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The signaling pathways that mediate intercellular communication during development are
inextricably tied to the cellular organization of multiprotein signaling complexes. These
complexes include activated transmembrane receptors associated with adaptors and signaling
effectors (Hoeller et al., 2005), the B-catenin destruction complex (Kimelman and Xu, 2006),
and complexes associated with endosomes (Fischer et al., 2006). In each of these cases,
clustering the signal transduction machinery in a small, defined subcellular locale promotes
efficient and rapid interaction and modification of signaling proteins in response to signal.

Hedgehog signaling is essential for many different aspects of the development of both
invertebrates and vertebrates (McMahon et al., 2003) and dysregulated Hh signaling
contributes to a variety of human tumors (Rubin and de Sauvage, 2006). The Drosophila
Hedgehog (Hh) signaling pathway depends on a protein complex between the transmembrane
protein Smoothened (Smo), the transcription factor Ci that implements Hh signals, and several
associated proteins, analogous to receptor-associated complexes in other pathways. Recent
results on mammalian Hedgehog signaling have revealed a unique variation on this theme. In
mammals, it appears that Smo, Glis (the homologues of Ci) and associated proteins are
localized to a specific organelle, the cilium. Here we provide an overview of cilia, the evidence
that cilia are essential for mammalian Hedgehog signaling, the available data on the steps in
Hh signal transduction that take place in cilia, and the observations that suggest cilia are
important in other developmental signaling pathways.

The nature of cilia

Cilia and flagella are slender projections from cells with a stereotyped microtubule-based
structure that includes a ring of nine double microtubules (“the outer doublets”); each cilium
grows from a basal body, a modified centrosome. Mammalian cilia can be motile or immotile
and can have a variety of cell-type specific structures. Among cells with motile cilia, some,
like those of the embryonic node, have a single cilium, while ependymal cells of the adult brain
can have multiple cilia and cells in the bronchial epithelium can have hundreds of cilia
(Afzelius, 2004).

The physiological importance of motile cilia has been clear since the mid 1970s. Manes
Kartagener (1933) defined an inherited human syndrome that showed the unusual combination
of bronchiectasis (a type of chronic pulmonary obstruction), chronic sinus infections, and
reversal of left-right asymmetry (situs inversus). The identification of an additional aspect of
the syndrome, sperm with immotile flagella, led to the recognition that immotile cilia were
responsible for the lung and sinus defects and suggested that normal left-right asymmetry was
likely to depend on cilia as well (Camner et al., 1975; Afzelius, 1976). Subsequent studies in
the mouse embryo have defined many aspects of how the motile cilia of the mouse node
generate left-right asymmetry (for a recent review, see Shiratori and Hamada, 2006).

Non-moatile cilia are found as a single cilium per cell. Non-motile cilia can be specialized to
form structures as elaborate as the outer segments of photoreceptors and the sensory apparatus
of olfactory neurons in which signal transduction components are enriched in the cilium. In
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addition, nearly all interphase and non-dividing cells in vertebrates have a single, non-motile
apparently unspecialized cilium (called a primary cilium). The role of primary cilia came into
prominence beginning in 2000, when connections became apparent between primary cilia and
polycystic kidney disease (PKD), and it is currently believed that renal cilia act as
mechanosensors for flow within kidney tubules, although it is not yet clear how disrupted
mechanosensation leads to polycystic kidneys (Nauli and Zhou, 2004). Here we focus on the
ubiquitous, yet still mysterious, non-motile primary cilia found on other cell types in the adult
and developing embryo.

Building cilia: Intraflagellar transport

Our current understanding of the structure, construction and function of cilia is largely
grounded in genetic and biochemical studies in the unicellular alga Chlamydomonas.
Chlamydomonas has two long flagella (which have the same structure as cilia) that it uses to
swim; the flagella are also essential for recognition and fusion of the two mating types that
precedes meiosis. The isolation and characterization of mutants defective in swimming defined
many of the components necessary for construction or motility of the flagella (Dutcher,
1995).

Kozminski et al. (1993) observed particles that moved from the base to the tip of the
Chlamydomonas flagellum and back again by DIC microscopy; they named this process
intraflagellar transport (IFT; summarized in Figure 1). They went on to correlate the IFT
particles with large raft-like structures visible in transmission EM between the outer doublet
microtubules and the ciliary plasma membrane. The FLA10 gene was required for presence of
flagella and analysis of the process of intraflagellar transport in temperature-sensitive flal0
alleles showed that the gene was required for the movement of IFT particles (Kozminski et al.,
1995). FLA10 turned out to encode a subunit of kinesin-I1, a plus end-directed, microtubule-
based motor (Walther et al., 1994) that was associated with outer doublets (Kozminski et al.,
1995).

Subsequent studies showed that IFT depends on a trimeric kinesin-11 motor (one subunit of
which is encoded by FLA10) that carries proteins to the distal tip of the cilium where they can
be assembled into the axoneme of the cilium (or flagellum) and a dimeric cytoplasmic dynein
that powers retrograde transport of ciliary proteins back to the cell body. At least seventeen
proteins in two large complexes (A and B) create the raft-like structures seen in the EM. In the
absence of the kinesin subunits or of IFT complex B proteins analyzed, IFT fails and no
flagellum can be constructed.

Movement of IFT particles in cilia has been visualized in the cilia of chemosensory neurons
in living C. elegans using transgenic worms that express GFP-tagged components of the IFT
machinery (Orozco et al., 1999). Similarly, the movement mammalian GFP-tagged IFT20
along the cilium has been visualized in mammalian cells (Follit et al., 2006). Genetic studies
have confirmed that IFT proteins are essential for the construction of cilia in C. elegans (Cole
et al., 1998), zebrafish (Sun et al., 2004; Tsujikawa and Malicki, 2004) and mice (Pazour et
al., 2000; Huangfu et al., 2003).

Mouse IFT mutants demonstrate that Hh signaling is coupled to cilia

The first indications that intraflagellar transport proteins play roles in developmental processes
in addition to the establishment of left-right asymmetry came from analysis of mutations in the
mouse Ift88 gene (also called Tg737, orpk or polaris). The transgene insertion allele Tg737 is
a partial loss-of-function mutation that causes both PKD and a clear defect in limb patterning,
preaxial polydactyly, in homozygotes. Although animals homozygous for the Tg737 mutation
survive until after birth, a targeted null allele of mouse Ift88/polaris caused lethality at
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midgestation (Murcia et al., 2000). The mutant embryos showed randomized left-right
asymmetry associated with loss of cilia in the node. These embryos also showed defects in
other midline structures that could not be readily explained by defects in nodal cilia. Similarly,
targeted mutations in mouse Kif3a and Kif3b subunits of the anterograde kinesin-11 IFT motor,
which cause the absence of cilia and defects in left-right patterning, also caused midgestation
lethality that could not be attributed to defects in left-right asymmetry (Nonaka et al., 1998;
Takeda et al., 1999; Marszalek et al., 1999).

