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Hedgehog signaling from the primary cilium to the nucleus: an
emerging picture of ciliary localization, trafficking and
transduction

Yoko Inés Nozawa, Chuwen Lin, and Pao-Tien Chuang
Cardiovascular Research Institute, University of California, San Francisco, CA 94158

Abstract

The unexpected connection between cilia and signaling is one of the most exciting developments
in cell biology in the past decade. In particular, the Hedgehog (Hh) signaling pathway relies on the
primary cilium to regulate tissue patterning and homeostasis in vertebrates. A central question is
how ciliary localization and trafficking of Hh pathway components lead to pathway activation and
regulation. In this review, we discuss recent studies that reveal the roles of ciliary regulators,
components and structures in controlling the movement and signaling of Hh players. These
findings significantly increase our mechanistic understanding of how the primary cilium facilitates
Hh signal transduction and form the basis for further investigations to define the function of cilia
in other signaling processes.

Introduction

The Hedgehog (Hh) signaling pathway (Figure 1) plays a key role in tissue patterning and
homeostasis in diverse species [1-8]. A striking feature of Hh signaling is its reliance on the
primary cilium for signal transduction [9,10]. The antenna-like primary cilium is present in
most mammalian cells and approximately 800 ciliary proteins have been identified [11,12].
Ciliary assembly begins when a pair of centrioles docks at the apical plasma membrane in
quiescent or interphase (G1 phase) cells [13-16]. The mother centriole is converted to the
basal body to initiate the formation of the 9+0 axoneme, typical of the nonmotile primary
cilium (Figure 2). The axoneme is built from nine peripheral microtubule doublets in a
cylindrical array through intraflagellar transport (IFT) that involves kinesin-based
anterograde and dynein-powered retrograde transport [17-19]. Ciliary protein entry and exit
is believed to be regulated by a barrier or gate at the ciliary base that encompasses the
transition zone at which the triplet microtubules of the basal body transition to the doublet
microtubules of the ciliary axoneme [20,21] (Figure 2). The ciliary membrane of the
transition zone likely corresponds to the ciliary necklace, a region of multiple rows of
intramembranous particles where the plasma membrane meets the ciliary membrane [22-24]
(Figure 2). Many other regulatory processes, including the trafficking of membrane and
soluble proteins, likely interact with this specialized zone. It is proposed that the unique
microenvironment maintained within the primary cilium enables efficient molecular
interactions and thus facilitates the process of signal transduction initiated by external
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stimuli. Many regulatory or structural proteins of the cilium are expected to modulate or
transduce the signals received from the extracellular environment.

Among the major signaling pathways, the relationship between Hh signaling and the
primary cilium is best understood [4,25]. The Hh signaling pathway initiates a signal
transduction cascade upon Hh ligand binding to its twelve-pass transmembrane receptor
Patched (Ptc/Ptch/Ptchl), relieving Ptchl inhibition on another multi-pass membrane protein
Smoothened (Smo). Hh/Ptchl interactions lead to Ptchl internalization [26] and reduced
intensity on the cilium [27]. Concomitant with these changes, mammalian Smo accumulates
on the primary cilium [28]. Increased ciliary Smo levels are associated with activation of Gli
transcription factors and expression of nuclear Hh target genes (Figure 1). Suppressor of
fused (Sufu) and kinesin Kif7 are two key regulators of mammalian Hh signaling and
mediate signal transduction between membrane receptors and transcriptional activators [29—
33]. Both Sufu and Kif7 localize to the primary cilium in a dynamic manner [31,33,34],
consistent with their proposed functions on the cilium. Interestingly, Fused (Fu), a putative
serine-threonine kinase initially identified as a key player of fly Hh signaling, turns out to be
dispensable for mammalian Hh signaling and instead is required for ciliogenesis of 9+2
motile cilia [35]. This highlights the divergence of Hh pathway design in different species
[36]. Investigating the relationship between co-option of the cilium in vertebrate Hh
signaling and rewiring of the Hh circuitry during evolution will shed light on how essential
cellular processes acquire new properties. Importantly, mutations that disrupt the structure of
the cilium or centrosome often result in dysregulation of the Hh pathway and underlie a
subset of cilia-related human pathologies or ciliopathies [37,38]. Elucidating the molecular
mechanisms by which the primary cilium controls Hh signaling will provide a better
understanding of disease mechanisms and offer potential targets for therapies.

Multiple machineries that regulate localization and accumulation of Hh
pathway components on the primary cilium

Several lines of evidence suggest that protein distribution on the cilium is controlled by
multiple mechanisms. Proteins involved in various aspects of ciliary construction and
function have been shown to affect the movement and accumulation of Hh pathway
components. For instance, the machinery that regulates membrane or soluble protein
trafficking could influence ciliary distribution of Hh components. In addition, the base of the
cilium anchors a ciliary gate above the basal body that mediates the exchange of molecules
in and out of the cilium. The transition zone makes up most of the gate and a large number
of proteins and complexes in this region have overlapping and distinct functions in
determining the rate and destination of proteins traversing this region (Figure 2). These
transition zone-mediated events will contribute in a major way to maintaining the unique
microenvironment of the cilium. A key challenge is to identify the list of proteins controlled
by each mechanism and elucidate the functional connections between these systems.

Distribution of ciliary membrane proteins is regulated partly through a diffusion barrier at
the base of the cilium [39]. The septin family of guanosine triphosphatases (GTPases)
located at the ciliary base confers important properties of the barrier. Loss of Septin2 limits
Smo accumulation in the primary cilium and inhibits Hh signal transduction [39]. It is
unclear whether other Hh components are regulated in a similar manner. Surprisingly,
studies have also identified signals that allow plasma membrane proteins to anchor to the
cortical actin cytoskeleton underlying the plasma membrane, thus excluding them from the
periciliary membrane [40]. This finding suggests that complementary mechanisms may be
utilized for transporting different classes of proteins or redundant mechanisms could be used
for the same proteins [41].
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Proteins encoded by genes found to be associated with human nephronophthisis (NPHP),
Joubert (JBTS), and Meckel-Gruber (MKS) syndrome form a few large complexes. They are
involved in apical organization and cilia integrity consistent with their distinct subcellular
distributions. Some of the complexes localize to the transition zone and mutations in
homologs of these components result in alterations in ciliary protein composition,
suggesting their role in imparting ciliary gate function [42-44]. Interestingly, MKS proteins
physically interact with the Tectonic family of proteins (Tectonic 1-3) and this complex co-
localizes at the transition zone [42,45]. Recent studies [42,45] demonstrated that Tectonic 1
and 2 (Tctnl, Tctn2) are required for proper ciliogenesis in some tissues and the
maintenance of the ciliary membrane. Mouse knockouts of Tctnl or Tctn2 exhibit tissue-
specific defects in Hh signaling, which are associated with reduced ciliary localization of
Smo and Arl13b [46]. Perhaps Smo interactions with the transition zone facilitate its entry
into the cilium. Endeavors to define the molecular process of Smo trafficking will uncover
new protein-protein interactions that contribute to communications between the cilium and
other subcellular compartments or membrane domains.

