diencephalic ventricle is
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present in these early cases and that the fusion of the thalamus is therefore a secondary
phenomenon. The presence of ependymal remains within the fused thalamic mass is an

argument to favour this hypothesis of secondary deformation.

However, an interesting observation is worth mentioning: Case HCP-16-54
reported by Paul Yakovlev (1959). This is the case of a newborn girl who died at 15
hours of age and who presents an alobar form of holoprosencephaly. The hypothalamus
is described as grossly malformed whereas the thalamus displays some normal nuclei
and others which are absent. This discrepancy between a highly involved hypothalamus
and a more preserved thalamus is reminiscent of our results on Ftm~-. The significant
hypothalamic impairment described by Yakovlev is related to the high incidence of
diabetes insipidus (70%) observed in cases of holoprosencephaly, especially in severe
forms (Hahn et al., 2005). In addition, Yakovlev (page 50) describes an antero-posterior
gradient of telencephalic impairment, the anterior pole is always more affected than the
posterior pole. This is reminiscent of the gradient of patterning defect observed in the

mutant mouse.

In human ciliopathies, thalamic nuclei and subthalamic region have been poorly
analyzed. In Meckel syndromes, thalami are commonly described as fused giving rise to
hypoplastic third ventricle (Ahdab-Barmada and Claassen 1990, Roume et al. 1998).
This thalamic fusion is also the case for the Finnish hydrolethalus syndrome due to
mutation of HYLS1 (Paetau et al. 2008). The thalamus is considered as sparsely cellular
in term of neurons whereas the germinal matrix (namely the progenitor domain) is
prominent. This pathological feature is reminiscent of our observation of delayed of
neurogenesis with expansion of progenitors in Ftm mutant. In Joubert syndrome, only a
few observations have described the thalamic region. The thalamus is reported as
normal in some cases (Friede and Boltshauser 1978, cases 1, 2 and 5 from Juric-Sekhar
et al. 2012). Other cases of Joubert syndrome display thalamic abnormalities:
fragmentation of the posterior thalamus with absence of some subthalamic nuclei
(Yachnis and Rorke 1999), disorganization of the thalamus (case 3 due to mutation of
OFD1 in Juric-Sekhar et al. 2012), reduced cellularity (case 4 due to mutation of TCTNZ2
in Juric-Sekhar et al. 2012). These results suggest that the thalamus is involved in human

ciliopathies but has been ill described in the literature.
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Holoprosencephaly has been reported in two series of patients with Meckel
syndrome (Paetau et al., 1985, Ahdab-Barmada and Claassen 1990). Paetau et al. report
ten neuropathologically studies fetuses with the Finnish form of Meckel syndrome
(MKS1). Their case 3 is described as holoprosencephalic, however, the authors add that
the lateral ventricles are absent, such a feature contradicts the diagnosis of alobar
holoprosencephaly since in this pathology a single ventricle is one of the elements of the
syndrome. Ahdab-Barmada and Claassen (1985) report a series of 7 cases analyzed in
Pittsburgh (PA). Two cases (1 and 4) are described as holoprosencephalic. Nevertheless,
Figure 1A illustrating case 1 does not show holoprosencephaly but a ventricle with
septal agenesis. Joubert syndrome (JBTS) is a highly heterogeneous condition in which
at least 33 different genes have been associated with. No case of holoprosencephaly has
been described in association which such a genetic condition (Poretti et al., 2011; Poretti
et al,, 2017). Oral-facial-digital syndromes (OFD) are heterogeneous. Genes are known
only for three OFD syndrome (OFD1, OFD4 and OFD6). These three genes (OFD1, TCTN3
and CPLANE1) are also responsible for Joubert syndrome. A case of holoprosencephaly

has not been reported in OFD syndromes related to a known mutation.

Thus, holoprosencephaly does not appear to be frequently associated with
ciliopathies. The cases described in the literature are not convincing to link such a
condition with Meckel syndrome. This may be surprising, given the essential role of cilia
in vertebrate Hh signalling. Our study of the forebrain of Ftm mutants provides a
potential explanation, as we find clear phenotypic differences between the Ftm mutants

and Hh pathway mutants.

Nevertheless, ciliopathy genes could act as modifier genes for HPE. HPE shows
high phenotypic variability in single families, which has led to the proposal that a
combination of mutations in HPE genes could account for the variability in severity of
the phenotype (the multi-hit hypothesis). In favour of this hypothesis, digenic
inheritance has been identified in several HPE families (Mouden et al., 2016 and ref
therein). Interestingly, homozygous mutations in the STIL gene encoding a
pericentriolar and centrosomal protein have been found in patients with HPE and

microcephaly (Mouden et al,, 2015, Kakar et al., 2015). Mouse Stil homozygous mutant
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embryos display severe forebrain midline defects and die at E10.5 (Izraeli et al., 1999).
Ciliogenesis and centriole duplication, as well as Hh signaling, are defective in the
absence of STIL (Mouden et al., 2015). Whole genome sequencing in heterogenous HPE

families will allow testing the involvement of ciliopathy gene variants in this disease.