By an independent approach, two mutations were identified in a forward genetic screen for
ENU-induced mutations that prevented specification of set of ventral cell types in the
developing neural tube (Huangfu et al., 2003). Sonic hedgehog (Shh) is required to specify the
cell types that were missing in these mutants, but the mutations mapped to regions of the
genome that did not include the evolutionarily conserved components of the Hedgehog
signaling pathway. Positional cloning showed that the mutations affected two IFT complex B
proteins, IFT172 and IFT88. Subsequent studies showed that mutants that lack IFT52, Kif3a
or the heavy chain of the retrograde dynein (Dynch2; formerly called Dnchc2) show a similar
loss of Shh-dependent ventral neural cell types (Huangfu et al., 2003; Liu et al., 2005; Huangfu
and Anderson, 2005). Although less well characterized, mutations in several other mouse IFT
genes appear to have similar effects on neural patterning, including mutations in the second
subunit of the retrograde dynein motor, D2lic, and another complex B protein, IFT57/hippi.
Thus seven mouse genes that encode IFT proteins and motors appear to be required for
specification of Shh-dependent cell types in the ventral neural tube (Table 1).

Analysis of neural tube patterning shows that IFT proteins are required at the
core of the cytoplasmic Hh signal transduction machinery

Hedgehog signaling is evolutionarily conserved and extensive genetic studies in Drosophila
had not revealed any role for IFT proteins in the process, so the correlation between loss of
Shhsignaling and loss of IFT proteins in mice was a surprise. Signaling by the three mammalian
Hedgehog ligands (Sonic, Indian and Desert) works through two membrane proteins, Patched
and Smoothened, to regulate the activities of three transcription factors of the Gli family, Glil,
Gli2 and Gli3 (reviewed in Ingham and McMahon, 2001). Analysis of neural patterning in
double mutant embryos demonstrated that the IFT mutations block Hh signal transduction
downstream of Patchedl and Smoothened. For example, Patchedl, which binds Hh ligands,
is an unusual receptor, because its activity is required to keep the pathway off in the absence
of ligand. As a result, the downstream pathway is activated in Patched1 mutant cells. For
example, while ventral neural cell types are not specified in Shh mutants, all neural cells adopt
a ventral fate in Patched1 mutant embryos. In mutants that lack IFT complex B proteins 1ft88
or Ift172, ventral neural cell types are absent, as in Shh mutants. The neural patterning
phenotype of Patchedl Ift88 or Patchedl Ift172 double mutants is identical to that of the Ift
single mutants: ventral neural cell types are not specified (Huangfu et al., 2003). Thus while
removal of Patchedl activates downstream steps in the signaling pathway, this cannot occur
when IFT proteins are absent, which indicates that the IFT proteins affect a step in the Shh
signaling pathway that is downstream of Patched1.

The Gli proteins that implement Hh signals can act as both transcriptional repressors and
transcriptional activators, and experiments have demonstrated that IFT proteins are required
for both repression and activation by Gli proteins. Glil and Gli2 act primarily as transcriptional
activators, and Gli2 is the primary activator of Hh target genes in neural tube patterning. Gli3
can act as either a transcriptional activator, or, if proteolytically processed, can act as a
transcriptional repressor that keeps target genes inactive in the absence of ligand. Hh activity
promotes transcriptional activation of target genes in two ways: it promotes formation of Gli
activators and it blocks the proteolytic processing event that creates the Gli3 repressor.
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In the absence of IFT proteins, there appears to be no Gli activator: the targets of Gli2 are not
activated in the ventral neural tube (Huangfu et al., 2003) and a Gli-reporter cannot be activated
in response to Shh in cultured IFT mutant fibroblasts (Haycraft et al., 2005; P.J. Ocbina and
KVA, unpublished). IFT proteins are also required for normal proteolytic processing of Gli3
to its repressor form (Huangfu and Anderson, 2005; Liu et al., 2005; May et al., 2005). Thus
in the absence of IFT proteins, all modulation of target genes in response to ligand is blocked:
Hh ligands can neither activate nor repress target gene expression and the basal level of target
gene expression is elevated.

Because IFT proteins are required for both Gli activator and Gli repressor, the phenotypes

caused by loss of the IFT proteins are not identical to those of Shh mutants and instead resemble
that of double mutants that lack both Gli2 and Gli3 or double mutants that lack both Shh and
Gli3. For example, lateral neural cell types that depend on Shh (e.g. V2 interneurons) can be
specified in the absence of IFT proteins (Huangfu et al., 2003), presumably because these cell
types require the low levels of Shh target gene expression caused by the lack of Gli3 repressor.

IFT proteins and Shh signaling in limb patterning

Shh is required for normal patterning of the limb, where it regulates growth, digit number, and
anterior-posterior polarity (reviewed in Tickle, 2006). In the mouse, loss of Shh leads to severe
hypoplasia and the formation of a single digit of anterior identity, whereas loss of Gli3 leads
to supernumerary digits in the anterior limb bud (preaxial polydactyly). The Shh Gli3 double
mutant phenotype is very similar to that of Gli3 single mutants, which demonstrated that Gli3
mediates the effects of Shh on digit patterning (te Welscher et al., 2002; Litingtung et al.,
2002). Thus in contrast to the neural tube, where Gli-activators play a central role in patterning,
most of the effects of Shh in the limb arise through the regulation of Gli3-repressor.

As inthe neural tube, IFT proteins are required for transduction the Shh signal in the developing
mouse limb. Although a number of IFT mutants die at approximately e10.5, before limbs are
patterned, loss of function alleles of Ift88, Dynch2, Ift52, and Ift122 (Haycraft et al., 2005;

May et al., 2005; Liu et al., 2005, J. Qin and JTE, in preparation) cause preaxial polydactyly.

Although all these IFT mutants show preaxial polydactyly similar to that of Gli3 mutants, the
analysis of molecular reporters of Hh signaling in 1ft88 and Dynch2 mutants revealed that they
affect both Gli-repressor and Gli-activator function in the limb. For example, the mutant limbs
exhibit ectopic expression of genes normally repressed by Gli3-repressor, such as HoxD genes
and Gremlin, in the anterior regions, indicating that Gli3-repressor is dependent on IFT, as
predicted by their polydactylous phenotype (Liu et al., 2005; May et al., 2005). IFT88 and
Dynch2 are required for proteolytic processing of full-length Gli3, and transfection of a
construct that expressed a truncated form of Gli3 was functional in Ift88 mutant limb bud cells,
which confirmed that Ift88 is required for processing and not activity of Gli3 repressor
(Haycraft et al., 2005). 1ft88 and Dynch2 mutants also show defects in the positive arm of the
Shh pathway, including diminished expression of Glil and Patched1 in the posterior limb bud
(Liu et al., 2005; May et al., 2005). Thus, as in the neural tube, the patterning phenotype seen
in mutant limbs defective in IFT represents a combined disruption of both Gli activator and
Gli repressor functions. These findings indicate that the effect of loss of IFT proteins in a
specific tissue will depend on the relative importance of Gli-activator and Gli-repressor in the
tissue; thus the phenotypes of IFT mutants may resemble that of Shh, that of Gli3 or a
combination of the two in any particular tissue (Figure 2).