The BBSome is comprised of seven highly conserved Bardet-Biedl syndrome (BBS)
proteins and one novel protein, which function as a coat complex to transport membrane
proteins between the plasma and ciliary membrane. Notably, overexpressed Smo or Ptchl
physically interacts with several BBS proteins with BBS1 showing the strongest binding
[47]. Loss of the BBSome components leads to increased accumulation of Smo and Ptchl in
cilia although Hh response is reduced in assays conducted in mouse embryonic fibroblasts
[47,48]. This phenotype is reminiscent of that observed in Dync2h1 mutants [49] and raises
the possibility that Smo may fail to exit the cilium efficiently in the absence of the BBSome.
Alternatively, the BBSome may participate in the exit of Ptch1 from the cilium or in the
conversion of Smo into an active state. A genetic interaction between the BBSome and IFT
proteins in mammalian cilia is revealed by more embryonic phenotypes in 1ft88/Bbs7 double
mutants than single mutants [47]. By contrast, no physical interactions are detected between
the BBSome and the NPHP/JBTS/MKS complex [42]. Biochemical assays and cell
biological studies are required to reveal how the BBSome regulates Smo/Ptch1translocation
between the plasma membrane and ciliary membrane and how the BBSome functionally
interacts with other protein complexes in this process. Since mice lacking the BBS genes do
not exhibit the classical Hh defects, the BBSome likely modulates the transport of Hh
components in conjunction with other machineries.

Similarities between the ciliary localization signal (CLS) and the classic nuclear localization
signal (NLS) support the idea that analogous mechanisms could regulate nuclear and ciliary
import [50]. In this model, the cilium contains a selective transport system at its base similar
to that in the nuclear pore. This notion is reinforced by the discovery that manipulation of
Ran GTPase activity, known to control the NLS-importin complex, also affects Kif17
translocation to the cilium [50]. Moreover, both nucleoporins and importins that control
nuclear entry localize to the ciliary base, and inhibition of these proteins blocks the ciliary
entry of kinesin-2 and Kif17 motor proteins (Figure 2) [51]. Whether this system regulates
transport of Hh pathway components has not been reported. Likewise, elucidating the
connection between this system and others such as IFT and the transition zone will provide
new insight into protein trafficking on the cilium.

Trafficking of Hh pathway components on the primary cilium

A major event associated with active Hh signaling is the increased levels of various Hh
components along the primary cilium or in a ciliary subdomain. Hh ligand binding to its
membrane receptor Ptchl results in a dramatic reduction in Ptchl intensity on the cilium
[27] and a concomitant increase of ciliary Smo levels [28]. This is consistent with a model in
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which exit of Hh-bound Ptch1 from the cilium allows Smo entry to the cilium. As discussed
in this review, studies that manipulate retrograde ciliary transport or other machinery
revealed increased Smo levels on the cilium without Hh ligand stimulation [52,53]. This
suggests the presence of dynamic movements of Ptchl and Smo in the cilium even in the
absence of active Hh signaling. Our knowledge of this important process remains limited
due to the inability to follow the movement of Hh components in real time and at
physiological levels. Moreover, reagents currently available to detect ciliary distribution of
Hh components do not yield the spatial resolution required to define their distributions in
subdomains of the cilium. A key unresolved issue is how to design assays to probe the
functional consequences of trafficking of Hh components on the cilium. Despite these
deficiencies, recent studies of ciliary regulators and components have uncovered multiple
mechanisms that control the movement of Hh players.

The axoneme is assembled via IFT that consists of kinesin-mediated anterograde and
dynein-powered retrograde transport. It is proposed that disruption of IFT perturbs cilia
architecture that subsequently leads to perturbed signaling [49,54]. Inactivation of retrograde
transport, for instance, by mutating the cytoplasmic dynein-2 motor heavy chain protein 1,
Dync2h1, swells the cilium due to an increased amount of ciliary proteins. Indeed, Smo,
Ptchl and Gli2 levels are also elevated in the cilium. Retention of Hh signal transducers on
the cilium caused by defective retrograde transport could impair Hh signal transduction
beyond the cilium and result in reduced Hh signaling [49]. Unexpectedly, defective
retrograde transport originating from mutations in either 1ft122 or Thml (1ft139) also results
in accumulation of Hh components on the cilium but Hh signaling is enhanced, implying a
different underlying mechanism [55,56]. It is possible that in [ft122 or Thm1 mutant cilia,
amassed Hh components may have undergone constitutive activation at a particular ciliary
subdomain due to aberrant retrograde transport. A role of IFT in transporting Hh
components is also revealed through analysis 1ft25 mutant mice. Loss of 1ft25 does not affect
ciliary assembly but leads to increased Ptchl and Smo levels on the cilium [57]. This leads
to the hypothesis that IFT25 is required not only for ciliary export of Smo during the
inactive state but also for Ptchl export during the active state. Since Hh components contain
multiple positive and negative effectors, defective IFT could produce a complex output
depending on the extent to which individual Hh component is affected by a specific
combination of genetic perturbations.

Hh signal relay from the primary cilium to the nucleus

Several Hh pathway components function downstream of Smo to transduce the Hh signal in
the cilium, cytoplasm and the nucleus. They include Sufu, Kif7, protein kinase A (PKA) and
three Gli transcription factors (Gli1-3). These Hh players exhibit a complex interaction to
generate graded Hh responses through a combination of positive and negative regulations.
Uncovering the biochemical mechanisms that underlie the interactions of Hh components
and identifying the location and sequence of actions will provide new insight into how Hh
signaling controls key biological processes.

