Hedgehog trafficking, cilia and brain functions
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The primary cilium has recently emerged as an important center for transduction of the Sonic Hedgehog (Shh) signal. Genetic studies have shown that
Shh signaling at the level of primary cilia is essential for patterning the ventral neural tube and regulating adult stem cells. Some defects observed in
human diseases and resulting from mutations affecting the organization of the primary cilium have been attributed to defective Shh signaling. The
recent development of Shh pathway inhibitors for treating tumors linked to perturbations of Shh signaling has fostered studies to understand their

mechanism of action in Shh receptor complex trafficking at the primary cilium.

1. Introduction

The Sonic Hedgehog (Shh) signaling pathway is well known for
its roles in patterning and growth of brain structures during
development (Dessaud et al., 2008; Varjosalo and Taipale, 2008).
The early discovery of Shh expression throughout the adult
rodent brain (Traiffort et al., 2010, 1998) has generated consider-
able interest and novel functions for this protein have progres-
sively emerged (Borzillo and Lippa, 2005; Traiffort et al., 2010).
The importance of Shh signaling in adult brain plasticity is
demonstrated by its implication in neural stem cell maintenance
in adult neurogenic niches (Han and Alvarez-Buylla, 2010; Suh
et al., 2009). Humans affected by the Gorlin syndrome have
inactivating mutations in the key Shh receptor Patched (Ptc),
characterized as a negative regulator of Shh signaling. They
display susceptibility to develop medulloblastoma, one of the
most malignant brain tumors in childhood. As a consequence of
these mutations, the Ptc-mediated inhibition exerted on the
Smoothened (Smo) receptor, the main positive regulator of the
pathway, is relieved, leading to the tumorigenic process. Thus,
inhibiting the Shh signaling pathway by small molecule inhibitors
has generated considerable interest for treating these tumors, and
several inhibitors of Smo are currently being evaluated for
treating medulloblastomas (Heretsch et al., 2010; Mas and Ruiz
i Altaba, 2010; Scales and de Sauvage, 2009). The recent discovery
that Shh signaling depends on primary cilia (Huangfu et al., 2003)
has fostered studies aimed at characterizing the distribution and
the regulation of the pathway at the level of this important
signaling center (Goetz and Anderson, 2010; Louvi and Grove,

* Corresponding author.
E-mail address: ruat@inaf.cnrs-gif.fr (M. Ruat).

2011; Simpson et al., 2009). Genetic studies in mice showed that
Shh signaling at the level of the primary cilium is essential for
patterning of the ventral neural tube in the mouse embryo but
also in the regulation of adult stem cells (Han and Alvarez-Buylla,
2010). In addition, some defects in human diseases known as
ciliopathies and resulting from mutations affecting the organiza-
tion of the primary cilia, have been attributed to defective
Hedgehog (Hh) signaling (Goetz and Anderson, 2010). Here, we
review the role of Hh signaling and trafficking at the primary
cilium during brain development and in mature neural tissues.
We also highlight its importance for treating brain tumors and
understanding the complex traits of several human disorders
linked to primary cilia defects.

2. Transduction of Hh signaling at the primary cilium

In vertebrates, the primary cilium is defined as a microtubule-
based organelle of about 1-5 pum in length. It extends from the
cell surface as a single, non motile, antenna-like structure and is
present on most cell types in embryonic and adult tissues
(Bettencourt-Dias et al., 2011; Louvi and Grove, 2011). The ciliary
basal body is formed from the mother centriole and acts as a
docking area for a large number of pericentriolar proteins. The
axoneme, constituted by nine doublets of microtubules, extends
from the basal body through the cilium. Between the basal body
and the axoneme, the transition fibers create a permeable barrier
between the cilium and the rest of the cell. Selective import or
export of proteins between the cytoplasm and the cilium require
intraflagellar transport (IFT) particles forming two complexes B
and A, which use the anterograde kinesin-2 (also known as the
Kif3 motor complex) and the retrograde dynein motors, respec-
tively (Rosenbaum and Witman, 2002; Taschner et al., 2011). The



primary cilium differs from the secondary motile cilia. In the
latter, the axoneme contains an extra central pair of microtubules
linked to the nine outer microtubule pairs. Intense genetic,
molecular, biochemical and pharmacological studies have
recently been conducted to understand its ultrastructure and its
functions in the central nervous system (CNS). Notably, efforts
have been made to identify components of signal transduction
pathways that are present in this organelle. Trafficking of proteins
involved in the Hh signaling pathway up and down the cilium in
stem or precursor cells has rapidly emerged as a key step in
neural development (Goetz and Anderson, 2010; Louvi and Grove,
2011).