IFT proteins are required for signaling by both Sonic and Indian hedgehog

Indian hedgehog (lhh) is required for normal development of the long bones of the limb,
through its effects on proliferation and differentiaion of the chondrocyte lineage (St. Jacques
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et al., 1999). Conditional deletion of Ift88 in limb mesenchyme causes shortening of the
proximodistal axis of the limb, similar to the phenotype of Ihh mutants. Glil and Ptchl (Hh
target genes) fail to be expressed in developing bones of the Ift88 conditional mutant (Haycraft
et al., 2007). Similarly, the initial specification of the lung depends on both Ihh and Shh, and
no lung primordium is established in IFT mutants (Huangfu and Anderson, 2006). No
experiments have addressed the question of whether Desert Hh (required for spermatogenesis)
also depends in IFT proteins, but it seems likely that all Hh signaling depends on IFT proteins.

Hedgehog pathway components are enriched in cilia

The phenotypes of the IFT mutants described above demonstrate that there is a tight correlation
between the presence of cilia and the ability of cells to transduce Hh signals. These results
raised the interesting possibility that cilia might provide a milieu that is critical for Hh signaling
and that some components of the Hh signal transduction machinery might localize to cilia.

Smoothened, a multipass membrane protein similar in structure to G-protein coupled receptors,
is required for Hh pathway activity. Smo acts a step downstream of Patched, the Hh receptor,
and activity of Smo both promotes Gli activator function and blocks the processing event that
generates Gli3 repressor. Smo is not detectable in cilia in resting cells, but becomes enriched
in cilia when cultured cells are exposed to Hh, and is found in cilia in the embryonic node (cells
that are actively signaling in response to Hh; Corbit et al., 2005). A sequence similar to that
which targets C. elegans olfactory receptors to cilia is present in Smo, and that sequence is
necessary for both localization of Smo to cilia and Smo activity. Conversely, a constitutively
activated form of Smo is localized to cilia in the absence of Hh. Thus, activity of Smo is
correlated with its presence in cilia.

More remarkably, the transcription factors that mediate Hh signaling also appear to be enriched
incilia. Tagged, overexpressed Glil, Gli2 and Gli3 are all enriched at the distal tip of the cilium
in primary cultures of limb bud mesenchyme cells (Haycraft et al., 2005). Endogenous full-
length Gli3 protein has also been detected at the tip of cilia in the same cells (Haycraft et al.,
2005), and endogenous Glil, which is only produced when the Hedgehog pathway has been
activated, is also found at cilia tips (JTE, unpublished). However, it has not been tested whether
the endogenous Gli proteins move out of cilia in response to ligand.

Suppressor of fused (Sufu), an essential negative regulator of the pathway, is enriched at cilia
tips in the absence of Hh ligands (Haycraft et al., 2005). In Drosophila, Sufu helps tether Ci
(the Gli homologue) in the cytoplasm in the absence of signaling, so it might serve a similar
function in the cilia of mammalian cells (Kogerman et al., 1999). However, mammalian Sufu
may have additional functions in the nucleus (Paces-Fessy et al., 2004; Barnfield et al., 2005;
Svard et al., 2006), so it would be interesting to determine how Sufu localization is affected
by Hh ligand.

A model that accounts for the observations is that Sufu and Gli proteins are present in cilia in
the absence of ligand. When cells are not exposed to ligand, Gli3 is processed to generate a
transcriptional repressor, and processing can only occur if Gli3 has resided within the cilium.
In response to ligand, Smo moves into cilia where it can associates with Sufu and Gli proteins.
Once Smo is in the cilium, Smo can interact with signaling components present there to form
a Smo-Sufu-Gli complex (or complexes) which modify Gli2 (and probably Gli3) to make it a
transcriptional activator and prevent the proteolytic processing of Gli3 to the repressor form,
thus fully activating the pathway. Thus, in this model, both ligand-dependent and ligand-
independent aspects of Gli regulation depend on cilia (Figure 3).

This model does not, however, define the biochemical events that take place in the cilium. Gli3
processing is thought to be mediated the proteasome (Wang and Li, 2006; Pan et al., 2006),
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and proteasomes have not seen in cilia by EM. However proteasomes are enriched in the basal
bodies of cilia (Wigley et al., 1999). Thus it is likely that some other event required for
proteolytic processing takes place in cilia; perhaps phosphorylation by one of the kinases
necessary for processing (PKA, and GSK3p; Wang et al., 2000; Tempe et al., 2006) and that
limited proteolysis occurs once Gli proteins are transported back to the basal bodies. In contrast,
the nature of the events that regulate the formation of Gli activators remains mysterious, even
for Drosophila Ci (Méthot and Basler, 2000).

Are cilia more than a site for enrichment of the Hh signal transduction
machinery?

The results described thus far demonstrate that IFT proteins are required for Hh signaling and
that some Hh signaling proteins are enriched in cilia. These findings do not exclude the
possibility that IFT proteins traffic Hh pathway components outside of cilia and that the
enrichment of Smo, Glis and Sufu in cilia is not essential for their activity. However, mutations
in several mouse cilia-associated proteins also show altered Hh signaling. Analysis of these
mutants argues that cilia, not just the intraflagellar transport machinery, are required for Hh
signaling. In addition, some of these mutants suggest that normal Hh signal transduction
depends on active participation of ciliary proteins.

Loss of function of mouse Ofd1, which was first identified as the gene affected in human Oral-
Facial-Digital Sydrome 1, causes phenotypes similar to those of IFT mutants. The OFD1
protein has been seen localized to the basal body and centrosome rather than in the cilium
(Romio et al., 2004), but it is required for cilia formation (Ferrante et al., 2006). Ofd1 is X-
linked, although the human Ofd1 gene is not subject to X-inactivation; females heterozygous
for Ofd1 mutations have a syndrome that includes craniofacial and digit abnormalities and,
occasionally, polycystic kidneys, presumably due to haploinsufficiency of the gene. Ofd1
mutations are apparently lethal to hemizygous human males. In mice, the Ofd1 gene is subject
to X-inactivation and, as a result, Ofd1 mutant female mice have a more severe phenotype than
the human females, presumably because of mosaic loss of function due to random inactivation
of the X-chromosome (Ferrante et al., 2006). Ofd1 null mutant mice fail to form cilia in the
embryonic node, and show the associated randomization of left-right patterning. Ventral neural
cell fates are not specified in Ofd1 mutant male embryos and the mutants express the direct
Hh-target gene Patchedl at low levels, indicating that Hh signaling is defective in these
embryos. Thus loss of this centrosome/basal body protein blocks the formation of cilia and
that disrupts Hh signaling, which supports the hypothesis that cilia are required for Hh
signaling, beyond the requirement for IFT proteins.

Ofd1 mutant limb buds exhibit ectopic expression of Gli3R target genes such as HoxD genes
in the anterior limb buds, suggesting that, as in IFT mutants, formation of Gli3R is impaired,
which is consistent with the polydactylous phenotype observed in Ofd1/+ female embryos.
However, in contrast to Ift88 and Dynch2 mutants, Ofd1-deficient male limb buds exhibit
normal levels of Patchedl and Glil expression in the posterior limb bud. These data suggest
that OFD1 is not required for Gli activator function in the limb bud, although it does appear
to be required for Gli activator function in the neural tube. Because it is not known whether
ciliaare present on Ofd1 mutant limb bud cells, it is possible that these mutant cells retain some
aspects of basal body function and/or ciliogenesis that permits normal Gli activator function
but blocks formation of Gli3R. Further studies may pinpoint whether the Ofd1 mutation
separates the functions of the cilium and the basal body in the regulation of Gli protein activity
in the limb.