In the absence of Smo activation, the majority of Gli3 undergoes limited proteolysis
mediated by the proteasome to produce a transcriptional repressor (GliR) that blocks Hh
target gene expression in the nucleus. Upon Hh pathway activation, GIliR formation is
inhibited and Gli activators (GliA) derived from the full-length Gli proteins (primarily Gli2)
are produced and stimulate Hh target gene expression in the nucleus (Figure 1). Smo
accumulation on the primary cilia is accompanied by increased Gli protein localization to
cilia tips and the nucleus [53,58].
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Smo trafficking and activation on the primary cilium

Besides the ciliary gate that limits Smo diffusion, another distinct domain on the cilium has
been identified recently that orchestrates Smo activity and movement. In Hh-responsive
cells, the ciliary proteins Evc and Evc2 localize to a region lying above the transition zone
and act downstream of Smo to relay the Hh signal to a subsequent step that involves Sufu/
PKA [59-62]. Importantly, the exogenous Evc/Evc2 complex was found to co-localize with
Smo within the EvC-expressing zone and can also physically associate with Smo (at least
with crosslinker) in response to Hh pathway activation. It is postulated that activation and
conformational change of Smo takes place in this distinct Evc/Evc2(+) domain on the cilium
[59]. Consistent with this model, the Evc complex is disrupted in human Ellis-van-Creveld
syndrome and Weyers acrodental dystosis, two ciliopathies characterized by skeletal
dysplasia [63]. However, the limited tissue expression of Evc/Evc2 and the mild phenotypes
associated with Evc/Eve2 mutations in mammals raise the question of whether Evc/Eve?2
merely represent a tissue-specific mode of Hh regulation.

PKA controls Gli protein function via the primary cilium

cAMP-dependent protein kinase A (PKA) is a major negative regulator of Hh signaling in
various overexpression studies in vitro and in vivo. PKA localizes to the base of the primary
cilium, adjacent to the centrosome marker [64,65] and in proximity to the proteasome and
the Skpl-Cull-F-box (SCF) protein ligase complex [66,67]. New insight into how PKA
controls Gli2 and Gli3 activity in relation to the cilium was garnered by the production of
mice in which PKA is genetically ablated. Embryos lacking PKA activity exhibit full
activation of Hh signaling [65], placing PKA in the same category as Ptchl based on their
ability to repress Hh signaling. This system also offers a pertinent genetic setting to examine
the molecular mechanisms by which PKA controls Hh signaling. Analysis of neural tube
patterning in PKA-deficient mice reveals a major function of PKA in repressing Gli2
activator production. Moreover, when the primary cilium is disrupted in a PKA-deficient
background, Hh signaling fails to be activated, suggesting that inhibition of Hh signaling by
PKA is dependent on primary cilia [65]. While PKA does not affect Smo ciliary
localization, Gli2 is enriched in PKA-deficient cilia tips even in the absence of Hh
stimulation [65]. These results argue that modification of Gli2 and Gli3 by PKA at the
cilium base is a crucial event in controlling Gli activity and trafficking. The exact site and
sequence of action cannot be deduced from the current knowledge and would require a
better molecular characterization of the biogenesis and movement of the different forms of
Gli. Interestingly, identification of a ciliary G-protein-coupled receptor, Gprl61, which can
increase CAMP levels and Gli3 processing, provides a link between Hh signaling and PKA
activity [68].

Multiple roles of Sufu in Hh signaling

Suppressor of Fused (Sufu) is another major negative regulator of mammalian Hh signaling.
Genetic studies have shown that the Hh hyperactivation in Sufu knockout neural tube
depends on the enhanced activator activity of Glil/2 and to a lesser extent decreased levels
of Gli3 repressor [69-71]. Furthermore, cell-based studies have unveiled a positive role of
Sufu in Hh signaling, likely due to the involvement of Sufu in maintaining sufficient Gli
protein levels that are necessary for activator production [72]. This idea is further
strengthened by genetic analysis in the mouse neural tube. Removal of Sufu in Glil mutants
results in failure to specify the ventral-most cell types in the spinal cord (such as the floor
plate and V3 interneurons) that require maximal Hh signaling activity [70]. By contrast, Glil
mutant mice are viable with no apparent neural tube defects [73].

Upon Hh pathway activation, Sufu accumulates in the primary cilium, a process that relies
on the presence of ciliary Gli2/3 [74,75]. Treatment with forskolin, which activates PKA by
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raising cellular cAMP levels, abolishes ciliary localization of Gli2/3 and Sufu [75].
Surprisingly, forskolin can also block constitutive accumulation of Gli2 at the cilium tips in
PKA-deficient cells [65]. This suggests that the negative effects of forskolin on ciliary
translocation of Gli2/3 and Sufu and Hh signaling could be independent of PKA activity.
For instance, forskolin may affect the cilium environment through the action of cAMP-gated
channels unrelated to PKA [76,77]. Moreover, forskolin-induced Smo translocation to the
cilium base [78] does not occur in PKA-deficient cells. These findings underscore the
importance of genetic analysis to complement cell-based assays [65].

Sufu inhibits Hh signaling in the cytoplasm by preventing the conversion of Gli3 into a
transcriptional activator [58,75] and by sequestering Gli2 [79,80]. Recent work also suggests
that Hh signaling triggers dissociation of Sufu from full-length Gli2/Gli3 [58,75]. This
would lead to the production of a labile form of active Gli proteins that accumulate in the
nucleus to stimulate Hh target gene expression. In Kif3a™~ cells, in which the primary
cilium fails to form, Sufu does not dissociate from Gli2/3 upon treatment of a Smo agonist
(SAG). This observation bolsters the claim that dissociation of Sufu and Gli2/3 upon Hh
activation depends on the primary cilium and that Sufu/Gli dissociation may take place in
the primary cilium [58,75]. Since the absence of Sufu/Gli dissociation without the cilium
could be due to lack of Smo activation, the exact location and relevance of Sufu-Gli
dissociation during Hh signal transduction cannot be unambiguously assessed. This issue is
further complicated by the finding that Sufu still exerts its full effects on Gli proteins in the
absence of primary cilia [69,72]. A recent study reported impaired Sufu dissociation from
Gli2 in Kif7-deficient keratinocytes but this results in a relatively mild Hh phenotype [79].
All of these point to the importance of testing the functional consequences of Sufu-Gli
association and dissociation.