Shh, Indian hedgehog, and Desert Hedgehog genes encode a
family of secreted peptides with key roles in tissue patterning
during embryogenesis. Their roles in adult neural tissues and the
involvement of the associated signaling pathway in brain phy-
siology and in pathologies are just beginning to be explored
(Traiffort et al., 2010). These proteins mediate their action via a
receptor complex associating two transmembrane proteins: Ptc,
the Shh receptor, which displays a transporter-like structure, and
Smo, a putative member of the G protein-coupled receptor
superfamily, which transduces the Shh signal downstream of
Ptc. The repression exerted by Ptc on Smo is relieved when Shh
binds Ptc and a complex signaling cascade is initiated leading to
the activation of the transcription factors of the Gli family (Gli1-3)
and to the transcription of target genes including Ptc and Glil
themselves (Fig. 1) (Ruiz i Altaba et al., 2007). Activation of the
canonical Shh pathway leads to the inhibition of Gli transcription
factor processing into their transcriptional repressor forms and to
the concomitant accumulation of their activator forms. Glil
constitutes a convenient readout for pathway activation and
amplifies the Hh response. Gli2 and Gli3 function mainly as
transcriptional activator and repressor, respectively, even if both

can show the opposite activity in specific contexts (Riobo and
Manning, 2007; Ruiz i Altaba et al., 2007).

Besides the canonical Shh pathway, a non-canonical pathway has
also been described. It induces synchronous Ca?* spikes and IP3
transients at the neuronal primary cilium through the activation of
Smo (Belgacem and Borodinsky, 2011). Several additional proteins
such as the negative regulator Hedgehog-interacting protein (Hip),
which is found in a soluble and membrane associated form in brain
regions (Coulombe et al., 2004), the two cell surface immunoglobu-
lin/fibronectin proteins, Boc and Cdo, and the growth arrest-specific
1 protein (Gas1) bind Hh proteins with high affinity, function as Shh
coreceptors and promote Hh signaling according to unknown
mechanisms (Varjosalo and Taipale, 2008; Allen et al., 2011). The
structurally related Boc and Cdo are integral membrane proteins
conserved from Drosophila to rodent whereas Gas1, a glycosylpho-
sphatidylinositol anchored plasma membrane protein, is specific to
Hh signaling in vertebrates. A likely model proposes that Gas1, Cdo
and Boc form a physical complex with Ptc and function as essential
coreceptors that mediate multiple cellular responses to Hh. How-
ever, this requirement of Hh coreceptors depends on the cell type
and the stage of development (Allen et al., 2011; Izzi et al,, 2011).

Smo, Ptc, Gli1-3 and the negative regulator Sufu have been
detected at the primary cilium (Corbit et al., 2005; Haycraft et al.,
2005; Huangfu and Anderson, 2006; Rohatgi et al., 2007; Roudaut
et al., 2011). Shh has been identified close to the cilium base in
target neural progenitors during active Shh signaling in the neural
tube (Chamberlain et al., 2008). Ptc is proposed to be localized to the
base of the cilium in the absence of its ligand and to inhibit signaling
by preventing Smo localization to the cilium (Fig. 1). Upon ligand
binding, simultaneous removal of Ptc and localization of Smo to cilia
occur. B-arrestins might mediate Smo interaction with the Kif3a
kinesin motor protein, regulating Smo localization to primary cilia
(Kovacs et al,, 2008; Rohatgi et al., 2007). Alternatively, Smo may

Fig. 1. Hedgehog signaling pathway at the primary cilium. (A) In the absence of Hedgehog (Hh) ligand, the receptor Patched (Ptc, blue) is located in the cilium and
represses Smoothened (Smo, green) mostly found outside the cilium, by an as yet unknown mechanism. Full-length Gli transcription factors (pink) present in the cilia in a
complex with the anterograde IFT-kinesin motor Kif7. Repressor factors such as Sufu (brown) promote Gli truncation into their repressor forms (GliR, blue). The retrograde
IFT-dynein motor allows GliR to reach the nucleus and to inhibit the transcription of the target genes. Hip (green), a negative regulator of the pathway binds Hh and is
found as both membrane-associated and soluble forms. Gas1 (orange), Cdo and Boc (blue) are other membrane proteins that bind Hh and are considered as positive
regulators of the pathway. They have not yet been identified at the primary cilium. (B) In the presence of Hh ligand (red), Smo inhibition is relieved allowing its
translocation and accumulation in the cilium involving its interaction with -arrestin (B-arr, brown). This accumulation relieves the inhibition that Sufu exerts on Gli
transcription factors and leads to the conversion of Gli transcription factors into their activator forms (GliA, red). Kif7 translocates to the cilium tip, promoting Gli
accumulation at that location, where Kif7 may also block the function of Sufu, resulting in activation of the Gli proteins. GliA reaches the nucleus and activates the