Most interesting is that some cilia-associated proteins have different roles in Hh signaling than
seen in the kinesin, dynein and IFT complex B proteins described above. For example, in direct
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contrast to loss of complex B IFT proteins where Gli activator function is disrupted, a null
mutation in mouse 1ft122, which encodes a complex A protein, leads to constitutive activation
of the Hedgehog pathway and a ventralization of the neural tube (J. Qin and JTE, in
preparation). Genetic studies show that mouse IFT122 functions at a step in the pathway
downstream of Shh and Smoothened, but upstream of the transcription factor Gli2. In contrast
to complex B Ift mutant cells, 1ft122 mutant cells have primary cilia, but these cilia are
morphologically abnormal and exhibit pronounced accumulation of IFT proteins within the
ciliary axoneme and at its tip, a phenotype similar to that of mutants that lack the retrograde
IFT dynein motor (Huangfu and Anderson, 2005), suggesting that retrograde transport is
severely impaired in Ift122 mutants.

Studies in C. elegans and Chlamydomonas have also distinguished between the functions of
complex A and complex B proteins. While loss of complex B proteins leads to absence of
flagella, disruption of complex A proteins causes less severe effects on cilia length (Brazelton
etal., 2001; Piperno etal., 1998; Perkins et al., 1986; Blacque et al., 2006). In mutants defective
for complex A, flagella show swellings or bulges, accompanied by accumulation of IFT
proteins within or at the tips of axonemes (Perkins et al., 1986, Blacque et al., 2006). A
temperature sensitive allele of Chlamydamonas flal5, which exhibits significant depletion of
complex A IFT proteins yet normal levels of complex B IFT proteins, shows normal rates of
anterograde but reduced rates of retrograde transport at the permissive temperature (Piperno
etal., 1998). These data have lead to the hypothesis that complex B IFT proteins are important
for anterograde transport, whereas complex A IFT proteins may be dedicated to retrograde IFT
(Piperno et al, 1998, Blacque et al, 2006).

Nevertheless, the neural patterning phenotype of the 1ft122 mutants is surprising because
mutant embryos deficient for Dynch2, a subunit of the retrograde IFT motor, fail to activate
Hh target genes, similar to complex B mutants, which is the opposite phenotype to that of
Ift122 mutants. Recent data suggest that complex A and B could each participate in several
aspects of the transport process. For example, complex A IFT proteins can associate with
Kinesin Il in a complex B-independent manner (Pederson et al., 2006; Ou et al., 2005). Thus
it is possible that complex B and complex A both have roles in anterograde transport and have
different cargo specificities. Complex B may be generally required for anterograde transport
of cargo used to assemble the cilium (e.g. tubulin dimers, radial spoke proteins, and other
structural components of the cilium), whereas complex A IFT proteins may be important for
the transport of machinery used for turnaround at the distal tip or retrograde transport. As a
result, loss of IFT122 could lead to constitutive activation of the pathway because of a defect
in anterograde transport of a specific factor that antagonizes Gli function within the cilium.

Arl13b (formerly called Arl211, the homologue of the zebrafish scorpion gene; Sun et al.,
2004) is a small GTPase of the Arl/Arf subgroup of the Ras superfamily and plays a unique
role of formation of the cilium and in Hh signaling. The Arl13b protein is localized to the shaft
of the cilium, and mouse mutants that lack Arl13b have short cilia of abnormal structure, in
which the B-tubule of the outer doublet is open (T. Caspary and KVA, submitted). Coupled to
this defect in cilia structure, the mutant embryos show a novel defect in neural patterning, in
which both the most dorsal and the most ventral cell types are not specified and the domain of
motor neurons, which arise at an intermediate position, is greatly expanded. Analysis of double
mutants with the core components of the Hh pathway indicate that Gli3 repressor activity is
normal in the Arl13b mutant embryos, but Gli activators are constitutively active at low levels.
Thus while normal cilia are required for both activator and repressor activities of Gli proteins,
those events are separated in the Arl13b cilia, which can regulate Gli repressor but not activator.

The phenotypes of the Ift122 and Arl13b mutants suggest that the cilium is more than a sensory
antenna where Hh pathway components are concentrated. Instead, the structure and dynamics
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of the cilium appear to have a more integral role in Hh signaling. Additional studies will be
needed to address how proteins in the cilium interact with and regulate Hh signaling
components, and how the spatially regulated expression of genes encoding IFT proteins and
other components of the cilium (e.g. Huangfu and Anderson, 2005) modulates Hh signaling.
A number of other vertebrate-specific genes have been identified that affect Hh signaling at
the same step as IFT proteins, downstream of Smo and upstream of Gli proteins. These include
both positive and negative regulators of the pathway (mouse Rab23, Fkbp8, and Sil, zebrafish
Iguana and chicken Talpid3; Eggenschwiler et al., 2001; Bulgakov et al., 2004; Izraeli et al.,
2001; Sekimizu et al., 2004; Wolff et al., 2004; Davey et al., 2006), and could also affect cilia.
Studies on the structure of cilia in these mutants and of the subcellular localization of these
proteins will be necessary to see if these proteins also affect Hh signaling through cilia.

Are cilia required for Hh signaling in all vertebrates?

The studies described above have established that cilia are required for all responses to
Hedgehog ligands in the mouse embryo. In Drosophila, mutations that block the formation of
cilia have no effect on Hh signaling and cilia are restricted to sensory neurons (Avidor-Reiss
et al., 2004; Han et al., 2003). Thus this evolutionarily conserved signaling pathway either
became coupled to cilia at some stage in the vertebrate lineage or, alternatively, the coupling
to cilia was lost in the lineage that led to dipterans.

Indeed, it is not yet clear whether all vertebrates require cilia for Hh signaling. Xenopus
embryos with disrupted cilia show a loss of Hedgehog signaling (Park et al., 2006). However,
the best genetic data in another vertebrate comes from zebrafish, where no connection has been
reported between IFT mutants and Hh signaling. Mutations in 1ft88, Ift172, 1ft81 and Ift57 as
well as morpholino knockdown of 1t52, all lead to cystic kidneys, as well as defects in structure
of cilia in the kidney and other tissues (Sun et al., 2004; Tsujikawa and Malicki. 2004).
However, the mutants do not show the defects in somite patterning characteristic of zebrafish
Hh pathway mutants, although they do show a ventrally curved tail, a relatively nonspecific
phenotype seen in some Hh pathway mutants. The lack of overt Hh phenotype could be due
to the perdurance of maternal gene products, as cilia are still detectable even in the Ift mutants.
The sequence motif in Smo that is required for its localization to cilia in MDCK cells is also
required for activity of Smo in zebrafish (Corbit et al., 2005), which suggests that cilia could
be important for Hh signaling in zebrafish as well. Transplantation of zebrafish Ift mutant germ
cells into hosts that lack PGCs (Ciruna et al., 2002) would make it possible to generate animals
that lack both maternal and zygotic sources of IFT proteins and then to test whether IFT is
required for Hh signaling in zebrafish.

