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Abstract

The Hedgehog (Hh) signal transduction pathway is essential for the development and patterning of
numerous organ systems, and has important roles in a variety of human cancers. Genetic screens for
mouse embryonic patterning mutants first showed a connection between mammalian Hh signaling
and intraflagellar transport (IFT), a process required for construction of the primary cilium, a small
cellular projection found on most vertebrate cells. Additional genetic and cell biological studies have
provided very strong evidence that mammalian Hh signaling depends on the primary cilium. Here,
we review the evidence that defines the integral roles that IFT proteins and cilia play in the regulation
the Hh signal transduction pathway in vertebrates. We discuss the mechanisms that control
localization of Hh pathway proteins to the cilium, focusing on the transmembrane protein
Smoothened, which moves into the cilium in response to Hh ligand. The phenotypes caused by loss
of cilia-associated proteins are complex, which suggests that cilia and IFT play active roles in
mediating Hh signaling rather than serving simply as a compartment in which pathway components
are concentrated. Hedgehog signaling in Drosophila does not depend on cilia, but there appear to be
ancient links between cilia and components of the Hh pathway that may reveal how this fundamental
difference between the Drosophila and mammalian Hh pathways arose in evolution.

INTRODUCTION

The primary cilium is a single, small, hair-shaped projection that emanates from the surface
of nearly all non-dividing mammalian cells. Genetic studies of mouse mutants that affect the
formation of primary cilia have shown that these structures are essential for developmental
signaling through the Hedgehog (Hh) pathway (Huangfu and Anderson, 2005; Huangfu et al.,
2003; May et al., 2005). This discovery was surprising, as the Hh-responsive cells in
Drosophila, where the pathway was first characterized, are not ciliated. Nevertheless, the
connection between cilia and mammalian Hh signaling is now clear, as all the key components
of the Hh signal transduction pathway are enriched in the cilium (Corbit et al., 2005; Haycraft
et al., 2005; Ochina and Anderson, 2008; Rohatgi et al., 2007). As the Hh pathway is required
for normal development of every organ system in mammals (McMahon et al., 2003) and Hh
signaling depends on cilia in all tissues tested (Wong and Reiter, 2008), the primary cilium
plays a central role in mammalian development. In addition, inappropriate Hh signaling causes
tumors such as basal cell carcinoma and medulloblastoma (Jiang and Hui, 2008) and Hh
appears to support the growth of a variety of other tumors (Ruiz i Altaba et al., 2002; Yauch
et al., 2008).
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As we describe here, mutations in different proteins required for cilia formation have distinct
effects on Hh signaling: some block responses to Hh ligands, others cause ligand-independent
pathway activation and yet others change the spatial organization of pathway activation.
Paralleling the complexity in the mouse embryo, mutations in a number of human genes
encoding proteins that localize to primary cilia or basal bodies, which nucleate cilia, are
associated with a set of pleiotropic human syndromes, including Bardet-Biedl (Tobin and
Beales, 2007), Meckel-Gruber, Joubert, Oral-Facial Digital, Kartagener and Alstrom
syndromes (Badano et al., 2006). These syndromes associated with seemingly unrelated
abnormalities as renal cysts, retinal degeneration, brain malformations, situs reversal, obesity
and polydactyly (Badano et al., 2006); it is not yet known how many of these abnormalities
are due to the disruption of Hh signaling.

Because the primary cilium projects into the extracellular space, it has been proposed that the
cilium acts as an antenna to facilitate the reception of Hh signals. This is an interesting
perspective, however it is now clear that the transport machinery within the cilium provides
an apparatus that is essential for mammalian Hh signal transduction. Here, we focus on findings
that define the cellular and molecular mechanisms by which IFT, a trafficking process required
for the construction and maintenance of cilia, regulates Hh signaling. Based on the analysis of
mutations that affect IFT and other cilia-associated components, we propose that, in addition
to providing a compartment where signaling pathway components are enriched, ciliary proteins
participate actively in the regulation of the Hh pathway.

Genetic Screens Reveal a Requirement for Cilia in Mammalian Hh Signaling

The connection between Hh signaling and primary cilia was first uncovered in forward genetic
screens undertaken to identify genes required for patterning in the mid-gestation mouse embryo
(Caspary and Anderson, 2006; Huangfu et al., 2003). Because forward genetic screens are
based on phenotype, this approach can define unexpected functions of any gene, or group of
genes, in the genome. As the central nervous system is prominent at mid-gestation, many
mutations were identified that affect patterning of the neural tube (Garca-Garcia et al., 2005).