transcription of Hh target genes including Ptc and Gli1 themselves.



move through a lateral transport pathway from the plasma mem-
brane to the ciliary membrane (Milenkovic et al., 2009). Finaly,
phosphorylation of mouse Smo carboxyl terminal tail by the serine/
threonine kinases GIRK2 and CKlo was found to activate the
receptor and promote its ciliary accumulation (Friedland-Little
et al,, 2011). Activation of Smo would then antagonize the activity
of Sufu, which negatively regulates the Gli transcription factors
(Fig. 1). The kinesin Kif7, a vertebrate homolog of Drosophila Costal2
regulating the activity of Cubitus interruptus (the homolog of the Gli
transcription factors) (Ayers and Therond, 2010; Ingham et al.,
2011), is proposed to play a major role for tethering the components
of the Hh pathway at the primary cilium. Kif7 motor domain retains
the sequences characteristic of kinesin motors suggesting it may
behave as an anterograde motor protein. Kif7 would act down-
stream of Smo and upstream of Gli2. Its activity depends on the
presence of the primary cilium and it has both negative and positive
roles in Shh signal transduction. In the absence of Shh, Kif7 is
localized to the cilium base where it forms a complex in particular
with Gli proteins and promotes processing of Gli repressor forms.
Upon ligand stimulation, Kif7 translocates to the cilium tip and
would block Sufu, resulting in the accumulation and activation of
the Gli proteins (Endoh-Yamagami et al., 2009; Liem et al., 2009).
Interestingly, both Gli2 and Smo were found to require the retro-
grade motor dynein for exiting the cilia (Kim et al., 2009).

3. Hh ciliary dysfunction and human diseases affecting neural
tissues

Recent studies have investigated the link between the dysfunc-
tion of primary cilia and Hh signaling in human ciliopathies and in
related mouse models (Simpson et al., 2009) (Table 1). Several
components of the mouse IFT machinery required for the assembly
and maintenance of cilia were reported from a mutant screen to be
essential for the specification of Shh-dependent ventral cell types
in the neural tube. They include the IFTB complex components
IFT172, IFT88 and the IFT-dedicated retrograde motor DYNC2H1.
Disruption of the kinesin-2 motor (Kif3a-null embryos) also result
in similar defects in Shh-dependent neural patterning (Huangfu
and Anderson, 2005; Huangfu et al., 2003; May et al., 2005). IFT
proteins presumably act downstream of Ptc and Smo and upstream
of the Gli factors as suggested by genetic studies (Huangfu and
Anderson, 2005). The activator or repressor forms of Gli proteins
depend on IFT. Loss of Shh signaling in the neural tube of IFT
mouse mutants such as ift88 mutant might be linked to the
absence of Gli activator forms in the cilia.

Table 1

Mutations in several basal body proteins also indicate that cilia
are required for Hh signaling. For instance, the chick Talpid3
mutant displaying a mutated centrosomal protein, causes a
disrupted cilium, alters Hh signaling and is associated with
developmental defects consistent with disrupted Hh pathway
(Davey et al., 2007; Yin et al., 2009). In the same line, mouse
mutants for Ofd1 (oral-facial-digital syndrome), Ftm (fantom) or
Mks1 (Meckel syndrome type 1) display abnormal or absent cilia,
and Hh signaling defects (Goetz and Anderson, 2010).