Are there other developmental signals that depend on cilia?

A striking aspect of the mouse IFT mutant embryos is that all the obvious visible phenotypes
can be explained as lack the result of lack of Hh signaling: the open neural tube, the changes
in neural patterning, the polydactyly and the failure to initiate lung development can all be
traced directly to disruptions of Hh signaling. This give the impression that, during
development, primary cilia are organelles that are dedicated to Hh signaling. Indeed, at this
time, there is no definitive evidence that any other developmental signaling pathway depends
on cilia. However, the lethality of IFT mutants at midgestation and the obvious defects caused
by disruption of Hh signaling might mask other roles for cilia, and there are some links between
cilia and other developmental signaling pathways that we explore below.

PDGFRa signaling

The Platelet-Derived Growth Factor (PDGF) signaling pathway is used for a variety of cellular
processes during development, including proliferation, survival, and migration of many cell
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types (reviewed in Heldin and Westermark, 1999). Like the Hedgehog signaling pathway,
inappropriate activation of the PDGF pathway is intimately linked to a variety of human
malignancies (Pietras et al., 2004). There are two major forms of both the PDGF ligands and
their receptors, and both can act as either homo- or hetero-dimers. Of relevance here, the PDGF-
AA ligand can only bind and signal through PDGFRaa homodimers. Two important responses
downstream of activated PDGF receptors are activation of the PI3K-AKT and MEK1/2-
ERK1/2 pathways, which mediate several cellular functions of the pathway.

Recently, elegant experiments in NIH3T3 fibroblasts have documented a relationship between
cilia and signaling by the PDGF receptor a (PDGFRa) (Schneider et al., 2005). These
experiments showed that PDGFRa is upregulated and localized to cilia in growth-arrested cells,
that its presence in cilia correlates with the ability of cells to respond to its ligand (PDGF-AA),
that the PDGFRa in cilia becomes phosphorylated in response to ligand and that the
downstream target MEK1/2 is also phosphorylated within cilia in response to ligand
stimulation. In contrast to PDGFRa, PDGFR is localized primarily to clusters at the cell
surface although a fraction appears to be localized to cilia. Consistent with the cilium
representing the primary site of PDGFRa but not PDGFR} function, mouse embryonic
fibroblasts from Tg737°"Pk mice (which are homozygous for a partial loss of function allele of
Polaris/Ift88), have short cilia and fail to show normal responses to PDGF-AA without
significant decrease in PDGF-BB responsiveness.

The upregulation and ciliary localization of PDGFRa. in GO cells is unlikely to be coincidental.
Cilia are present on cultured fibroblasts when they are the GO phase (Tucker and Pardee,
1979a), and a primary role for PDGF signaling is to promote entry into the cell cycle from the
GO arrested state by activation of intermediate-early genes such as c-fos (Stiles et al., 1979;
Pledger et al., 1981; Greenberg and Ziff, 1984). Targeting of PDGFRa. to cilia could thus
restrict the ability of cells to respond to PDGF-AA to the GO cell cycle phase. Consistent with
this possibility, in response to PDGF, NIH3T3 fibroblasts begin entry into the cell cycle and
their centrioles become rapidly deciliated (Tucker et al., 1979b). This loss of cilia could, in
turn, suppress further responses to PDGF stimulation.

Another potential relationship between the primary cilium and the PDGF signaling pathway
lies in their association with cell migration. NIH3T3 fibroblasts exhibit directed migration
(chemotaxis) towards a source of PDGF-AA (Uren et al., 1994) and migration of
oligodendrocyte progenitors (02A) is dependent on PDGFRa in vivo and in vitro (Klinghoffer
et al., 2002; Forsberg-Nilsson et al., 1998). Do cilia also play a role in cellular migration? In
cultured migrating NIH3T3 fibroblasts, nonmotile cilia were found to orient parallel to the
direction of migration (Albrecht-Buehler, 1977), suggesting that they play a cell autonomous,
instructive role in cellular migration. This, in turn, raises the possibility that if the apparatus
used to sense and respond to PDGF-AA is specifically localized to the primary cilium,
orientation of this structure along a gradient of PDGF-AA may aid in sensing or responding
to that gradient.

An important open question is whether cilia are required for normal responses to PDGF-AA
invivo. If this were true, some aspects of the phenotypes seen in mice deficient for IFT function
could be due to disruption of PDGF-A signaling. Mice lacking PDGF-A and PDGFRa have a
variety of embryonic phenotypes including severe growth retardation, apoptosis within neural
crest derivatives, defective oligodendrocyte proliferation, abnormal patterning of the somites,
neural tube closure defects, and skeletal abnormalities (Bostrom et al, 1996; Soriano, 1997).
IFT mutant embryos do show defects in the tissues that require PDGF signaling; however these
phenotypes could be caused by defective Hedgehog signaling since proper regulation of Hh
signaling is also important for embryonic growth, neural crest survival, neural tube closure,
somite development and oligodendrocyte specification (Chiang et al, 1996; Brito et al.,
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2006; Hui and Joyner, 1993; Bulttitta et al., 2003; Orentas et al., 1999). Thus, confirmation of
a requirement for cilia in PDGF signaling in vivo will ultimately depend on conditional
disruption of IFT in developmental contexts in which defects in Hedgehog signaling would
have little effect.

Canonical Wnt signaling

The Hh and the canonical Wnt signaling pathways have a number of striking similarities
(Nusse, 2003; Lum and Beachy, 2004). Both rely on serpentine receptors for pathway activation
(Smo; Frizzleds). Both depend on regulation of proteosome-dependent events (processing of
Gli3; regulated degradation of B-catenin). It is therefore reasonable to wonder if Wnt signaling
might also depend on cilia, and some observations have raised considerable interest about the
possibility (Simons et al., 2005; Ross et al., 2005). If cilia do play a role in Wnt signaling, the
cilium could provide a site for integration of the Hh and Wnt pathways in cells that are
simultaneously exposed to both signals, as in the ventral neural tube (Lei et al., 2006).

Results from several experiments have suggested that loss of cilia may lead to elevated
canonical Wnt signaling. Although the origins of the cystic kidneys caused by loss of IFT
proteins are controversial, it has been suggested that increased calcium caused by loss of
polycystins may activate Wnt signaling and hence proliferation. Expression of an activated
form of B-catenin in the kidney causes overproliferation and renal cysts (Saadi-Kheddouci et
al., 2001), and elevated levels of cytoplasmic and nuclear -catenin were reported in the
postnatal cystic kidneys caused by conditional deletion of Kif3a in the kidney (Lin et al.,
2003). Similar increases in B-catenin were seen in the postnatal pancreas of animals with
defective IFT (Cano et al., 2004). However, the B-catenin levels in the conditional Kif3a
mutants were assayed after birth, while cystic organs are detectable as soon as e14.5-15.5. It
will therefore be necessary to analyze signaling pathways at that early stage in development
or to use conditional inactivation in the adult (as in Piontek et al., 2004) to see if elevated
nuclear B-catenin is a cause or consequence of the cystic kidneys caused by loss of IFT.