The specification of distinct types of neural progenitors along the dorsal-ventral axis of the
neural tube requires highly regulated signaling events of several different pathways, including
Whnt (Patapoutian and Reichardt, 2000), BMP (Liem et al., 1997), retinioic acid (Appel and
Eisen, 2003; Pierani et al., 1999), as well as Shh (Briscoe and Ericson, 1999; Dessaud et al.,
2008; Ho and Scott, 2002; Wilson and Maden, 2005). The initial source of the Shh signal in
neural patterning is the notochord that lies below the ventral midline of the neural plate, and
specification of cell types within the ventral neural tube depends on levels Shh (Fig. 1A). The
ventral-most cell fates, floorplate and V3 interneuron progenitors, depend on high levels of
Shh for their identities, motor neuron progenitors require intermediate levels of Shh, and V2,
V1and VO interneurons require progressively lower levels of Hh signals for their specification.
In the absence of any Hh signaling, as in Smo mutant embryos, all these ventral cell fates are
missing and the neural tube is entirely dorsalized (Wijgerde et al., 2002). Because the identity
of cells within the ventral neural tube is highly sensitive to the levels and duration of Shh signal
(Dessaud et al., 2008), neural patterning provides a readout of Hh pathway activity.

A number of the mutations identified in the genetic screen based on altered neural patterning
were found to disrupt components of the evolutionarily conserved Hh pathway (Caspary et al.,
2002). In addition, two mutants, wimple (wim) and flexo (fxo), exhibited exencephaly (the

failure to close the anterior neural tube) as well as loss of Shh-dependent cell types in the neural
tube, including floorplate, V3 interneurons and motor neurons (Huangfu et al., 2003) (Fig 1B).
The wim and fxo mutations were shown to affect two IFT proteins: 1ft172 (wim) and 1ft88

(fxo). In addition to a loss of Hh signaling, null mutants of these genes lack cilia (Huangfu et
al., 2003; Murcia et al., 2000), consistent with phenotypes observed when homologues of these
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genes are mutated in Chlamydomonas reinhardtii (Pazour et al., 2000; Pedersen et al., 2005),
the single celled alga in which IFT was first described (Rosenbaum and Witman, 2002). A null
mutation in Kif3a, which encodes a subunit of the Kinesin-I1l1 motor required for anterograde
trafficking within the cilium, was also shown to disrupt Shh signaling and block the
specification of Shh-dependent neural fates (Huangfu et al., 2003), supporting a requirement
for IFT for mammalian Hh signaling (Fig 1B).

IFT proteins are required at the heart of the Hh cytoplasmic signal transduction pathway

The Hh signaling pathway plays critical roles in regulating embryonic development in
metazoan animals from cnidarians (Matus et al., 2008) to mammals (Jiang and Hui, 2008). Hh
signaling was discovered and first characterized in Drosophila, where it is required for
embryonic segment polarity (Nusslein-Volhard and Wieschaus, 1980; Mohler and Vani,
1992) as well as patterning of the imaginal discs that give rise to external structures of the adult
(Ma et al., 1993; Tabata and Kornberg, 1994).

The core components and regulatory relationships are conserved between Drosophila and
vertebrates (Fig. 2). In both flies and mammals, signaling is initiated upon binding of the
secreted Hh ligand to the transmembrane receptor, Patched (Ptch) (Chen and Struhl,
1996;Marigo et al., 1996a;Marigo and Tabin, 1996;Stone et al., 1996). There is a single Hh
ligand in Drosophila, whereas mammals have three Hh ligands - Sonic hedgehog (Shh), Indian
hedgehog (Ihh) and Desert hedgehog (Dhh). Unlike traditional receptors, the Ptch receptor is
a negative regulator of the pathway: in the absence of ligand, Ptch blocks the activation of
another transmembrane protein Smoothened (Smo) (Marigo and Tabin, 1996). In this state,
Cubitus interruptus (Ci), the transcription factor that acts as the effector of the Drosophila
pathway, is proteolytically processed into a repressor form and blocks transcription of target
genes. Upon Hh binding to Ptch, the repression of Smo is relieved, processing of the Ci
repressor form is blocked, the Ci transcriptional activator is produced and target genes are
expressed (Aza-Blanc et al., 1997). There are three vertebrate homologues of Ci: Glil, Gli2
and Gli3. Like Ci, Gli2 and Gli3 can both act as a proteolytically processed repressor or a full-
length activator (Marigo et al., 1996b;Pan et al., 2006;Wang et al., 2000). Gli3 functions
primarily as a repressor, Gli2 as a transcriptional activator, and Glil cannot be processed into
a repressor and is a transcriptional target of the Hh pathway (Matise and Joyner, 1999) (Fig.
2).

Although mutations in Drosophila IFT genes do not affect Hh signaling, genetic and
biochemical experiments showed that mouse IFT proteins are required for transmission of
information from Shh, Ptch and Smo to the Gli transcription factors that mediate activity of
the Hh pathway. For example, double mutant embryos that lack both an IFT-B protein (IFT172
or IFT88) and an upstream signaling component (Shh, Ptch or Smo) have phenotypes very
similar to those seen in the IFT mutants, both with respect to overall morphology as well as
specification of ventral neural cell fates (Huangfu et al., 2003). IFT172, IFT88 and Kif3a are
required for processing of Gli3 repressor (Huangfu and Anderson, 2005; Liu et al., 2005) and
IFT172 has been shown to be required for Gli activator function (Ocbina et al., 2008). Thus
intraflagellar transport is required for transduction of Hh signals from the membrane proteins
Ptch and Smo to the downstream Gli transcription factors in the mouse, but not in
Drosophila.