More recent genetic studies of gene mutations in human
ciliopathies and in several human disorders have identified other
proteins involved in cilium function (see Table 1). Thus, these
mutations affect Hh signaling and are associated to the develop-
mental defects that are also observed in their mouse mutant
counterpart (see for review Goetz and Anderson, 2010). For exam-
ple, mutations in the Kif7 gene have been associated with the
Joubert syndrome and two developmental disorders called fetal
hydrolethalus and acrocallosal syndromes (Table 1; Dafinger et al.,
2011; Putoux et al., 2011). When Kif7 expression is reduced by
siRNA in cell lines, the number of cells expressing primary cilia is
reduced. An abnormal centrosomal duplication and fragmentation
of the Golgi network presumably due to alteration of microtubule
stability is also observed (Dafinger et al., 2011). Consistent with a
role of Kif7 in Hh signaling acting at the primary cilium, the Gli
transcription factors are misregulated in tissues from Kif7 mutated
fetuses. In addition, the pathogenic potential of the Kif7 mutant was
demonstrated using in vivo complementation approach to rescue
morphant phenotypes with human mRNA (Putoux et al., 2011).

Mutations of Shh have been also associated with holoprosen-
cephaly, a rare disorder characterized by a large spectrum of brain
and cranio-facial anomalies. Functional analysis of eleven of these
mutations has shown that the production of the active fragment
of Shh is dramatically impaired in eight of them, but not or
slightly affected for three others (Traiffort et al., 2004). It would
be interesting to investigate whether these three last mutations
are affecting Shh targeting to the cilium base (Chamberlain et al.,
2008) thus resulting to Shh signaling impairment. Further studies
are necessary to demonstrate whether pharmacological manip-
ulating of the Hh pathway (Fig. 2) might be of therapeutic value
for these various syndromes.

4. Cilia, Hh signaling and hippocampal development

Recent advances in adult neurogenesis have highlighted the
capacity of the brain to generate new neurons throughout adult

Ciliary components associated with Hedgehog signaling impairment and identified in human disorders.

Function Mouse gene Hh signaling Pathologies

identified impairment
Small GTPase Arl13b Decreased Js?
Basal body proteins Ftm, Mks1, Ofd1, Evc Decreased EVC?, JS type B?, MKS?, OFD*
B9 domain-containing proteins B9D2 Decreased MKS
Centrosomal protein Stil Decreased Primary microcephaly?®
Kinesin-like protein Kif7 Decreased JS, Fetal hydrolethalus, Acrocallosal syndroms
Kinesin anterograde subunit Kif3a Decreased nd*?
Dynein retrograde motor subunit Dync2h1 Decreased JATD?
IFT particles involved in retrograde movement (IFTA) Ift139, Ift122 Increased Nephronophthisis, JATD or nd?*
IFT particles involved in anterograde movement (IFTB) Ift172, Ift52, Ift57, 1ft88 Decreased VACTERL-H mouse model or nd?
PCP proteins Fuz, Intu Decreased nd*?

Arl13b, ADP-ribosylation factor like 13B; Dync2h1, cytoplasmic dynein 2 heavy chain 1; EVC, Ellis-van-Creved syndrome; Ftm, Fantom; Fuz, Fuzzy; Hh, Hedgehog; IFT,
Intraflagellar Transport; Intu, Inturned; JATD, Jeune Asphyxiating Thoracic Dystrophy; JS, Joubert Syndrome; Kif, Kinesin superfamily of protein; MKS, Meckel syndrome;
nd, not determined; OFD, oral-facial-digital syndrome; PCP, Planar Cell Polarity; Stil, Scl/Tall interrupting locus; VACTERL-H, Vertebral anomalies, Anal atresia, Cardiac
malformations, Tracheo-Eosophageal fistula, Renal and Limb malformations with Hydrocephalus.

@ See Davis et al. (2011), Dowdle et al. (2011), Friedland-Little et al. (2011), Goetz and Anderson (2010), and Putoux et al. (2011).
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Fig. 2. Pharmacological regulation of Smoothened trafficking at the primary cilium. (A) Schematic representation depicting the two-step model of activation of
Smoothened (Smo) at the primary cilium proposed by Rohatgi and collaborators. First, Smo (green) is translocated to the cilium (step 1) and then it undergoes an activation
stage (step 2). This model relies on three different forms of the receptor that could be pharmacologically manipulated. The antagonist compounds SANT-1, GDC-0449 and
MRT-83 interact with the cytoplasmic inactive form of the receptor (Smo1) and inhibit its translocation to the cilium. Despite its inhibitory properties, Cyclopamine
promotes Smo trafficking at the cilium and induces a cilium inactive form of the receptor (Smo2). The agonist molecule SAG, a Smo-activating M2 mutation or Hedgehog
ligands act through Ptc and induce a third active form of the receptor (Smo3) responsible for the activation of the Gli transcription factors. (B) Chemical structures of the
antagonist (SANT-1, GDC-0449, MRT-83, Cyclopamine, LDE-225) or agonist (SAG) compounds mentioned in (A).