Kif7’'s dual function on Hh signaling depends on the primary cilium

Kif7 plays both positive and negative roles in Hh signaling. Kif7 primarily localizes to the
base of the primary cilium in the absence of Hh signaling, but is enriched at the ciliary tip
when the Hh pathway is activated [31,33]. Consistent with its localization, Kif7 activity
depends on the presence of an intact primary cilium [31], similar to the requirement of the
primary cilium for PKA activity [65], but is distinct from the unaltered Sufu phenotype
without cilia [69,72]. Kif7-deficient embryos exhibit defects related to decreased levels of
Gli3 repressor and enhanced activity of Gli2 activator, although the phenotype is mild [31-
33] in comparison with that in PKA~- [65] or Sufu—deficient embryos [29,30]. A reduction of
Gli3 repressor levels in Kif7 mutants [31-33] suggests that Kif7 controls Gli3 repressor
formation. Since PKA, the proteasome, the SCF E3 ligase components and Sufu all
participate in Gli3 repressor formation [58,81], it is possible that they act in concert to
control the production of Gli3 repressor. One can speculate that Sufu-Gli3 may be modified
in the cilium through Kif7, rendering Gli3 a better substrate for partial proteolysis. This
allows subsequent PKA phosphorylation of Gli3 at the ciliary base and targets Gli3 for
ubiquitination and processing by the proteasome [65]. The molecular basis of cilium control
of Gli3 repressors requires additional studies.

Kif7’s positive effect on Hh signaling contributes to floor plate patterning, which needs
maximal Hh signaling activity. Removal of Kif7 in a Sufu-deficient background has no
consequences on ectopic formation of floor plate observed in Sufu mutant embryos [82].
This could be interpreted by a model in which Kif7 executes its positive function by
inhibiting Sufu. Alternatively, Kif7 and Sufu could act in parallel to control Hh signaling. In
this case, removal of Kif7’s positive function fails to counteract global Hh activation due to
loss of Sufu. In Kif7 mutant chondrocytes, ciliary localization of Gli2/3 and Sufu is
increased. This phenotype resembles that in PKA mutants and suggests that Kif7 may
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restrain Gli2/3 from translocating to cilia tips [83]. Similarly, the molecular mechanisms by
which Kif7 controls Gli2/3 trafficking and the functional consequences remain unclear.

The dual function of Kif7 is reminiscent of its Drosophila ortholog Costal 2 (Cos2). Cos2
promotes repressor formation of Ci (Gli ortholog) by scaffolding kinases for Ci
phosphorylation in the absence of the Hh ligand; Cos2 also exerts a positive function
through its association with active Smo to relay the Hh signal [7]. The primary cilium may
have assumed the scaffolding role of ancient Cos2. Whether the requirement of Cos2/Smo
association to transduce the Hh signal is substituted by other proteins in mammals awaits
further investigation.

Conclusion

Hedgehog signaling is a central developmental pathway uniquely tied to primary cilium
function. Future studies that focus on live imaging, functional assays and phenotypic
analysis will provide insight into how the primary cilium controls trafficking and activity of
Hh components and discern the direct effects of cilia in these processes.

Acknowledgments

We thank Jau-Nian Chen, Cecilia Huang, Jeremy Reiter and Erica Yao for critical reading of the manuscript. We
sincerely apologize to those whose original articles could not be cited due to space limitations.

References

1. Ingham PW, Nakano Y, Seger C. Mechanisms and functions of Hedgehog signalling across the
metazoa. Nat Rev Genet. 2011; 12:393-406. [PubMed: 21502959]

2. Hui CC, Angers S. Gli proteins in development and disease. Annu Rev Cell Dev Biol. 2011;
27:513-537. [PubMed: 21801010]

3. Drummond IA. Cilia functions in development. Curr Opin Cell Biol. 2012; 24:24-30. [PubMed:
22226236]

4. Berbari NF, O'Connor AK, Haycraft CJ, Yoder BK. The primary cilium as a complex signaling
center. Curr Biol. 2009; 19:R526—R535. [PubMed: 19602418]

5. Eggenschwiler JT, Anderson KV. Cilia and developmental signaling. Annu Rev Cell Dev Biol.
2007; 23:345-373. [PubMed: 17506691]

6. Bay SN, Caspary T. What are those cilia doing in the neural tube? Cilia. 2012; 1:19. [PubMed:
23351466]

7. Chen Y, Jiang J. Decoding the phosphorylation code in Hedgehog signal transduction. Cell Res.
2013

8. Roy S. Cilia and Hedgehog: when and how was their marriage solemnized? Differentiation. 2012;
83:543-S48. [PubMed: 22154138]

9. Huangfu D, Liu A, Rakeman AS, Murcia NS, Niswander L, Anderson KV. Hedgehog signalling in
the mouse requires intraflagellar transport proteins. Nature. 2003; 426:83-87. [PubMed: 14603322]

10. Christensen ST, Clement CA, Satir P, Pedersen LB. Primary cilia and coordination of receptor
tyrosine kinase (RTK) signalling. J Pathol. 2012; 226:172-184. [PubMed: 21956154]

11. Gherman A, Davis EE, Katsanis N. The ciliary proteome database: an integrated community
resource for the genetic and functional dissection of cilia. Nat Genet. 2006; 38:961-962. [PubMed:
16940995]

12. Ishikawa H, Thompson J, Yates JR 3rd, Marshall WF. Proteomic analysis of mammalian primary
cilia. Curr Biol. 2012; 22:414-419. [PubMed: 22326026]

13. Kobayashi T, Dynlacht BD. Regulating the transition from centriole to basal body. J Cell Biol.
2011; 193:435-444. [PubMed: 21536747]

14. Gonczy P. Towards a molecular architecture of centriole assembly. Nat Rev Mol Cell Biol. 2012;
13:425-435. [PubMed: 22691849]

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nozawa et al.

15.

16.

17.

18.