Hh Pathway Proteins are Localized to Cilia

The phenotypes of mouse IFT mutants demonstrate a tight correlation between the process of
IFT and the ability to properly transduce Hh signals. Further evidence that Hh signaling in
mammals requires the primary cilium as an organelle came from studies showing that core
components of the Hh signaling pathway are localized to cilia (Fig. 3). Ptch1, the mouse Hh
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receptor, is enriched within the primary cilium in the absence of ligand and moves out of the
axonemal shaft to surround the base of the cilium after exposure to ligand (Rohatgi et al.,
2007). In a parallel time course, Smo protein becomes enriched in primary cilia in response to
ligand (Corbit et al., 2005;Rohatgi et al., 2007). The Gli transcription factors are found at the
tip of the cilium both in the presence and absence of ligand. This localization to the ciliary tip
is thought to be required for the activation and/or processing of the Gli transcription factors
(Haycraft et al., 2005), although the mechanism by which localization to the cilium is required
for activation of the Gli proteins in response to Hh signaling is not understood. Sufu, a negative
regulator of the pathway, also localizes to the tip of the cilium in both the presence and absence
of ligand (Haycraft et al., 2005). However, analysis of Sufu; Ift88 double mutants suggests that
Sufu is able to act as a repressor of Hh pathway even in the absence of cilia (Jia et al., 2009).

Mutations in different IFT proteins cause a variety of defects on Hh signaling

Each primary cilium is formed of a ring of nine doublet microtubules that extends from a basal
body, a modified form of one of the two centrioles of the cell, the mother centriole (Dutcher,
2003). Construction and maintenance of the ciliary axoneme of the cilium depends the
bidirectional transport system of IFT (Fig. 4). The process of IFT, as well as its protein
components, appears to be conserved among cilia and flagella across eukaryotes. Two protein
complexes, IFT-A and IFT-B, form large protein platforms that deliver cargo to the tip of the
cilium or flagellum (Cole, 2003). Genetic analysis has identified more than a dozen other cilia-
associated proteins that are required for normal Hh signaling, and the roles of those proteins
in cilia structure and Hh signaling are varied (Table 1; Fig. 1).

As described above, the requirement for cilia in Hh signaling was initially discovered based
upon the phenotypes of mutations in Ift172 and Ift88 (Huangfu et al., 2003). In addition,
mutations in Ift52 and Ift57 show the same loss of Shh-dependent ventral neural cell types
(Houde et al., 2006; Liu, 2005) (Fig. 1B). IFT172, IFT88, IFT52 and IFT57 are components
of asingle protein complex, IFT-B, and null alleles of these mouse genes lack cilia completely.
The same phenotype, the failure to form cilia, is observed in Chlamydomonas mutants for
components of the IFT-B complex (Pazour et al., 2000; Scholey, 2008). The IFT-B complex
is thought to mediate anterograde trafficking within the cilium, nevertheless, the detailed
mechanisms by which IFT-B regulates anterograde trafficking are still the subject of
investigation (Fig 4). The anterograde motor, Kinesin-11, is composed of two motor subunits,
Kif3a and Kif3b, and an accessory subunit, kinesin-associated protein-3 (KAP-3) (Scholey,
1996; Yamazaki et al., 1996). In both Chlamydomonas and in mammals, loss of either Kinesin-
I1 motor subunit blocks formation of the cilium/flagellum (Kozminski et al., 1995; Marszalek
etal., 1999; Nonaka et al., 1998), and mouse Kif3a mutants show the same loss of ventral
neural cell types seen in IFT-B mutants (Huangfu et al., 2003).

Once IFT complexes and motors have reached the tip of the cilium, they dissociate from the
microtubules that make up the axoneme and release their cargo. In a process called tip
turnaround, the IFT complexes are remodeled, dynein is activated, Kinesin-II is inactivated,
and the complex takes on cargo to be recycled to the base of the cilium (lomini et al., 2001;
Pedersen et al., 2005).

Retrograde transport from the tip of the ciliary axoneme back to the base is mediated by
cytoplasmic dynein 2 (Fig. 4). Mouse mutations in the dynein heavy chain gene, Dync2hl,
produce cilia that are shorter than wild type and have characteristic bulges along the axoneme
(Huangfu and Anderson, 2005;May et al., 2005;0cbina and Anderson, 2008), similar to those
seen in Chlamydomonas mutants lack the dynein heavy chain gene (cDhclb) (Piperno et al.,
1998). Like Kif3a and IFT-B mutants, mouse Dync2h1 mutants fail to specify Shh-dependent
cell types in the ventral neural tube (Huangfu and Anderson, 2005;May et al., 2005). As in
IFT-B mutants, Gli3 is not properly proteolytically processed in Dync2h1 mutants (Huangfu
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and Anderson, 2005;May et al., 2005) and Gli activator function is also blocked (Ochina and
Anderson, 2008). Nevertheless, the Dync2h1l mutants are not identical to the IFT-B complex
mutants: the effect on neural patterning is stronger in rostral than caudal regions of the
Dync2h1 mutant neural tube (Huanagfu and Anderson, 2005) (Fig. 1D), in contrast to the
uniformly strong effect of IFT-B complex mutants. Mouse embryos lacking the light
intermediate chain component of IFT-dynein, Dync2lil (also known as mD2LIC) show the
same loss floor plate markers seen in Dync2h1 mutants, although neural patterning was not
further characterized (Rana et al., 2004). Thus loss of either loss of anterograde or retrograde
IFT blocks normal Hh signal transduction.