life. Stem cells have been characterized in several regions of the
adult brain including the subventricular zone (SVZ) of the lateral
ventricles and the subgranular zone (SGZ) of the dentate gyrus
(Kriegstein and Alvarez-Buylla, 2009; Zhao et al.,, 2008). Both
neurogenic niches contain astrocytes displaying features of slow-
dividing adult neural stem cells that give rise to transit-amplify-
ing cells, the primary precursors of migrating neuroblasts. The
SVZ and the SGZ provide new neurons fully integrated into the
granular- and glomerular cell layers of the olfactory bulbs and
into the granular cell layer of the hippocampus, respectively. In
defined pathological conditions, newly generated cells deviate
from their normal destination and migrate towards the injured
tissue.

The identification of a specific Shh pathway in the adult brain
including the characterization of cells expressing Shh and its
receptor components (Coulombe et al., 2004; Loulier et al., 2005;
Traiffort et al., 1999) has paved the way to identify its potential
roles in the normal and diseased brain. The pathway is active in
the SVZ and controls the maintenance of stem and precursor cells
(Ahn and Joyner, 2005; Angot et al., 2008; Charytoniuk et al.,
2002b; Machold et al., 2003; Palma et al., 2005). In the hippo-
campus, an increase in the number of proliferating cells is
induced in the SGZ by local adeno-associated viral vector delivery
of Shh or oral administration of an Hh agonist. Conversely,
treatment with the Smo inhibitor Cyclopamine reduced hippo-
campal neural progenitor proliferation in vivo (Banerjee et al.,
2005; Lai et al., 2003; Machold et al., 2003). These data identified
for the first time Shh as a regulator of adult hippocampal neural
stem cells. Shh signaling acting through the primary cilia was
then proposed to display a critical role in the expansion and
establishment of postnatal hippocampal progenitors. Mice lacking
Smo in Glial Fibrillary Acidic Protein (GFAP)-positive neural
precursor cells show a defect in hippocampal neurogenesis
reflected by a very small dentate gyrus, a markedly reduced
proliferation and few newly generated neurons. This phenotype
is close to the one observed in mice lacking the kinesin Kif3a
(Takeda et al., 1999) in GFAP-positive cells, which display defec-
tive ciliogenesis, impairment of Shh signaling in granule neuron
precursors and no generation of radial astrocytes that function as
the SGZ stem cells (Han et al., 2008). Overexpression of an
oncogenic form of Smo (SmoM2) in hippocampal granule neuron
precursors does not result in tumor formation but nevertheless to

a clear increase of granule neuron precursors (Han et al., 2008). In
these cells, SmoM? is localized to primary cilia, in agreement with
its previously found subcellular localization in fibroblasts
(Rohatgi et al., 2009). Such an effect was not observed in Kif3a
mutant. Thus, correct Shh signaling through Smo is essential for
hippocampal stem cell development. In the Stumpy mutant
lacking ciliary axonemes in the hippocampus (Breunig et al.,
2008; Town et al., 2008), improper Gli3 processing was also
associated with the loss of cilia. The thinner dentate granule cell
layer observed in these animals was linked to deficiency in neural
stem cells and cell cycle exit, presumably related to a decrease of
Hh signaling at the primary cilia. Among the Gli transcription
factors, Glil was found to be the only one to be transcriptionally
induced following Shh pathway activation in the SGZ and was
required for the self-renewal of postnatal neural stem cells
(Galvin et al., 2008). In this area, Glil expression is associated
with the upregulation of genes not previously identified as Glil
transcriptional targets such as proapoptotic genes and genes
governing the G2-M transition. This might be related to the
unique ability of neural stem cells to maintain tight regulation
over cell cycle progression. Although hippocampal development
in embryos and neural stem cell maintenance require Sox2-
dependent regulation of Shh, this type of regulation remains to
be determined in adult hippocampal neural stem cells (Favaro
et al., 2009).

When adult neurogenesis is constantly decreased by condi-
tional ablation of primary cilia in adult GFAP—positive neural
stem cells, a delay in spatial learning and alteration of spatial
novelty recognition were observed (Amador-Arjona et al., 2011).
However, it is not yet known whether cognitive deficits observed
in ciliopathies are related in some aspects to alteration of Hh
signaling at the primary cilia. The distribution of Smo protein to
hippocampal mossy fibers (Masdeu et al., 2007) and its proposed
regulation by synaptic activity involving glutamatergic transmis-
sion suggest additional roles for Hh signaling in the control of
hippocampal functions (Banerjee et al., 2005; Petralia et al., 2011).