Despite the potential connections between IFT and Wnt signaling in the kidney and pancreas,
the phenotypes of the IFT mutants demonstrate that cilia cannot be essential for canonical Wnt
signaling. Mouse mutants that lack canonical Wnt signaling should arrest very early in
development and show phenotypes characteristic of loss of canonical Wnt signaling. For
example, Wnt3 mutants die at gastrulation and Lefl Tcfl double mutants (which lack two of
the transcription factors that mediate much of Wnt signaling) die at €10.5 with a characteristic
accumulation of cells in the tailbud (Liu et al., 1999; Galceran et al., 1999); neither of these
phenotypes is seen in either null or partial loss-of-function IFT mutants. Elevated Wnt signaling
also causes severe disruption in early development, as seen in mutants that lack the negative
regulators Axin or APC (Zeng et al., 1997; Chazaud and Rossant, 2006), which die very early
in development with characteristic phenotypes that, again, do not overlap the defects seen in
IFT mutants embryos.

Expression of transgenic reporters of canonical Wnt signaling is normal in Ift172 mutant
embryos, which provides a direct demonstration that canonical Wnt signaling in the
midgestation embryo is neither decreased nor elevated in the absence of cilia (Figure 4).
Therefore because of the complex relationships between signaling pathways during
development, it is possible that loss of IFT in the developing kidney disrupts Hh signaling and
that, in turn, leads to inappropriate activation of Wnt signaling. Loss of either Shh leads to
failure of development of one or both kidneys, but those mutant kidneys that do develop show
dilated tubules (Hu et al., 2006). It therefore remains possible that the cystic kidney phenotype
could be due to defects in Hh signaling at a particular stage in kidney development. To test this
possibility it will be necessary to keep in mind that loss of IFT can have cell type-specific
effects on the activity of Hh target genes, depending on the relative importance of Gli-activator
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and Gli-repressor in the relevant cells (Figure 2), so the effect of loss of IFT on Hh signaling
in the developing kidney may be different than that of either Shh or Gli3 mutants.

When considering the role of cilia in the kidney and in the pancreas, it is important to remember
that there are likely to be different proteins associated with cilia in specialized cell types. There
are obvious morphological differences between motile and non-motile cilia, between
specialized motile cilia on cells in the node, brain ventricles and bronchial cells, and between
non-matile cilia in photoreceptor and olfactory cells (reviewed in Rosenbaum and Witman,
2002). In addition, there are molecular differences among similar classes of cilia. For example,
the left-right dynein (Ird) is required for motility of node cells, but is apparently not essential
for motility of bronchial or ependymal cells (Supp et al., 1999) and Polycystin-1 is expressed
in the mechanosensory cilia of the kidney but not in the embryonic node (Karcher et al.,
2005). Thus there is cell-type specific regulation of which proteins are trafficked to cilia. It
will therefore be important to test whether Wnt signaling pathway components are localized
to cilia in specific developing tissues. For example, Inversin protein, which is required for left-
right asymmetry and normal kidney development, is associated with cilia and centrosomes
(Watanabe et al., 2003). Inversin can bind Disheveledl (Dvl1) (Simons et al., 2005), a
component of both the canonical and non-canonical Wnt pathways, and it would be interesting
to test whether Dvl1 is associated with cilia in specific cell types, such as the developing kidney.

Non-canonical Wnt signaling

It has also been proposed that cilia are coupled to non-canonical Wnt (planar cell polarity/PCP)
signaling. PCP signaling in Drosophila provides proximo-distal orientation for cells within an
epithelium (Adler, 2002) and has been shown to have similar functions in the orientation of
hairs on mouse skin (Guo et al., 2004) and in cells of the inner ear (Montcouquiol et al.,
2006). In addition, the most striking effect of loss of PCP in the mouse embryo is the complete
failure to close the spinal cord, which is believed to represent a failure in a particular type of
cell rearrangement (convergent extension) that depends on cell polarization (for review, see
Wang and Nathans, 2007).

Two different types of connection between ciliaand PCP signaling have been proposed. Several
studies have suggested that cilia are required for PCP signaling or may be involved in a switch
between canonical and non-canonical Wnt signaling (e.g. Ross et al., 2005; Simons et al.,
2005). In contrast, another study suggested the PCP effector proteins may be required to
construct normal cilia (Park et al., 2006).

Some studies have argued that the core components of the non-canonical Wnt pathway might
depend on cilia for their function. Vangl2 (the protein affected by the Loop-tail mutation), a
core component of the non-canonical Wnt pathway is enriched in basal bodies and cilia of
IMCD3 kidney and respiratory epithelium cells and weak genetic interactions have been
observed between mutations in Bbs proteins, which are localized to basal bodies, and Loop-
tail/Vangl2 (Ross et al., 2005). However, in the inner ear, where VVangl2 is required for polarity
of the stereocilia (actin-based structures), Vangl2 protein colocalizes with p-catenin at the
membrane. Vangl2 is asymmetrically localized in these cells, but opposite the kinocilium, the
conventional microtubule-based cilium found in these cells (Montcouquiol et al., 2006).

The phenotypes of the IFT mutants show that cilia cannot be essential for non-canonical Wnt
signaling. Mouse mutants that lack non-canoncial Wnt signaling have a shortened body axis
and completely fail to close the neural tube in the trunk region; these phenotypes are not seen
in IFT mutants that lack cilia altogether. Because there are no molecular readouts of non-
canonical Wnt signaling in the early embryo, it was possible that the loss Hh signaling in IFT
mutants might mask the effects of loss of PCP signaling. However double mutants that lack
both the core component of the noncanonical pathway Vangl2 and IFT proteins show a simple
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additive phenotype (K. Liem and KVA, unpublished), which indicates that loss of Hh signaling
does not mask a loss of non-canonical Wnt signaling.

Recent studies of the PCP pathway proteins Fuzzy and Inturned in Xenopus embryos suggest
that they may participate indirectly in Hh signaling. Drosophila Fuzzy and Inturned act
downstream of the core PCP proteins and are thought to link the core PCP pathway to the
polarized organization of the cytoskeleton (Adler, 2002). Injection of morpholinos to inactivate
Xenopus Fuzzy or Inturned prevented neural tube closure in the head, but not the spinal cord,
a pattern different than that seen in PCP mutants (Park et al., 2006). Further analysis showed
that the defect in neural tube closure was correlated with a loss of both Hedgehog signaling
and a loss of cilia in the neural tube. These findings suggest that Fuzzy and Inturned are required
for proper formation of cilia and that disruption of cilia causes disruption of Hh signaling. The
morphant embryos also showed mild defects in convergent extension, suggesting that Fuzzy
and Inturned contribute to both PCP and to cilia formation in Xenopus. Other studies have also
indicated that organization of the apical cytoskeletal domain of the cell is important for the
formation of cilia (Omori and Malicki, 2006; Fan et al., 2004).

The possibility that PCP could be important for construction or positioning of cilia is an
attractive hypothesis to explain how cilia are placed asymmetrically on some cells. For
example, the motile cilia of the mouse node must be asymmetrically positioned and tilted
toward the posterior of the cell in order to generate the leftward nodal flow that appears to be
required for the initial establishment of left-right asymmetry (Nonaka et al., 2005). That type
of asymmetric positioning of cellular specializations is exactly the type of process controlled
by PCP in Drosophila.