The IFT-A complex appears to cooperate with dynein to mediate retrograde transport (Pedersen
et al., 2008) and may play a role in tip turnaround (lomini et al., 2001), as IFT-A complex
mutants in both Chlamydomonas or mammals caused bulged cilia/flagella, similar to those
seen in the dynein mutants (Cortellino et al., 2009; Pedersen et al., 2005; Piperno et al.,
1998; Tran et al., 2008) (Fig 1C).

In contrast to the loss of Hh signaling seen in IFT-B and dynein mutants, mouse mutations
identified in two different genes that encode IFT Complex A proteins have the opposite effect
on Hh signaling: they cause ectopic activation of the Hh pathway in the dorsal neural tube
(Tran et al., 2008; Cortellino et al., 2009) (Fig. 1C). The alien (aln) mutation disrupts the
function of Tetratricopeptide repeat-containing Hedgehog modulator-1 (THM-1) (Tran et al.,
2008), one of two mouse homologs of Chlamydomonas IFT139
(http://www.ncbi.nlm.nih.gov/protein/156766595). In aln mutant embryos, Shh-dependent
cell fates including floor plate, V3 interneurons and motor neurons are dorsally expanded
(Tranetal., 2008). A similar expansion of ventral cell fates is seen in mutants that lack IFT122,
another component of the IFT complex A (Cortellino et al., 2009).

The opposing effects of IFT-A and IFT-B mutants on Hedgehog signaling are surprising and
difficult to explain based on what is known about the two classes of proteins. IFT-A and IFT-
B were identified as subcomplexes of a single large complex (Cole et al., 1998). In both
Chlamydomonas and C. elegans the two subcomplexes move coordinately in the same particle
(Ou et al., 2005; Qin et al., 2005). Studies in Chlamydomonas and C. elegans suggest that the
IFT complex B is required for anterograde IFT and transports complex A proteins to the ciliary
tip where IFT-A proteins are required for retrograde IFT (Pedersen et al., 2006; Pedersen et
al., 2005). However, studies on the phenotype of C. elegans dyf-2 mutants suggest that the
distinction between the functions of the two IFT subcomplexes may be an over-simplification.
C. elegans dyf-2 encodes the homologue of Chlamydomonas IFT144 (called Wdr19 in the
mouse), an IFT A complex protein (Cole, 2003). dyf-2 mutants have very short sensory cilia,
similar to those of complex B mutants, but they also accumulate IFT complex B proteins in
cilia, like complex A mutants (Efimenko et al., 2006). Thus at least one IFT-A protein, DYF-2/
IFT144, appears to play roles in both anterograde and retrograde IFT.

It is particularly surprising that mutations in the IFT dynein and IFT-A proteins, which are
both thought to mediate retrograde IFT, cause similar defects in cilia morphology but exert
opposite effects on the Hh pathway. Both the IFT-A mutants analyzed (THM-1/aln and
Ift122) have cilia defects similar to the phenotypes seen in Dync2hl mutants (Cortellino et al.,
2009; Huangfu and Anderson, 2005; May et al., 2005; Tran et al., 2008). The opposing
phenotypes of IFT-dynein and IFT- A mutants suggest that these two classes of protein have
distinct effects on the trafficking of Hh components.

Other Cilia-associated proteins and Hedgehog signaling

Another mouse mutation, hennin (hnn), has a novel effect on neural patterning: cell types within
the neural tube that depend on high levels of Hh signaling, such as floor plate, are lost, while
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cell types that depend on lower levels of Hh, such as motor neurons, are expanded dorsally
(Caspary et al., 2007) (Fig. 1E). Positional cloning showed that hnn inactivates Arl13b, a
member of the Arl subfamily of Ras GTPases that is highly enriched in cilia. In addition to the
defect in Hh signaling, loss of Arl13b causes a specific disruption in the microtubules of the
ciliary axoneme, the failure to close the B tubule of the outer doublet microtubules of the ciliary
axoneme. Loss of Arl13b does not affect Gli3 processing and instead causes Hh-independent,
low-level activation of Gli proteins (Caspary et al., 2007). Thus perturbation of the structure
of the ciliary axoneme can have specific, unexpected effects on the activity of the Hh pathway.