5. Cilia, Hh signaling and cerebellum development

Granule neurons in the cerebellum represent the most abun-
dant neurons in the adult brain and arise from granule cell



precursors (GCPs) located in the rhombic lip. From this germinal
center, GCPs migrate into the external granule cell layer (EGL) and
proliferate during the first two weeks after birth to produce
granule neurons. In the postnatal maturing cerebellum, Shh from
the Purkinje cells is a potent mitogen for GCPs (Traiffort et al.,
2010). This effect presumably occurs through the induction of one
of its direct targets, the proto-oncogene N-mycl mediating cell
proliferation via cyclin D1 and D2 (Knoepfler and Kenney, 2006).
As previously mentioned in the SGZ of the dentate gyrus, the
primary cilium is required for Shh-induced expansion of GCPs. The
loss of primary cilium observed in the conditional ablation of the
kinesin Kif3a severely disrupts cerebellar development from birth.
This effect is associated with a great depletion of the granule cell
population in the EGL linked to the down regulation of Shh target
genes Glil and cyclin D1 (Spassky et al., 2008). These observations
may explain the hypoplasia of cerebellar vermis observed in
Joubert and Bardet-Biedl syndromes, two ciliopathic genetic
disorders associated with defective primary cilia and also char-
acterized by breathing abnormalities, ataxia, developmental delay,
hydrocephalus, anatomical anomalies of the cerebral cortex or
retinal dystrophy (Joubert syndrome) and obesity, mental retarda-
tion, polydactyly, gonadal malformation, retinal dystrophy, renal
dysfunction (Bardet-Biedl syndrome) (Louie and Gleeson, 2005). In
addition, the loss of Smo in the GCPs mimics the phenotype of
Kif3a deficient mice. However in the Smo mutants, both the rate of
proliferation and the defects in cerebellar foliation are more
severely disrupted. This was related to the persistence of a cilia
dependent-repressor activity (probably Gli3), leading to a more
severe proliferation defect. In conditional Kif3a mutants, the loss
of repressor (Gli3) as well as activators (Glil, 2) leads to less
severe proliferation defects (Spassky et al., 2008).

Other components of the Hh pathway have been identified at
the cilia of GCPs. A tagged form of Smo (Smo-HA) was found
targeted to the primary cilia of cultured GCPs identified with anti-
adenylate cyclase III, a cilium shaft marker of neurons or related
cells. Interestingly, the G,> and G,;3 subunits of G proteins that
mediate a decrease in cAMP through inhibition of adenylate
cyclase, were also located to the primary cilia when expressed
in GCP cultures. The transcripts of G,;> and G,z are observed in
the outer EGL where proliferation occurs and silencing these
genes is accompanied by a significant decrease of Shh-mediated
GCP proliferation. Following these observations, it has been
proposed that the proliferative effects of Shh on GCPs are
mediated by Smo trafficking to the primary cilia involving G,
and G,;3 (Barzi et al., 2011). Investigating whether Boc and Gas1,
which are absolutely required for Shh-mediated GCP proliferation
(Izzi et al., 2011), are expressed at the primary cilia should be an
interesting further objective.

Impairment of neurogenesis during brain development has
been proposed to be associated with mental retardation in Down
syndrome (DS). Abnormal Shh signaling in the cerebellum of a
mouse model for DS (the Ts65Dn mouse) (Roper et al., 2006) has
been linked to the increase of Ptc expression, which would
promote the expression of a transcription-promoting fragment
of the amyloid precursor protein (AICD) (Trazzi et al., 2011). This
latter study argues that the trisomic gene APP is involved in the
impairment of neurogenesis in DS. This effect would be mediated
through an AICD-dependent up-regulation of Ptc leading to severe
deregulation of Hh signaling. However, whether these effects are
linked to abnormal Hh signaling in primary cilia is not known.