Do human genetic diseases associated with cilia reflect disruption of
signaling pathways?

Over the past ten years, it has become clear that defects in cilia and basal body function are
intimately involved in human disease. In addition to the disorders resulting from primary cilium
dyskinesia discussed above (e.g. Kartagener’s syndrome), several dozen human congenital
disorders have been associated with defects in cilia and/or basal bodies. The connections
between cilia, basal bodies and human disease have been facilitated by the identification of a
set of evolutionarily conserved genes that are specifically associated with cilia and basal bodies.
Whole genome sequences comparisons led to the recognition that cilia were present in the
eukaryotic ancestor of both plants and animals, but have been lost independently in the lineages
of current organisms. For example, Chlamydomonas has flagella (the structural equivalent of
cilia) but Arabidopsis (another plant) does not. Based on these whole genome sequence
comparisons, expression studies and proteomic analysis of purified flagella carried out in ten
different labs a ciliary proteome of ~1200 different proteins that are found in cilia and/or basal
bodies has been defined; http://www.ciliaproteome.org/browse.shtml). This parts-list provides
a valuable resource to identify genes responsible for cilia-related phenotypes. Syndromes that
include polycystic kidney disease, retinal degeneration, anosmia, polydactyly or situs reversal
are candidates to affect cilia. These include Bardet-Biedl syndrome (BBS), Alstrom syndrome
(ALMS), Meckel-Gruber syndrome (MKS), and Oral-facial-digital (OFD) syndrome. Several
of these syndromes include features not obviously related to cilia, including obesity and mental
retardation. Rather than providing a review of the literature on these “ciliopathies” (for recent
review, see Badano et al, 2006), we consider here whether these disorders could stem from
disruption of developmental signaling processes.

As described above, human females heterozygous for mutations in OFD1 (the gene responsible
for Oral-Facial-Digital syndrome type I) can have polycystic kidney disease, in combination
with abnormalities in the digits and the face and the OFD1 protein localizes to the basal body
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and is required for assembly of the cilium. The features exhibited by OFD type | patients can
generally be ascribed to defective cilia function and some of these features seen in OFD1
females are likely to reflect defective control of the Hedgehog pathway. For example, limb
abnormalities such as syndactyly and polydactyly may result from failure to generate the Gli3
repressor during development, given that mice and humans harboring mutations in Gli3 (Greig
cephalopolysyndactyly and Pallister-Hall syndromes) show similar features. In addition,
features such as cleft palate, cleft lip, and agensis of the corpus collosum, all features associated
with holoprosencephaly, are associated with both OFD1 and Gli2 loss-of-function (Mo et al.
1997, Vieira et al., 2005).

BBS isagenetically heterogeneous syndrome: mutations in 11 different genes have been shown
to cause BBS. The BBS4, BBS5, BBS6, and BBS8 proteins (as well as the Alstrom syndome
and Meckel-Gruber syndrome proteins ALMS1 and MKS1) localize to basal bodies and
centrosomes (Ansley et al., 2003; Li et al., 2004; Kim et al., 2005; Kim et al., 2004; Hearn et
al., 2005; Dawe et al, 2007). Mouse mutations in Bbs1, Bbs2, Bbs4 and Bbs6 (Mkks) mimic
some of the phenotypes of human Bardet-Biedl syndrome, including obesity, anosmia, rod-
cone dystrophy, hearing loss, polycystic kidney disease, situs inversus, and polydactyly. Most
of these features can be explained by defects in the specialized cilia of the visual and olfactory
systems and defects in renal cilia. Situs inversus in BBS patients could result from a defect in
motile or mechanosensory cilia in the embryonic node (McGrath et al., 2003). It may be
possible to investigate nodal cilia in the mouse mutants, although defects in laterality have not
been described in the mouse mutants at this time. The polydactyly associated with human BBS
could be related to dysregulated Hedgehog signaling, although polydactyly is not seen in the
mouse BBS mutants, which makes it difficult to test this hypothesis.

The origin of other features of these syndromes, such as obesity, remains obscure. It is also
interesting that mice mutant for the tubby gene share features in common with BBS patients,
such as obesity, retinal degeneration, and hearing loss (Ohlemiller etal., 1995). Other members
of Tubby protein family also have cilia-related activities. For example, in Bbs2 and Tubby-like
protein 1 (Tulpl) mouse mutants, rhodopsin is not effectively transported via the connecting
cilium to the outer segment of retinal photoreceptor cells, apparently leading to death of
photoreceptors (Nishimura et al., 2004; Hagstrom et al., 1998; Hagstrom et al., 2001). Mouse
Tubby-like protein 3 (Tulp3) localizes to the basal bodies and the tips of cilia and functions as
an antagonist of Shh signaling in the nervous system and the limb (R. Norman. A. Ikeda, and
JTE, in preparation). Like BBS patients, Tulp3 mouse mutants are polydactylous. C. elegans
Tubl and BBSL1 are both expressed in ciliated neurons and are involved in controlling fat
storage. The C. elegans bbs1;tubl double mutants exhibit the identical phenotype observed in
bbs-1 and tub-1 single mutants, suggesting the two factors function in the same pathway (Mak
etal., 2006). Tubby has been implicated in several signaling processes and the protein has been
shown to translocate from the membrane, where it associated with PIP,, to the nucleus, where
it is capable of DNA binding, in response to activation of specific G protein-coupled receptors,
such as 5-HT (serotonin) receptors (Santagata et al., 2001). Given that 5-HT signaling is
intimately involved in controlling weight, feeding behavior, and fat deposition (reviewed in
Meguid et al., 2000), and that the 5-HT(6) receptor has been shown to localize to cilia (Brailov
et al., 2000), it is tempting to speculate that BBS and Tubby proteins could control obesity by
permitting proper serotonergic signaling occurring within cilia.

Mechanistic studies in C. elegans have shown that BBS proteins have a specific function in
specialized cilia that have singlet microtubules extended from the distal tip of the standard
outer doublets. C. elegans BBS7 and BBS8 are required for assembly of the distal segment of
the cilium and are believed to coordinate the activities of two anterograde motors, kinesin-II
and Osm-3 (Ou et al., 2005). This raises the possibility that mammalian BBS proteins may not
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have a role in all cilia but, rather, could play specialized functions in particular types of cilia,
such in construction or maintenance of the distal segment in photoreceptor cells.

Meckel-Gruber syndrome type 3 and Joubert syndrome type 6 also show renal cystic dysplasia
and malformations of the CNS, and both are associated with mutations in the MKS3 gene (Smith
et al., 2006; Baala et al., 2007). MKS3 encodes Meckelin, a novel seven-pass transmembrane
protein related to Frizzleds, components of the Wnt receptors. Like several other proteins of
similar structure such as Smoothened and 5-HT receptors, Meckelin localizes to primary cilia
and the plasma membrane and Meckelin co-immunoprecipitates with MKS1, the basal body-
associated factor mutated in Meckel-Gruber syndrome type 1 (Dawe et al, 2007). These
findings suggest that Meckelin and MKS1 may act in specialized cilia to participate in an
unidentified signal transduction pathway that is important for development of the kidney and
the CNS.