19

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 8

Nigg EA, Stearns T. The centrosome cycle: Centriole biogenesis, duplication and inherent
asymmetries. Nat Cell Biol. 2011; 13:1154-1160. [PubMed: 21968988]

Avasthi P, Marshall WF. Stages of ciliogenesis and regulation of ciliary length. Differentiation.
2012; 83:S30-S42. [PubMed: 22178116]

Rosenbaum JL, Witman GB. Intraflagellar transport. Nat Rev Mol Cell Biol. 2002; 3:813-825.
[PubMed: 12415299]

Taschner M, Bhogaraju S, Lorentzen E. Architecture and function of IFT complex proteins in
ciliogenesis. Differentiation. 2012; 83:512-S22. [PubMed: 22118932]

. Silverman MA, Leroux MR. Intraflagellar transport and the generation of dynamic, structurally

and functionally diverse cilia. Trends Cell Biol. 2009; 19:306-316. [PubMed: 19560357]

Reiter JF, Blacque OE, Leroux MR. The base of the cilium: roles for transition fibres and the
transition zone in ciliary formation, maintenance and compartmentalization. EMBO Rep. 2012;
13:608-618. [PubMed: 22653444]

Hu Q, Nelson WJ. Ciliary diffusion barrier: the gatekeeper for the primary cilium compartment.
Cytoskeleton (Hoboken). 2011; 68:313-324. [PubMed: 21634025]

Rohatgi R, Snell WJ. The ciliary membrane. Curr Opin Cell Biol. 2010; 22:541-546. [PubMed:
20399632]

Ghossoub R, Molla-Herman A, Bastin P, Benmerah A. The ciliary pocket: a once-forgotten
membrane domain at the base of cilia. Biol Cell. 2011; 103:131-144. [PubMed: 21275905]

Fisch C, Dupuis-Williams P. Ultrastructure of cilia and flagella - back to the future! Biol Cell.
2011; 103:249-270. [PubMed: 21728999]

Goetz SC, Anderson KV. The primary cilium: a signalling centre during vertebrate development.
Nat Rev Genet. 2010; 11:331-344. [PubMed: 20395968]

Incardona JP, Lee JH, Robertson CP, Enga K, Kapur RP, Roelink H. Receptor-mediated
endocytosis of soluble and membrane-tethered Sonic hedgehog by Patched-1. Proc Natl Acad Sci
U S A. 2000; 97:12044-12049. [PubMed: 11027307]

Rohatgi R, Milenkovic L, Scott MP. Patchedl regulates hedgehog signaling at the primary cilium.
Science. 2007; 317:372-376. [PubMed: 17641202]

Corbit KC, Aanstad P, Singla V, Norman AR, Stainier DY, Reiter JF. Vertebrate Smoothened
functions at the primary cilium. Nature. 2005; 437:1018-1021. [PubMed: 16136078]

Cooper AF, Yu KP, Brueckner M, Brailey LL, Johnson L, McGrath JM, Bale AE. Cardiac and
CNS defects in a mouse with targeted disruption of suppressor of fused. Development. 2005;
132:4407-4417. [PubMed: 16155214]

Svard J, Heby-Henricson K, Persson-Lek M, Rozell B, Lauth M, Bergstrom A, Ericson J, Toftgard
R, Teglund S. Genetic elimination of Suppressor of fused reveals an essential repressor function in
the mammalian Hedgehog signaling pathway. Dev Cell. 2006; 10:187-197. [PubMed: 16459298]
Liem KF Jr, He M, Ochina PJ, Anderson KV. Mouse Kif7/Costal2 is a cilia-associated protein that
regulates Sonic hedgehog signaling. Proc Natl Acad Sci U S A. 2009; 106:13377-13382.
[PubMed: 19666503]

Cheung HO, Zhang X, Ribeiro A, Mo R, Makino S, Puviindran V, Law KK, Briscoe J, Hui CC.
The kinesin protein Kif7 is a critical regulator of Gli transcription factors in mammalian hedgehog
signaling. Sci Signal. 2009; 2:ra29. [PubMed: 19549984]

Endoh-Yamagami S, Evangelista M, Wilson D, Wen X, Theunissen JW, Phamluong K, Davis M,
Scales SJ, Solloway MJ, de Sauvage FJ, et al. The mammalian Cos2 homolog Kif7 plays an
essential role in modulating Hh signal transduction during development. Curr Biol. 2009;
19:1320-1326. [PubMed: 19592253]

Haycraft CJ, Banizs B, Aydin-Son Y, Zhang Q, Michaud EJ, Yoder BK. Gli2 and Gli3 localize to
cilia and require the intraflagellar transport protein polaris for processing and function. PLoS
Genet. 2005; 1:e53. [PubMed: 16254602]

Wilson CW, Nguyen CT, Chen MH, Yang JH, Gacayan R, Huang J, Chen JN, Chuang PT. Fused
has evolved divergent roles in vertebrate Hedgehog signalling and motile ciliogenesis. Nature.
2009; 459:98-102. [PubMed: 19305393]

Richards GS, Degnan BM. The dawn of developmental signaling in the metazoa. Cold Spring Harb
Symp Quant Biol. 2009; 74:81-90. [PubMed: 19903747]

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nozawa et al.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 9

Hildebrandt F, Benzing T, Katsanis N. Ciliopathies. N Engl J Med. 2011; 364:1533-1543.
[PubMed: 21506742]

Novarino G, Akizu N, Gleeson JG. Modeling human disease in humans: the ciliopathies. Cell.
2011; 147:70-79. [PubMed: 21962508]

Hu Q, Milenkovic L, Jin H, Scott MP, Nachury MV, Spiliotis ET, Nelson WJ. A septin diffusion
barrier at the base of the primary cilium maintains ciliary membrane protein distribution. Science.
2010; 329:436-439. [PubMed: 20558667] The study describes a septin-based diffusion barrier at
the base of the primary cilium, similar to that observed at the bud neck of budding yeast or the
annulus of the mammalian sperm flagellum.

Francis SS, Sfakianos J, Lo B, Mellman I. A hierarchy of signals regulates entry of membrane
proteins into the ciliary membrane domain in epithelial cells. J Cell Biol. 2011; 193:219-233.
[PubMed: 21444686]

Breslow DK, Nachury MV. Primary cilia: how to keep the riff-raff in the plasma membrane. Curr
Biol. 2011; 21:R434-R436. [PubMed: 21640903]

Sang L, Miller JJ, Corbit KC, Giles RH, Brauer MJ, Otto EA, Baye LM, Wen X, Scales SJ, Kwong
M, et al. Mapping the NPHP-JBTS-MKS protein network reveals ciliopathy disease genes and
pathways. Cell. 2011; 145:513-528. [PubMed: 21565611] Using a proteomic approach, the
authors demonstrate that the NPHP-JBTS-MKS proteins are clustered in three different modules
with distinct localizations and functions in the primary cilium.