6. Astrocytes, cilia and Hh signaling

Astrocytes play diverse essential roles in CNS during embry-
ogenesis through regulation of synapse formation and function as

well as by promoting dendritic spine maturation. In adulthood,
they are proposed as key elements in synaptic transmission
(Stipursky et al., 2011). Several studies indicate that Hh signaling
is active in astrocytes both during development and in the more
mature brain. It is responsible for the proliferation of astrocyte
precursors in the developing chick optic nerve (Wallace and Raff,
1999) and regulates the expression of the transcription factor
Pax2 implicated in astrocyte differentiation in the mouse retina
(Sehgal et al.,, 2009). In the developing cerebellum, Shh from
Purkinje neurons has been proposed to stimulate differentiation
of Bergmann glia (Dahmane and Ruiz-i-Altaba, 1999). Astrocytes
in primary culture have been shown to respond to both Hh
proteins and to a Smo agonist leading to the transcription of Hh
target genes (Atkinson et al., 2009). In the mature brain, Shh
expressed by neurons including a subpopulation of GABAergic
neurons in the forebrain (Charytoniuk et al., 2002a; Ihrie et al.,
2011; Traiffort et al, 2001) regulates distinct populations of
astrocytes (Garcia et al., 2010).

Glial (GFAP-positive) cells also express a primary cilia as
shown by a small extracellular projection stained with anti-
adenylate cyclase type IIl antibody in rat and human cerebral
cortex (Bishop et al., 2007; Doetsch et al., 1999; Yoshimura et al.,
2011). Astrocytes in primary culture also displayed a primary
cilium with all the structural hallmarks such as 9+0 axonemal
arrangement and a pair of centrioles at its base. In these cells, the
endogenous pattern of localization of Ptc and Smo differs: Smo is
found in a diffuse manner in the shaft of the primary cilia whereas
Ptc accumulates at their base. This pattern of localization is
similar to that one previously reported in human embryonic stem
cells (Kiprilov et al., 2008) and is consistent with the model
proposed for the dynamics of Hh signaling machinery (Rohatgi
et al, 2007). Overexpression of Smo-GFP showed a specific
targeting to primary cilia of these cultured astrocytes and activa-
tion of the Hh pathway was found to regulate the survival of these
cells under stressed conditions (Yoshimura et al., 2011). Further
work is needed to determine whether Hh signaling at the primary
cilium of astrocytes is also implicated in cell survival after
external insults in vivo.

7. Cilia and Hh signaling in brain tumors

Abnormal proliferation of cerebellar GCPs are associated with
the development of medulloblastoma. These tumors were initially
considered as Hh ligand-independent since aberrant signaling
activation is linked to pathway-activating mutations in Ptc, Sufu
or Smo (Scales and de Sauvage, 2009). Humans affected by the
Gorlin syndrome display a higher incidence of medulloblastomas.
Gorlin syndrome is an autosomal dominantly inherited disorder
characterized by Ptc inactivating mutations that results in numer-
ous basal cell carcinomas as well as a number of other facial and
skeletal anomalies. The tumor formation is related to gene
silencing induced by methylation of the Ptc promoter identified
in mice but not in humans (Pritchard and Olson, 2008). However,
several other pathways are presumably involved in regulating
Hh-dependent formation of medulloblastoma such as the insulin-
like growth factor pathway in Ptc heterozygous mice (Corcoran
et al.,, 2008; Parathath et al., 2008). Interestingly, brain tumor
stem cells derived from medulloblastoma occurring in Ptc hetero-
zygous mice, have markedly higher basal Gli1l expression than
normal stem cells. They do not undergo apoptosis but their
proliferation rate is higher. This suggests a deficit in the protec-
tive mechanisms that lead non malignant stem cells to restrain
hyperproliferation in the context of potentially transforming
mitogenic signals (Galvin et al., 2008).



Interestingly, primary cilia can both mediate and suppress Hh-
dependent tumorigenesis depending on the underlying oncogenic
events, which may include constitutively active forms of Smo
(SmoM2) or Gli2 (Gli2AN) (Han et al., 2009; Wong et al., 2009).
The constitutive localization of SmoM2 to the cilia, where it
activates Gli2 and inhibits Gli3 repressor formation, accounts for
the tumorigenic process. Therefore, the absence of cilia impedes
SmoM2-mediated activation of downstream pathway. On the
contrary, the constitutive activity of Gli2AN is independent of
primary cilia. Nevertheless, when the cilia are present, mice
expressing Gli2AN mutant do not develop medulloblastoma
possibly due to the presence of Gli3 repressor. In the absence of
cilia, Gli3 repressor is not generated and consequently Gli2AN
induces medulloblastoma. The presence of primary cilia in spe-
cific variants of human medulloblastomas is also informative
from a therapeutic point of view. Thus, ciliated medulloblastomas
with high Hh signaling might be responsive to treatments that
target the primary cilium (Han et al., 2009). Smo activation and its
regulation by Hh signaling and by small molecules at the level of
the primary cilium have been proposed as a key step in tumor-
igenesis-dependent processes but are still not sufficiently studied
(Scales and de Sauvage, 2009).