Are primary cilia signal transduction machines?

It has been suggested that cilia, which protrude into the extracellular space, act as antennae to
receive extracellular signals (Singla and Reiter, 2006). If Hedgehog ligands bind the Patched
receptor at the cilium, the cilium may indeed act as such an antenna. Nevertheless, it is also
useful to think of cilia as signaling machines. An organelle like the ribosome contains dozens
of proteins and acts as a processive machine that creates an ordered series of chemical reactions.
Aciliumisat leastas complex an organelle as the ribosome, with hundreds of proteins dedicated
to cilia organization. The complexity of the events that take place in cilia suggests it may be
useful to think of the cilium as another organelle that acts as a processive cellular machine.
Mammalian Hedgehog signaling depends on an ordered series of events that apparently take
place in the cilium. In the absence of ligand, the cilium provides baseline regulation of Gli
transcription factors, which must be localized to cilia to be processed. Activation of the pathway
by ligand promotes the relocalization of the transmembrane protein Smo to the base of the
cilium, allowing it to be transported to the tip of the cilium, where it may undergo an ordered
set of interactions with Sufu, Glis and other proteins. When these reactions are complete,
retrograde IFT selects that appropriately modified Glis for transport back to the base of the
cilium, and ultimately to cellular nuclei. If additional signaling pathways depend on cilia in
vivo, the complex organization of the cilium may direct specific interactions between
pathways. Cell-type specific modulation of cilia structure would add flexibility to the processes
of signal transduction and cross-talk. Future studies will show whether the cilium can act as a
signal integrator as well as a signal assembly line.
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Figure 1. Ciliaand IFT

a. Cilia on the node of the 8.0 mouse embryo. These cilia are roughly 3—4 microns long,
relatively longer than typical primary cilia.

b. A schematic of the process of Intraflagellar Transport (IFT). Construction and maintenance
of cilia and flagella depends on a steady source of new components, which are assembled at
the distal tip complex (DTC, at the plus ends of the microtubules). Transport to the distal tip
involves assembly of the anterograde IFT platform on transition fibers at the base of the
growing cilium and anterograde movement powered by the kinesin 11 motor. Though still
mechanistically unclear, events at the DTC are thought to involve disassembly of the
anterograde transport machinery, assembly of structural components into the growing
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axoneme, and assembly/engagement of the retrograde transport apparatus. IFT machinery and
residual structural cargo are recycled by retrograde transport from the tip to the base of the
cilium powered by the cytoplasmic dynein motor. At the base, the retrograde apparatus is
disassembled, potentially allowing IFT components to be reused.
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Wild type Shh—/- Gli3—/- Ift—/—

Neural tube
patterning

Limb skeletal
elements

Figure 2. Tissue-specific effects of IFT mutants depend on the importance of Gli activator and Gli
repressor in the tissue

All Hedgehog signaling in the mouse depends on IFT proteins. Mammalian Hedgehog
signaling has two outputs: production of Gli activator and prevention of processing of Gli3
repressor. In the neural tube, Gli activators play a central role in neural patterning, so loss of
IFT in that tissue has a phenotype similar to that of Shh mutants. The IFT mutant neural tube
phenotype is not identical to that of Shh mutants because Gli3 repressor (which is present and
active in Shh mutants) is absent in IFT mutants; thus there is a low level of pathway activation.
In the limb, Gli3 repressor plays a central role in digit patterning, and the phenotype caused
by loss of IFT is similar to that caused by loss of Gli3. Nevertheless, analysis of molecular
targets shows that Gli activators also fail to function in the IFT mutant limb.
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Figure 3.

A model for Hedgehog signal transduction within the cilium. In the absence of stimulation,
Gli proteins and Su(fu) are transported to and from the tip of the cilium. Within the cilium,
Gli3 protein is phosphorylated, targeting it for cleavage into the transcriptional repressor form
once it encounters the proteasome at the cilium base. Gli proteins are maintained in an inactive
state by Su(fu) and other components. Upon stimulation by Hh, activated Smoothened in
vesicles is targeted to the cilium membrane where it can spread to the cilium tip. Here, Smo
antagonizes downstream inhibitors such as Su(fu) and blocks phosphorylation of Gli3.
Released from inhibition, activated forms of Gli proteins are transported to the cell body and
ultimately enter the nucleus where they stimulate the expression of Hh target genes.
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Figure 4.

Canonical Wnt signaling in the mouse embryo is normal in Ift172 mutant embryos. The Topgal
transgene contains multimerized Lef/Tcf binding sites driving the expression of p-
galactosidase and acts as a faithful reporter for sites of endogenous Wnt signaling (DasGupta
etal, 1999). a. A wild type €10.5 embryo that carries a copy of the Topgal reporter. B-
galactosidase is expressed in many distinct sites where canonical Wnt signaling is active at this
stage of development. B. Homozygous Ift172 (wim) embryos that carry a copy of the Topgal
reporter show the characteristic morphology of Ift mutants; the most obvious phenotype is an
open neural tube that lacks the normal ventral groove of the neural tissue. The Topgal reporter
is expressed in the same set of cell types in the mutant as in the wild type, and at
indistinguishable levels.
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Table 1
Mutations that affect cilia structure and their effects on embryonic patterning?
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Mutation Effect on ciliab Effect on neural Effect on limb Reference(s)
patterningC patterning

1ft172 Absent Loss of ventral cell types Huangfu et al. (2003)

11t88 Absent Loss of ventral cell types Preaxial polydactyly Liu et al. (2005), Haycraft et al.

(2007)

1ft52 n.d. Loss of ventral cell types Preaxial polydactyly Liu et al. (2005)

1ft57/bippi Absent? Loss of ventral cell types * Houde et al. (2006)

Kif3a Absent Loss of ventral cell types * Huangfu et al. (2003)

Kif3b Absent Loss of ventral cell types * Nonaka et al. (1998)
(inferred) .

Dynch2 Abnormal bulges Loss of ventral cell types Huangfu & Anderson (2005),

. May et al. (2005)

D2lic Absent Loss of ventral cell types Rana et al. (2004)

Ofd1l Absent Loss of ventral cell types Polysyndactyly Ferrante et al. (2006)

1ft122 Abnormal bulges Expansion of ventral cell Preaxial polydactyly J.Qin & J.T.Eggenschwiler,
types Manuscript in preparation

talpid3 (chick) n.d. Loss of ventral cell types Polydactyly Davey et al. (2006)

Hnn (Arl13b) Short, abnormal Expansion of lateral cell types Axial polydactyly Caspary et al. (2007)

Rfx3 Short None (inferred) None Bonnafe et al. (2004)

Lrd(Dnabcl1) Immotile None (inferred) None Supp et al. (1999)

a . . - . . L .
All known mutations that prevent formation of cilia disrupt patterning of the neural tube and the limb. Patterning is not affected in mutants that have
short or immotile cilia.

bn.d. denotes not determined

C,. . . . .
It is inferred that mutations that are homozygous viable do not affect neural patterning.

d* . . . . . .
indicates that an effect on limb patterning could not be determined owing to early lethality of mutants
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