Another cilia-associated protein that plays an important role in Hh signaling is Tubby-like
protein 3 (Tulp3). Tulp3 is one of four TULP members related to Tubby (Tub), a regulator of
late-onset obesity (Coleman and Eicher, 1990). All TULPs, including Tub, are expressed at
highest levels in the retina (Ikeda et al., 2002). Tulp3 is more widely expressed throughout the
nervous system and Tulp3 mutant embryos fail to close the anterior neural tube (lkeda et al.,
2001), but its role in neural tube patterning was not investigated until recently. Like the IFT-
A mutants, Tulp3 mutants show an expansion of Shh-dependent ventral neural cell types,
indicating that Tulp3 is a negative regulator of the pathway (Cameron et al., 2009; Norman et
al., 2009; Patterson et al., 2009). Tulp3 is required at the same step in the genetic hierarchy as
the IFT proteins: downstream of Smo and upstream of the Gli proteins. Tulp3 protein localizes
to the tips of primary cilia in the neural tube, as well as to both the plasma membrane and the
nucleus (Norman et al., 2009; Patterson et al., 2009). Tulp3 mutant cells do not show obvious
defects in ciliogenesis (Norman et al., 2009; Patterson et al., 2009), however the localization
of Tulp3 to the tip of the cilium suggests that it could regulate the Gli transcription factors in
that compartment (Fig. 3).

Hedgehog pathway proteins that affect the cilia structure and trafficking

Thus far, we have focused on how mutations that disrupt cilia structure and trafficking also

alter Hh signaling. Several recent studies suggest that there is a deep and ancient connection
between Hh signaling and cilia: two proteins, Costal2 (Cos2) and Fused, first identified for

their roles in Drosophila Hh signaling (Lum et al., 2003; Robbins et al., 1997; Sisson et al.,

1997), have roles in cilia function in vertebrates.

Drosophila Fused is a serine/threonine kinase required for phosphorylation of the atypical
kinesin Cos2, Sufu and perhaps other components of the Hh pathway to promote signal
transduction (Aikin et al., 2008). Although Fused is important for Hh signaling in zebrafish
(Wolff et al., 2003), the single mouse Fused homologue apparently does not participate in
mammalian Shh signaling (Chen et al., 2005; Merchant et al., 2005). Instead, mouse Fused is
required for the formation of the central pair of microtubules in motile cilia in both zebrafish
and mouse (Wilson et al., 2009b).

Cos2 isakinesin-related protein that serves as an essential scaffold for Drosophila Hh signaling
protein complexes. Recent work has shown that the mouse kinesin Kif7, a homologue of Cos2,
acts as both a positive and negative regulator of the Shh pathway (Liem et al., 2009; Cheung
et al., 2009; Endoh-Yamagami et al., 2009). Kif7 moves to the tip of the cilium in response to
activation of the pathway (Liem et al., 2009; Endoh-Yamagami etal., 2009) (Fig. 3). Movement
of Kif7 to the cilia tip depends on its motor domain, suggesting that it acts as an anterograde
motor within the cilium, in parallel with Kinesin-I1 (Liem et al, 2009). Perhaps, like the C.
elegans homodimeric kinesin Osm-3/Kif17 (Ou et al., 2005), Kif7 cooperates with Kinesin-11
to control the cargo and rate of trafficking within the ciliary axoneme.
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Certain basal body proteins are required for cilia formation and Hh signaling

The ciliary basal body is a microtubule-based structure that forms from the mother centriole.
A number of proteins that localize to the centriole/basal body have been shown to be important
for both the assembly of primary cilia and for Hh signaling. The chicken talpid3 mutation was
first described over 40 years ago based on limb polydactyly (Ede and Kelly, 1964a; Ede and

Kelly, 1964b) and causes a set of developmental defects that are consistent with disrupted Hh
signaling (Lewis etal., 1999). The talpid3 is caused by a mutation in KIAA0586, a centrosomal
protein. talpid3 mutant embryos lack cilia, apparently due to a failure of the basal body to dock
at the apical membrane (Yin et al., 2009).

Several basal body proteins associated with human disorders have also been implicated in
primary cilia formation and Hh signaling. Mutations in Ofd1 cause the human disorder oral-
facial-digital type 1 syndrome (Ferrante et al., 2001), and mutations in Ftm/Rpgripll cause
Joubert syndrome type B and Meckel syndrome (Delous et al., 2007). Null mutations in mouse
Ftm and Ofd1 cause embryonic lethality and phenotypes characteristic of abnormal Hh
signaling, including loss of ventral neural cell fates, polydactyly and reduced expression of Hh
target genes (Ferrante et al., 2006; Vierkotten etal., 2007). Both Ftm and Ofd1 proteins localize
to the basal body (Romio et al., 2004; Vierkotten et al., 2007). Cilia in Ftm null embryos are
reduced in number and the cilia that do form on fibroblasts derived from Ftm mutant embryos
are short (Vierkotten et al., 2007). In male mouse embryos hemizygous for a deletion of X-
linked Ofd1, no cilia can be detected (Ferrante et al., 2006). Thus, in addition to proteins
associated with IFT, some proteins associated with the basal body are also required for primary
cilia formation and therefore for Hh signaling.