Williams CL, Li C, Kida K, Inglis PN, Mohan S, Semenec L, Bialas NJ, Stupay RM, Chen N,
Blacque OE, et al. MKS and NPHP modules cooperate to establish basal body/transition zone
membrane associations and ciliary gate function during ciliogenesis. J Cell Biol. 2011; 192:1023—
1041. [PubMed: 21422230] The study describes the interactions and properties of MKS-NPHP
proteins in the ciliary transition zone in C. elegans.

Craige B, Tsao CC, Diener DR, Hou Y, Lechtreck KF, Rosenbaum JL, Witman GB. CEP290
tethers flagellar transition zone microtubules to the membrane and regulates flagellar protein
content. J Cell Biol. 2010; 190:927-940. [PubMed: 20819941]

Garcia-Gonzalo FR, Corbit KC, Sirerol-Piquer MS, Ramaswami G, Otto EA, Noriega TR, Seol
AD, Robinson JF, Bennett CL, Josifova DJ, et al. A transition zone complex regulates mammalian
ciliogenesis and ciliary membrane composition. Nat Genet. 2011; 43:776-784. [PubMed:
21725307] The authors show that Meckel and Joubert syndromes (MKS) proteins associate with
Tectonic protein 1-3. The Tectonic complex localizes to the transition zone and regulates
ciliogenesis and ciliary membrane composition. in a tissue-specific manner.

Larkins CE, Aviles GD, East MP, Kahn RA, Caspary T. Arl13b regulates ciliogenesis and the
dynamic localization of Shh signaling proteins. Mol Biol Cell. 2011; 22:4694-4703. [PubMed:
21976698]

Zhang Q, Seo S, Bugge K, Stone EM, Sheffield VC. BBS proteins interact genetically with the IFT
pathway to influence SHH-related phenotypes. Hum Mol Genet. 2012; 21:1945-1953. [PubMed:
22228099] This study reports ciliary accumulation of Patched 1 (Ptchl) and Smoothened (Smo) in
Bbs7 null cells, which is associated with a modest reduction in Hh signaling. Moreover, it also
uncovers a genetic interaction between components of the BBSome and IFT complex.

Zhang Q, Nishimura D, Seo S, Vogel T, Morgan DA, Searby C, Bugge K, Stone EM, Rahmouni
K, Sheffield VC. Bardet-Biedl syndrome 3 (Bbs3) knockout mouse model reveals common BBS-
associated phenotypes and Bbs3 unique phenotypes. Proc Natl Acad Sci U S A. 2011; 108:20678—
20683. [PubMed: 22139371]

Ochina PJ, Eggenschwiler JT, Moskowitz I, Anderson KV. Complex interactions between genes
controlling trafficking in primary cilia. Nat Genet. 2011; 43:547-553. [PubMed: 21552265] This
paper defines the genetic interactions between retrograde dynein motor (Dync2hl) and IFT
proteins. A surprise comes from the observation that reduction in either IFT A or IFT B activity
can rescue the neural tube defects in Dync2hl mutants. This suggests that a balance between
anterograde (IFT B complex) and retrograde (IFT A complex) transport controls cilia structure,
which in turn can regulate Hh signaling.

Dishinger JF, Kee HL, Jenkins PM, Fan S, Hurd TW, Hammond JW, Truong YN, Margolis B,
Martens JR, Verhey KJ. Ciliary entry of the kinesin-2 motor KIF17 is regulated by importin-beta2
and RanGTP. Nat Cell Biol. 2010; 12:703-710. [PubMed: 20526328] The discovery of a nuclear

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nozawa et al.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 10

localization signal in a ciliary kinesin-2 motor protein leads to the finding that the Ran-GTPase
gradient regulates the transport of cytoplasmic proteins to both the nuclear and the ciliary
compartments.

Kee HL, Dishinger JF, Blasius TL, Liu CJ, Margolis B, Verhey KJ. A size-exclusion permeability
barrier and nucleoporins characterize a ciliary pore complex that regulates transport into cilia. Nat
Cell Biol. 2012; 14:431-437. [PubMed: 22388888] Based on the work described in Dishinger et
al. (2010), this study offers evidence of a ciliary pore complex that contains nuclear pore
components. This further supports the presence of a nuclear pore-like selective barrier to ciliary
entry.

Ocbina PJ, Anderson KV. Intraflagellar transport, cilia, and mammalian Hedgehog signaling:
analysis in mouse embryonic fibroblasts. Dev Dyn. 2008; 237:2030-2038. [PubMed: 18488998]
Kim J, Kato M, Beachy PA. Gli2 trafficking links Hedgehog-dependent activation of Smoothened
in the primary cilium to transcriptional activation in the nucleus. Proc Natl Acad Sci U S A. 2009;
106:21666-21671. [PubMed: 19996169]

Liem KF Jr, Ashe A, He M, Satir P, Moran J, Beier D, Wicking C, Anderson KV. The IFT-A
complex regulates Shh signaling through cilia structure and membrane protein trafficking. J Cell
Biol. 2012; 197:789-800. [PubMed: 22689656]

Tran PV, Haycraft CJ, Besschetnova TY, Turbe-Doan A, Stottmann RW, Herron BJ, Chesebro
AL, Qiu H, Scherz PJ, Shah JV, et al. THM1 negatively modulates mouse sonic hedgehog signal
transduction and affects retrograde intraflagellar transport in cilia. Nat Genet. 2008; 40:403-410.
[PubMed: 18327258]

Qin J, Lin Y, Norman RX, Ko HW, Eggenschwiler JT. Intraflagellar transport protein 122
antagonizes Sonic Hedgehog signaling and controls ciliary localization of pathway components.
Proc Natl Acad Sci U S A. 2011; 108:1456-1461. [PubMed: 21209331]

Keady BT, Samtani R, Tobita K, Tsuchya M, San Agustin JT, Follit JA, Jonassen JA, Subramanian
R, Lo CW, Pazour GJ. IFT25 links the signal-dependent movement of Hedgehog components to
intraflagellar transport. Dev Cell. 2012; 22:940-951. [PubMed: 22595669] Through mouse
genetics, the authors show that IFT25 is required for proper ciliary localization of Hh components
and Hh signaling without affecting ciliary assembly. This is in contrast to other IFT mutants in
which defective ciliary structure contributes to perturbed Hh signaling. This supports a role of IFT
in ciliary trafficking of Hh components and signaling.