8. Smo trafficking at the primary cilia is regulated by Hh
inhibitors

Cyclopamine and several other small-molecule inhibitors of
the Hh pathway (Fig. 2B) have been developed and proposed for
the treatment of cancers associated with dysfunctions of Hh
signaling. Most of these molecules, but not all, target Smo
(Heretsch et al., 2010; Scales and de Sauvage, 2009). Among
them, Cur61414 or HhAntag691 have been shown to induce
remission in animal models of medulloblastoma. Recently, clinical
trials for treating basal cell carcinoma and medulloblastoma in
human have been conducted with the small molecule GDC-0449,
which displays nanomolar potency for inhibiting Smo (Scales and
de Sauvage, 2009). However, such molecules may have some
limitations associated with Smo mutations leading to treatment
resistance. This has recently been observed for a patient affected
by a metastatic medulloblastoma refractory to multiple therapies.
Despite an initially rapid tumor regression, the treated patient
progressively developed a drug resistance, due to an acquired
Smo mutation disrupting the ability of GDC-0449 to bind Smo
(Rudin et al., 2009). A Smo mutation occurring at a homologous
position in mouse Smo was also observed in a GDC-0449-resistant
mouse model of medulloblastoma (Yauch et al, 2009). The
development of resistances was also observed in mice exhibiting
medulloblastoma treated by the Smo inhibitor LDE-225 also used
in clinical trials (Buonamici et al., 2011). These resistances were
associated with amplification of the transcription factor Gli2
linked to Hh signaling, to activating Smo mutations and possibly
to up-regulation of the phosphatidylinositol 3-kinase signaling
pathway. The Smo antagonist MRT-83 blocks Hh signaling in
mouse SVZ in vivo and Smo trafficking to the primary cilium like
GDC-0449 and LDE-225 (Roudaut et al., 2011; H.R. and MR,
unpublished work) but its ability to block medulloblastoma has
not been yet reported.

It has been proposed that Smo activation first requires its
translocation to the primary cilium, and then is followed by the
proper activation step (Fig. 2A). Consequently, Smo inhibitors
have been classified into at least two families of compounds.
SANT1-like molecules that would block Smo trafficking to the
primary cilium and Cyclopamine-like molecules that would affect
Smo activation process within the cilium (Rohatgi et al., 2009).
The SmoM2 mutation has been associated with basal cell

carcinoma and SmoM2 protein is equally distributed in the
cytoplasm and in the primary cilium of transfected cells
(Rohatgi et al., 2009). Interestingly, the mutant protein is less
sensitive to Cyclopamine than wild type Smo, whereas SANT1
inhibits both proteins with similar potency (Chen et al., 2002). It
has been anticipated that SmoM2-like mutations that might arise
from drug treatment in the clinic will therefore be more sensitive
to the SANT1-like family of molecules than to the Cyclopamine-
like family of molecules (Scales and de Sauvage, 2009). Further
studies should clarify the molecular and biochemical mechanisms
underlying the resistance to Smo inhibitors, particularly at the
level of the primary cilium in normal and cancer cells.

9. Conclusions

The functional roles of the Shh signaling pathway in the
developing and adult CNS range from regulation of stem and
precursor cells to the modulation of electrophysiological activity
of neurons (Bezard et al., 2003; Pascual et al., 2005). Increasing
evidences have shown that Shh signaling depends on the primary
cilium. Progress has still to be made for further understanding the
molecular and biochemical events controlling Hh pathway traf-
ficking at this important signaling center. Besides genetic studies
aimed at characterizing Shh signaling defects in human diseases
linked to alteration of the primary cilium biology, pharmacologi-
cal approaches using small molecules inhibitors or activators of
the pathway should unraveled novel properties of this trafficking.
Such studies may provide novel data for considering Shh signaling
as playing an active role in the tissue-repair process in brain
diseases (Loulier et al., 2006). In this context, the development of
drug-like Hh agonists and antagonists and the understanding of
their mechanism of action including at the primary cilium, is of
great interest not only for treating brain tumors but also for
developing novel therapies.
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