Another basal body associated protein, EVC, is required for Hh signaling in a tissue-restricted
manner (Ruiz-Perez et al., 2007). The Evc gene is mutated in the human disorder Ellis-van
Creveld syndrome, a chondroectodermal dysplasia (Ruiz-Perez et al., 2000; Ruiz-Perez et al.,
2003). Evc is expressed specifically within the developing orofacial region and the
cartilaginous components of the axial skeleton. In chondrocytes, EVC protein is present at the
distal end of the mother centriole, which becomes the basal body. However, in contrast with
Ofd1 hemizygous and Ftm null embryos, Evc null mouse mutants can survive to adult stages,
but show skeletal and craniofacial abnormalities. Cilia are present, even in chondrocytes, but
the skeletal phenotypes appear to be due to reduced Indian hedgehog (lhh) signaling: the
mutants show premature differentiation in growth plates of the long bones, and reduced
expression of Ptch and Glil in these tissues (Ruiz-Perez et al., 2007). Thus this basal body
protein apparently does not affect ciliogenesis, but is required for Hh signaling in specific cell

types.

Vesicle trafficking, cilia formation and Hh signaling

Vesicle trafficking from the Golgi to the cilium appears to be important in the initial stages of
ciliaformation from the mother centriole, as well as the subsequent growth and the maintenance
of the cilium (Sorokin, 1962; Pedersen et al., 2008). IFT20, an IFT B protein, is localized both
to cilia and to the Golgi complex (Follit et al., 2006) and may define one direct link between
vesicle trafficking and cilia formation.

Further evidence for a role for vesicle trafficking in cilia formation comes from a study linking
a proteins associated with Bardet-Biedl syndrome (BBS) to the small GTPase Rab8, which is
known to be important in vesicle trafficking and membrane fusion (Nachury et al., 2007). The
majority of the BBS proteins appear to form a stable complex that localizes to the base of the
cilium and recruits factors important for membrane and vesicle trafficking, including Rab8
(Nachury et al., 2007). Rab8 traffics within the cilium and can promote the fusion of membrane
vesicles to the growing cilium. Overexpression of Rab8 or expression of a constitutively
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activated form of Rab8 in cells results in extension of the ciliary membrane uncoupled from
extension of the axoneme. Conversely, a dominant negative Rab8 blocks cilia formation in
cells (Nachury et al., 2007); however mouse Rab8 mutant mice are viable until about 5 weeks
of age (Sato et al., 2007), which is not consistent with an essential role in ciliogenesis.

A study in zebrafish identified a cilia-localized protein, Elipsa, that also appears to link IFT
with vesicle trafficking via Rab8 (Omori et al., 2008). Elipsa is the homologue of IFT54 (Follit
et al., 2009) and interacts with IFT20 and the Rab effector Rabaptin5. Rabaptin5 was shown
to interact biochemically and genetically with Rab8, thus providing further evidence that the
IFT B complex is linked with a pathway important for vesicle trafficking (Omori et al.,
2008).

There are also indications that regulation of trafficking of vesicles from the Golgi to the cilium
can affect Hh signaling. The mouse ENU-induced mutation hearty (hty), which disrupts C2cd3,
a C2 domain-containing protein (Hoover et al., 2008), exhibits a number of defects consistent
with a loss of Shh signaling, including loss of ventral neural cell fates, and polydactyly. These
Shh pathway defects are apparently the result of cilia defects, as embryos homozygous for
hty, which is a hypomorphic allele of C2cd3, show a reduced number of cilia. Embryos
homozygous for a gene trap allele of C2cd3, which causes a more severe disruption of the
protein, fail to form any detectable cilia (Hoover et al., 2008). As C2 domain-containing
proteins are involved with calcium-dependent lipid binding (Nalefski and Falke, 1996), it was
suggested that C2cd3 may be involved with vesicle trafficking. GFP-tagged C2cd3 localizes
to the basal body (Hoover et al., 2008), but a direct role in vesicle trafficking has not yet been
established.

Furthermore, Rab23, a small GTPase disrupted in mouse open brain (opb) mutants, is a critical
negative regulator of the Shh pathway in the mouse (Eggenschwiler et al., 2001). Rab23 acts
downstream of Smo and upstream of the Gli receptors (Eggenschwiler et al., 2006), the same
step in the pathway as that affected by IFT. However, it is not known whether Rab23 regulates
trafficking of vesicles to the cilium or affects a different kind of vesicle trafficking.

Trafficking of Smo to and within the Cilium

Trafficking both to and within the cilium also appears to play a crucial role in the regulation
of the seven-pass transmembrane protein Smo. A key step in activation of the Hh pathway is
the movement of Smo into cilia when cells are exposed to Shh (Fig. 3). Localization of Smo
to the primary cilium is tightly correlated with Hh pathway activation. For example, mutations
in Smo that cause ligand-independent activation of the pathway (e.g. SmoM2; Taipale et al.,
2000) also cause constitutive localization of the mutant Smo to primary cilia (Corbit et al.,
2005;Han et al., 2008), and SmoM2 mutant protein cannot activate the pathway in the absence
of cilia (Han et al., 2008;Ocbina and Anderson, 2008). The transmembrane receptor Ptchl is
a negative regulator of pathway activity, and Smo is constitutively localized to cilia in Ptchl
mutant cells (Rohatgi et al., 2007;0cbina and Anderson, 2008), however the mechanism by
which Ptchl regulates Smo localization and activation is not known. Ptch is similar in structure
to bacterial transporters, and it has been suggested that Ptch may modulate the concentration
of a small molecule that controls Smo activation (Taipale et al., 2002). Treatment of NIH3T3
fibroblasts with 20a-hydroxycholesterol (20a-OHC), an oxysterol derivative of cholesterol, is
sufficient to promote Smo translocation to cilia and activate the pathway, which suggests that
an oxysterol-like molecule might regulate Smo movement to the cilium (Rohatgi et al.,
2007), although the identity of that molecule is unknown.