Humke EW, Dorn KV, Milenkovic L, Scott MP, Rohatgi R. The output of Hedgehog signaling is
controlled by the dynamic association between Suppressor of Fused and the Gli proteins. Genes
Dev. 2010; 24:670-682. [PubMed: 20360384] This study reports dissociation between Sufu and
Gli2/3 upon Hh pathway activation and lends support to a model in which a labile Gli activator is
produced upon Sufu dissociation. In addition, it shows that Sufu promotes Gli3 repressor
formation.

Dorn KV, Hughes CE, Rohatgi R. A Smoothened-Evc2 complex transduces the Hedgehog signal
at primary cilia. Dev Cell. 2012; 23:823-835. [PubMed: 22981989] Along with the reports by
Blair et al. (2011), Yang et al. (2012) and Caparros-Martin (2012), these studies identify a
specialized subdomain on the cilium named the Evc zone that lies above the transition zone.
Evidence suggests that formation of the Smo-Evc2 complex at the Evc-expressing domain is
required for relaying Smo activation to a subsequent step that involves Sufu and PKA during Hh
signal transduction.

Caparros-Martin JA, Valencia M, Reytor E, Pacheco M, Fernandez M, Perez-Aytes A, Gean E,
Lapunzina P, Peters H, Goodship JA, et al. The ciliary Evc/Evc2 complex interacts with Smo and
controls Hedgehog pathway activity in chondrocytes by regulating Sufu/Gli3 dissociation and Gli3
trafficking in primary cilia. Hum Mol Genet. 2013; 22:124-139. [PubMed: 23026747]

Yang C, Chen W, Chen Y, Jiang J. Smoothened transduces Hedgehog signal by forming a complex
with Evc/Evc2. Cell Res. 2012; 22:1593-1604. [PubMed: 22986504]

Blair HJ, Tompson S, Liu YN, Campbell J, MacArthur K, Ponting CP, Ruiz-Perez VL, Goodship
JA. Evc2 is a positive modulator of Hedgehog signalling that interacts with Evc at the cilia
membrane and is also found in the nucleus. BMC Biol. 2011; 9:14. [PubMed: 21356043]

Huber C, Cormier-Daire V. Ciliary disorder of the skeleton. Am J Med Genet C Semin Med Genet.
2012; 160C:165-174. [PubMed: 22791528]

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nozawa et al.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 11

Barzi M, Berenguer J, Menendez A, Alvarez-Rodriguez R, Pons S. Sonic-hedgehog-mediated
proliferation requires the localization of PKA to the cilium base. J Cell Sci. 2010; 123:62-69.
[PubMed: 20016067]

Tuson M, He M, Anderson KV. Protein kinase A acts at the basal body of the primary cilium to
prevent Gli2 activation and ventralization of the mouse neural tube. Development. 2011;
138:4921-4930. [PubMed: 22007132] The authors demonstrate that PKA negatively regulates Hh
signaling by controlling Gli3 repressor formation as well as Gli2 activity. Cell lines derived from
PKA-deficient mice allow a more precise assessment of how PKA functionally interacts with
various Hh pathway components.

Fabunmi RP, Wigley WC, Thomas PJ, DeMartino GN. Activity and regulation of the centrosome-
associated proteasome. J Biol Chem. 2000; 275:409-413. [PubMed: 10617632]

Freed E, Lacey KR, Huie P, Lyapina SA, Deshaies RJ, Stearns T, Jackson PK. Components of an
SCF ubiquitin ligase localize to the centrosome and regulate the centrosome duplication cycle.
Genes Dev. 1999; 13:2242-2257. [PubMed: 10485847]

Mukhopadhyay S, Wen X, Ratti N, Loktev A, Rangell L, Scales SJ, Jackson PK. The Ciliary G-
Protein-Coupled Receptor Gprl161 Negatively Regulates the Sonic Hedgehog Pathway via cCAMP
Signaling. Cell. 2013; 152:210-223. [PubMed: 23332756]

Jia J, Kolterud A, Zeng H, Hoover A, Teglund S, Toftgard R, Liu A. Suppressor of Fused inhibits
mammalian Hedgehog signaling in the absence of cilia. Dev Biol. 2009; 330:452-460. [PubMed:
19371734]

Liu J, Heydeck W, Zeng H, Liu A. Dual function of suppressor of fused in Hh pathway activation
and mouse spinal cord patterning. Dev Biol. 2012; 362:141-153. [PubMed: 22182519]

Wang C, Pan Y, Wang B. Suppressor of fused and Spop regulate the stability, processing and
function of Gli2 and Gli3 full-length activators but not their repressors. Development. 2010;
137:2001-2009. [PubMed: 20463034]

Chen MH, Wilson CW, Li YJ, Law KK, Lu CS, Gacayan R, Zhang X, Hui CC, Chuang PT.
Cilium-independent regulation of Gli protein function by Sufu in Hedgehog signaling is
evolutionarily conserved. Genes Dev. 2009; 23:1910-1928. [PubMed: 19684112]

Park HL, Bai C, Platt KA, Matise MP, Beeghly A, Hui CC, Nakashima M, Joyner AL. Mouse Glil
mutants are viable but have defects in SHH signaling in combination with a Gli2 mutation.
Development. 2000; 127:1593-1605. [PubMed: 10725236]

Zeng H, Jia J, Liu A. Coordinated translocation of mammalian Gli proteins and suppressor of fused
to the primary cilium. PLoS One. 2010; 5:¢15900. [PubMed: 21209912]

Tukachinsky H, Lopez LV, Salic A. A mechanism for vertebrate Hedgehog signaling: recruitment
to cilia and dissociation of SuFu-Gli protein complexes. J Cell Biol. 2010; 191:415-428.
[PubMed: 20956384] This paper shows that Gli proteins are required for ciliary accumulation of
Sufu upon Hh activation. It also provides evidence to support the notion that Sufu-Gli dissociation
occurs on the primary cilium.