More generally, our study of the ciliopathy gene mutant Rpgrip1l/Ftm calls for
further examination of ciliary and ciliopathy genes in human neurodevelopmental

diseases associated with SHH pathway defects.
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CONCLUSION

Several functional studies of ciliopathy and other ciliary genes have shown the
role of primary cilia in the formation of the central nervous system. Most of these
studies focused on the spinal cord and on the cortex. Here we focused on two structures
of the forebrain that had not been analysed in detail. We discovered an essential role of
the Ftm/Rpgripl1l ciliopathy gene in mouse forebrain and eye morphogenesis. We
demonstrated that primary cilia and Ftm are required for the formation of specific
regions of the forebrain through the high requirements of GliA to form the ventral
diencephalon and hypothalamus, and the Th-R; and the high requirements of GliR for
the retina formation. We also discovered that ZLI formation is independent of primary
cilia and that Ftm mutants showed a differential prepattern of Hh target genes, Ptchl
and Gli1 expression in different diencephalic prosomeres. Morphological defects of the
diencephalon and hypothalamus have rarely been studied in severe ciliopathies.
However, OB and CC agenesis/hypoplasia have been often reported, as well as
microphthalmia. Our results thus call for further examination of the diencephalon and

hypothalamus in severe ciliopathies.
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RESUMEE

Les cils primaires sont essentiels au développement du systeme nerveux central. Chez la
souris, ils jouent un role essentiel dans l'organisation de la moelle épiniere et du
télencéphale via la régulation de la signalisation Hedgehog/Gli. Cependant, malgré la
perturbation fréquente de cette voie de signalisation dans les malformations du cerveau
antérieur chez 'homme, le réle des cils primaires dans la morphogenéese du cerveau
antérieur a été peu étudié en dehors du télencéphale. Pendant mon doctorat, j’ai étudié
le développement du diencéphale, de I'hypothalamus et des yeux chez des souris
mutantes pour le géne de ciliopathie Ftm/Rgprip1l. En fin de gestation, les feetus Ftm~/-
présentent une anophtalmie, une réduction de I'hypothalamus ventral et une
désorganisation du diencéphale. Chez les embryons Ftm7-, 1'expression de Sonic
hedgehog (Shh) est perdue dans le cerveau antérieur ventral, mais maintenue dans la
zona limitans intrathalamica (ZLI), I'organisateur diencéphalique. Dans le diencéphale,
l'activité de Gli est atténuée dans les régions adjacentes a la ZLI, mais montre un niveau
de base plus élevé dans les autres régions. Nos données révelent un réle complexe des
cils dans le développement du diencéphale, de I'hypothalamus et des yeux via le controle
régional du ratio entre les formes activatrices et répressives des facteurs de
transcription Gli. Ils sont en faveur d’'un examen plus approfondi des anomalies du
cerveau antérieur dans les ciliopathies séveres et de la recherche de génes de ciliopathie
comme modificateurs dans d'autres maladies humaines présentant des anomalies du
cerveau antérieur.

ABSTRACT

Primary cilia are essential for central nervous system development. In the mouse, they
play a critical role in patterning the spinal cord and telencephalon via the regulation of
Hedgehog/Gli signaling. However, despite the frequent disruption of this signaling
pathway in human forebrain malformations, the role of primary cilia in forebrain
morphogenesis has been little investigated outside the telencephalon. Here we studied
development of the diencephalon, hypothalamus and eyes in mutant mice in which the
Ftm/Rgprip1l ciliopathy gene is disrupted. At the end of gestation, Ftm”/- fetuses
displayed anophthalmia, a reduction of the ventral hypothalamus and a disorganization
of diencephalic nuclei and axonal tracts. In Ftm”/- embryos, we found that the ventral
forebrain structures and the rostral thalamus were missing. Optic vesicles formed but
lacked the optic cups. We analyzed the molecular causes of these defects. In Ftm7/-
embryos, Sonic hedgehog (Shh) expression was lost in the ventral forebrain but
maintained in the zona limitans intrathalamica (ZLI), the mid-diencephalic organizer. In
the diencephalon, Gli activity was dampened in regions adjacent to the Shh-expressing
ZLI but displayed a higher Hh-independent ground level in the other regions. Our data
uncover a complex role of cilia in development of the diencephalon, hypothalamus and
eyes via the region-specific control of the ratio of activator and repressor forms of the
Gli transcription factors. They call for a closer examination of forebrain defects in severe
ciliopathies and for a search for ciliopathy genes as modifiers in other human conditions
with forebrain defects.