The localization of Smo to cilia is necessary for its activation. For example, amino acid
substitutions in Smo that prevent its localization to the cilium also block activation of the
pathway (Corbit et al., 2005; Aanstad et al., 2009). However, a variety of experiments have
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shown that Smo localization in cilia is not sufficient for pathway activity. Over-expression of
wild-type Smo in NIH3T3 cells leads to Smo enrichment in cilia without fully activating the
pathway (Rohatgi et al., 2007), and loss of the dynein motor that directs retrograde IFT leads
to constitutive ciliary Smo localization without pathway activation (Ocbina and Anderson,
2008). Furthermore, cyclopamine is a small molecule that inhibits activity of the pathway, but
it promotes Smo localization to cilia (Rohatgi et al., 2009; Wang et al., 2009; Wilson et al.,
2009a). These observations have suggested the hypothesis that Smo is activated in a two-step
process: the first step being localization to the cilium and a second step a conformational change
of Smo within the cilium that triggers downstream signaling events (Rohatgi et al., 2009) (Fig.
5).

The trafficking events that target Smo to the cilium are not known. The accumulation of Smo
in the cilia of IFT dynein mutants, in which retrograde IFT is disrupted, suggests that Smo is
trafficked through the cilium at a low basal rate in the absence of ligand (Ocbina and Anderson,
2008). Several G-protein coupled receptors that localize to the cilia of sensory neurons require
the basal body associated proteins BBS2 and 4 for their localization (Berbari et al., 2008), but
Hh signaling and cilia formation are normal in Bbs2 and Bbs4 mouse mutants (Kulaga et al.,
2004; Mykytyn et al., 2004; Nishimura et al., 2004), and there is no evidence of a role for these
proteins in trafficking Smo. A recent study has suggested that B-arrestins mediate the
interaction of Smo with Kif3a in NIH3T3 cells (Kovacs et al., 2008). However, the exact
function of B-arrestins within the cilium and their relationship to Smo are controversial (Molla-
Herman et al., 2008), as mouse knockouts for either B-arrestin-1 or -2 do not affect early mouse
development (Bohn et al., 1999; Conner et al., 1997). Thus additional genetic and cell
biological experiments will be needed to define how Smo moves into the cilium.

Given the vital role of Shh signaling in regulating the patterning of the early embryo and the
development of nearly every organ and roles of the Shh pathway in cancer, it is critical to
understand mammalian-specific regulation of Hh signaling by primary cilia. Studies conducted
over the past several years have revealed the complexity of the mechanisms active in primary
cilia to regulate the Hh pathway. If the cilium were simply a compartment where components
of the Hh pathway are enriched, mutations that disrupt cilia formation would be predicted to
have similar effects on pathway activity. However, as we have described, mutations in different
cilia-associated proteins can increase, decrease or change the spatial distribution of the activity
of the pathway. A striking example of the unexplained complexity of the pathway is that
different mutations in two kinds of components that affect retrograde IFT, dynein and IFT-A
proteins, have opposite effects on Shh signaling.

Proteins associated with the basal body also differ in terms of their effects on the Hh pathway.
Some basal body proteins are clearly required for Hh signaling, while others, most notably
BBS proteins, do not appear to be individually required to regulate Hh signaling. Of the basal
body proteins that are required for Hh signaling, some are clearly required for cilia formation.
Loss of function of other basal body proteins however, including EVC, does not result in overt
defects in cilia formation. Thus, the specific functions of proteins associated with the basal
body with respect to cilia formation need to be defined.

Although understanding of the mechanisms that control Smo localization to cilia in response
to Hh ligands is essential for understanding why and how the mammalian Hh pathway is tied
to the primary cilium, much remains to be learned. In vivo, Shh acts as a morphogen: different
concentrations of Shh direct different cell fates (Jiang and Hui, 2008; Ruiz i Altaba et al.,
2003). The question of whether the gradient of Shh activity depends on regulation of Smo
localization to the cilium or activation within the cilium has yet to be tackled.
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It remains a mystery why vertebrate, but not Drosophila, Hh signaling is coupled to cilia. The
Hh pathway is ancient and must have been present in the common ancestor of both protostomes
and deuterostomes (Matus et al., 2008), and may have co-opted from more primitive eukaryotes
before the advent of multicellular animals (Hausmann et al., 2009). Cilia and IFT are also
conserved across evolution from the single celled alga Chlamydomonas to mammals. It will
be important to determine whether Hh signaling in other invertebrate metazoans depends on
cilia. It is interesting to note that Chlamydomonas IFT proteins play an integral role in a
signaling cascade important during fertilization (Wang et al., 2006), suggesting that role of
cilia in cell signaling goes far back in evolutionary history.
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Figure 1. Summary of IFT mutants and their associated neural patterning defects