Bradley J, Reisert J, Frings S. Regulation of cyclic nucleotide-gated channels. Curr Opin
Neurobiol. 2005; 15:343-349. [PubMed: 15922582]

Gloerich M, Bos JL. Epac: defining a new mechanism for cAMP action. Annu Rev Pharmacol
Toxicol. 2010; 50:355-375. [PubMed: 20055708]

Wilson CW, Chen MH, Chuang PT. Smoothened adopts multiple active and inactive
conformations capable of trafficking to the primary cilium. PLoS One. 2009; 4:e5182. [PubMed:
19365551]

Li ZJ, Nieuwenhuis E, Nien W, Zhang X, Zhang J, Puviindran V, Wainwright BJ, Kim PC, Hui
CC. Kif7 regulates Gli2 through Sufu-dependent and -independent functions during skin
development and tumorigenesis. Development. 2012; 139:4152-4161. [PubMed: 23034632]
Barnfield PC, Zhang X, Thanabalasingham V, Yoshida M, Hui CC. Negative regulation of Glil
and Gli2 activator function by Suppressor of fused through multiple mechanisms. Differentiation.
2005; 73:397-405. [PubMed: 16316410]

Kise Y, Morinaka A, Teglund S, Miki H. Sufu recruits GSK3beta for efficient processing of Gli3.
Biochem Biophys Res Commun. 2009; 387:569-574. [PubMed: 19622347]

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nozawa et al.

Page 12

82. Law KK, Makino S, Mo R, Zhang X, Puviindran V, Hui CC. Antagonistic and cooperative actions
of Kif7 and Sufu define graded intracellular Gli activities in Hedgehog signaling. PLoS One. 2012;
7:€50193. [PubMed: 23166838] This genetic study dissects the positive and negative roles of Kif7
in Hh signaling, focusing on how Kif7 contributes to specification of distinct neuronal fates in the
neural tube. Interestingly, it also reports specification of diverse cell types in the neural tube in
Smo-deficient embryos when Sufu is concomitantly removed.

83. Hsu SH, Zhang X, Yu C, Li ZJ, Wunder JS, Hui CC, Alman BA. Kif7 promotes hedgehog
signaling in growth plate chondrocytes by restricting the inhibitory function of Sufu.
Development. 2011; 138:3791-3801. [PubMed: 21795282] This manuscript shows that loss of
Kif7 in the chondrocytes results in reduced Hh pathway activity, which is associated with Sufu/Gli
accumulation at the ciliary tip. This suggests that the positive function of Kif7 in Hh signaling
could be mediated through its effects on inhibiting Sufu/Gli accumulation at the ciliary tip.

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 August 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Nozawa et al.

Page 13

A

Gpr161

\w Pro:easome\' \

(nq'n

—_

=

GliA

I~

& EvC
LEF Zone?

w \ ! endosome
GIiFL A\
| ,Smo

.

~ "Nucleus ~

( Recycling
S

Gli1, Ptch1, Hhip1 etc.’

Figure 1. Themammalian Hh signaling pathway

A. In the absence of the Hh ligand, the Hh receptor Patched (Ptchl) inhibits the
accumulation of the signal transducer, Smoothened (Smo), on the ciliary membrane. As a
result, at the base of the primary cilium, PKA and Kif7 promote proteolytic processing of
the transcription factor Gli3 bythe proteasome into a repressor form (GliR) that suppresses
Hh target gene expression in the nucleus. In addition, Sufu stabilizes the Gli proteins and
inhibits the transcriptional activity of Gli2, while PKA prohibits the accumulation of full-
length Gli2 (GIiFL) in the cilium. All of these events ensure silencing of the Hh pathway

without the ligand.

B. The Hh ligand binds to its receptor Ptch1 and co-receptors Boc/Cdon. Ptchl is
internalized with Hh, relieving the inhibition on Smo. Smo accumulates in the ciliary
membrane through both lateral transport and the secretory pathways. Phosphorylation of
Smo, for instance, at the EvC zone in osteoblasts leads to its dimerization and activation.
This in turn abrogates PKA function and promotes the movement of Sufu-Gli2/3 complexes
and Kif7 to the ciliary tip and perhaps dissociation of Gli2/3 from Sufu in this process. Kif7
also facilitates the trafficking of Gli2/3 into the cilium (for example, in chondrocytes).
Accumulation of Gli2/3 at the ciliary tip is associated with the production of Gli activators
(GIliA), which are derived from the full-length Gli proteins.Accumulation of GIiA to the

nucleus enables activation of Hh target genes such as Ptchl, Glil and Hhip1.
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Figure 2. Control of trafficking of Hh componentson the primary cilium
A. The primary cilium is anchored at the plasma membrane through transitional fibers
emanating from the basal body. The ciliary membrane maintains its unique membrane
composition through multiple mechanisms including a diffusion barrier surrounding the
ciliary base. Ciliary proteins pass through the ciliary gate to enter and exit the cilium. The
ciliary gate is mostly made up of the transition zone. This specialized region is characterized
by Y-shaped links that demarcate the ciliary necklace and connect the axoneme to the ciliary

membrane. Septin ring and a nuclear pore-like structure also contribute to the ciliary

diffusion barrier at its base.
The transition zone contains several protein complex networks that function in ciliary
assembly and sorting. For instance, transition zone proteins Tectonic 1 and 2 participate in
targeting Smo and Arl13b to the primary cilium in some cell types. Septin appears to confer
important barrier properties at the ciliary base and is known to control Smo trafficking. An
intraflagellar transport (IFT) system is responsible for ciliary construction and maintenance.
It consists of the IFT particles (A and B complexes) that are moved along the axoneme
through their interactions with the anterograde (kinesin Il) and retrograde (dynein 2) motors.
IFT is known to be involved in Hh signal transduction. Several components of the IFT
complexes have been shown to influence the distribution of Hh components on the cilium
and affect Hh signaling in a complex manner. For instance, disruption of IFT139 (THML1) in
IFT A complex or IFT122/25 in IFT B complex both leads to accumulation of Hh
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components on the cilium but Hh signaling is enhanced in Thm1/1ft122 mutants while it is
reduced in 1ft25 mutants. The coat-like BBSome complex is involved in the trafficking of
molecules between the plasma and ciliary membrane and may contribute to the dynamic
ciliary distribution of Smo and Ptch1. Taken together, these studies highlight the fact that
multiple mechanisms regulate ciliary protein distribution and understanding how they
interact to control Hh component distribution and signaling on the cilium is a key
unresolved issue.

B. Summary of changes in ciliary distribution of Hh pathway components and Hh pathway
activity in various mutants that affect ciliary structure and function.
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