Upper row: schematic of cilia morphology; lower row, schematic of neural tube patterning in
the same mutants. (A) In wild-type, cilia are required for cells to respond to Shh, which is
essential for the specification of a set of cell types in the ventral neural tube. The notochord
(dark green) located ventral to the neural tube acts as the initial source of the Shh signal (arrow).
In the absence of Shh, none of the indicated ventral neural cell types are specified. (B) In
mutants that lack the anterograde IFT motor Kinesin-11 or components of the IFT-B complex,
cilia are severely shortened or absent, the most Shh-dependent ventral neural cell fates, floor
plate and V3 interneurons are absent, and the number of motor neurons is severely reduced
(Huangfu et al., 2003; Houde et al., 2006; Liu, 2005). (C) IFT-A complex mutants have
abnormal cilia with bulges and tend to be short. The neural tubes in these embryos show
expansion of Hh-dependent ventral cell fates (Cortellino et al., 2009; Tran et al., 2008). (D)
Dynein mutants, which are deficient in retrograde trafficking, have bulged cilia similar to those
of IFT-A mutants, but their neural patterning phenotype is consistent with a loss of Hh
signaling. Rostrally, the phenotype resembles that depicted in (B), while caudally motor
neurons are specified (Huangfu and Anderson, 2005; May et al., 2005). (E) Arl13b"™ cilia
have structural defects in the axoneme. Neural patterning in these mutants is unusual, with a
loss of ventral-most cell fates, but an expansion of motor neurons, which depend of
intermediate levels of Shh for their specification (Caspary et al., 2007). Cilia in Kif7 mutants
appear normal, but motor neurons are expanded dorsally (not shown).
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Figure 2. The core Hh signaling pathway

The vertebrate Hedgehog (Hh) pathway in the absence (A) or presence (B) of Sonic hedgehog
(Shh) ligand. (A) In the absence of ligand, the Shh receptor Ptchl prevents the activation of
another transmembrane domain protein, Smo. In this state, full length Gli2 and Gli3 are
proteolytically processed into a smaller repressor form. (B) Upon Shh ligand binding to Ptchl,
the inhibition on Smo is relieved and activates full-length Gli proteins and blocks production
of Gli repressors.
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Figure 3. Localization of Hh pathway components to the primary cilium in the presence and absence
of Shh

(A) In the absence of Shh ligand, Ptchl is enriched in primary cilia and Smo is not. Sufu and
Gli are present at the cilia tip, and events take place that promote proteolytic processing of Gli3
to the transcriptional repressor form (red star), causing repression of Hh target genes. KIf7, a
kinesin homologous to Drosophila Cos2, is present at the base of the cilium and helps prevent
activation of the pathway. (B) In the presence of Shh ligand, Shh binds to Ptchl, and Ptchl
moves out of the ciliary axoneme. In parallel, Smo is enriched in primary cilia and promotes
activation rather than proteolytic processing of Gli proteins. Kif7 moves from the base to the
tips of cilia and contributes to the activation of Gli proteins. Activated Gli proteins are
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transported out of the cilium to turn on Shh target gene expression in the nucleus. Sufu and Gli

proteins are localized to the tip of the cilium in both the presence and absence of ligand, as is
Tulp3.
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Figure 4. The components of anterograde and retrograde IFT complexes

Anterograde transport from the basal body to the distal tip is driven by the heterotrimeric
Kinesin-11 complex, composed of Kif3a, Kif3b (pink) and KAP3 (green), and the multiprotein
IFT-B complex (red). At the tip of the cilium, IFT turnaround and remodeling of the IFT
complexes occur in a poorly-understood process (Pedersen et al., 2006). Recycling of ciliary
components to the base of the cilium is mediated by cytoplasmic dynein 2 (blue), together with
the IFT-A complex (orange).
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Figure 5. Smo activation requires localization to the primary cilium

Modified from Rohatgi et al. 2009. Smo is activated through a series of steps and conformations
that can be stabilized by small molecule regulators of Hh signaling. Full activation of Smo
requires the transport of inactive cytoplasmic Smo (red) from the cytoplasm into the cilium
controlled by step R1. The Smo antagonists SANT-1 and -2 stabilize Smo in this inactive state.
Smo within the cilium can exist in an inactive state (blue) that is trafficked out of the cilium
when no further activation is achieved (R3). This inactive form is stabilized by the antagonist
cyclopamine. Smo can be activated (green) through a second step, R2, to promote activation
of downstream pathway components such as Gli proteins. This state is promoted by Shh signal,
and can be stabilized by the Smo agonist SAG as well as activating mutations such as SmoM2.
IFT-Dynein mediates retrograde transport of Smo (R3) in either an active or inactive state, as
Dync2h1 mutant cilia constitutively localize Smo without Shh pathway activation. The
mechanisms that deliver Smo to the cilium are not known.
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