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Cilia, Wnt signaling, and the cytoskeleton
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Abstract

Primary cilia have recently been highlighted as key regulators in development and disease. This review focuses on
current work demonstrating the broad role of cilia-related proteins in developmental signaling systems. Of
particular consideration is the importance of the basal body region, located at the base of the cilium, in its role as
a focal point for many signaling pathways and as a microtubule organizing center. As the cilium is effectively a
microtubular extension of the cytoskeleton, investigating connections between the cilium and the cytoskeleton
provides greater insight into signaling and cell function. Of the many signaling pathways associated with primary
cilia, the most extensively studied in association with the cytoskeleton and cytoskeletal rearrangements are both
canonical and non-canonical Wnt pathways. One of the key concepts currently emerging is a possible additional
role for the traditionally ‘cilia-related’ proteins in other aspects of cellular processes. In many cases, disruption of
such processes manifests at the level of the cilium. While the involvement of cilia and cilia-related proteins in
signaling pathways is currently being unraveled, there is a growing body of evidence to support the notion that
ciliary proteins are required not only for regulation of Wnt signaling, but also as downstream effectors of Wnt
signaling. This review summarizes recent advances in our understanding of the involvement of cilia and basal body
proteins in Wnt signaling pathways.
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Introduction
The primary cilium had long been ignored by biologists
and was considered to be a vestigial remnant of evolu-
tion, similar to the human appendix. However, a grow-
ing number of human disorders are being attributed to
dysfunctions in cilia or cilia-related proteins [1], leading
to the term ciliopathies to describe these disorders.
Ciliopathies display high degrees of clinical variability,
genetic heterogeneity, and phenotypic overlap [2], com-
plicating their discovery and diagnosis. But, in recent
years an explosion of data has linked the cilium to sev-
eral crucial cellular processes and various signaling path-
ways. Initially cilia were classified as either motile or
primary cilia based on their internal structure. Motile
cilia were thought to be comprised exclusively of nine
outer microtubule doublets with a central pair of micro-
tubules (9+2). In contrast, primary cilia (also referred to
as sensory cilia) lack the central microtubule doublets (9
+0). Motile cilia are known to be required for mucus
clearance, cerebrospinal fluid flow, sperm motility, and

leftward flow at the embryonic node, among other func-
tions [3], and defects in this motility are known to be
associated with diseases such as Kartagener syndrome
(primary ciliary dyskinesia). Primary cilia, in contrast,
while expressed on virtually every cell, were considered
to be non-functional, evolutionary remnants.
More recently, the primary ciliary membrane has been

shown to be rich in various channels and receptors
[4,5], suggesting that the cilium may serve as the signal-
ing antenna for the cell. In this capacity, cilia might
sense developmental morphogens, growth factors, hor-
mones, odorants, and other extracellular signals. More-
over, the cilia-associated basal body complex appears to
serve as a gatekeeper for the regulation of downstream
intracellular signaling events that are initiated as a result
of ciliary receptor activation. As the cilium has no pro-
tein synthetic machinery of its own, all the components
required for both the formation and function of the
cilium have to be transported from the cytoplasm of the
cell. This process requires intraflagellar transport (IFT)
[6], defects in which have significant impact on a wide
range of biological processes. Many proteins associated
with cilia, basal body, or IFT function are also thought
to regulate cytoskeletal assembly and/or intracellular
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trafficking. Our understanding of how mutations in
cilia-associated proteins lead to disruptions in cilia func-
tion and subsequent cellular pathology remains limited,
but valuable insights are beginning to emerge [5-7].
This review will highlight our current understanding

of the cilium and basal body as one of the microtubule
organizing centers of the cell and how they function as
a critical signaling center. The cilium has been impli-
cated in the regulation of a growing number of signaling
pathways, and while much recent research has focused
on sonic hedgehog (Shh)-signaling, this review will more
closely examine the role of the cilium and basal body in
regard to Wnt signaling, an as yet less explored avenue
of research. To begin, we will take a closer look at the
cilium and related proteins, as well as, the possible roles
of those proteins beyond the cilium. Then, the role of
cilia and basal bodies in both canonical and non-canoni-
cal Wnt signaling will be examined; focusing more spe-
cifically on their association with cytoskeletal regulation.

The Cilium - Structure and Function
Cilia are microtubule-based organelles, extending from
the plasma membrane and coupled to the cytoskeleton.
They are anchored to the cell and emanate from the
basal body, a barrel structure of nine triplet microtu-
bules that elongate to form the microtubule doublets of
the ciliary axoneme. The basal body is derived from the
mother centriole, and is also considered a microtubule-
organizing centre (MTOC). Centrioles are more than
just the primary MTOC of a cell; they also serve as
important regions for protein interactions, and as dock-
ing stations for proteins on the way to the cilium [8,9].
The region at the base of the cilium is highly complex.
Distal to the basal body is the transition zone, which
starts where the triplet microtubules end and extends to
the basal plate, upon which the central pair of microtu-
bules (in the case of a motile cilium) are nucleated (Fig-
ure 1).
In eukaryotic cilia the transition zone is composed of

several distinct structures including transitional fibers,
Y-linkers, and the ciliary necklace (on the cilia mem-
brane), all flanked by the terminal and basal plates.
While their appearances vary among species, the basic
components are conserved [10]. Though the exact pro-
tein composition of this region of the cilium is currently
being elucidated [11], the transition zone is emerging as
the key site for regulation of ciliary function. Transi-
tional fibers are thought to be required not only for
docking and anchoring the basal body to the membrane,
but also as docking sites for IFT particles and associated
molecular motors, both of which are destined for the
ciliary compartment. It has been further proposed that
the fibers form part of a pore complex (comparable to
nuclear pores), regulating traffic into and out of the

cilium [12]. Similar to these fibers, the Y-linkers and
ciliary necklace are proposed to regulate trafficking into
and out of the cilium [10,13]. Many of the proteins
associated with cilia function appear to interact dynami-
cally [14-16], and disruptions of these interactions could
play a substantial role in the phenotypic variability
among the various ciliopathies as well as among indivi-
duals with the same condition [17]. More specifically,
interactions between proteins, which when defective
cause ciliopathies such as Meckel syndrome, nephro-
nophthisis (NPHP) and Joubert syndrome, appear to be
required for basal body anchoring and establishment of
a ciliary gateway [11,18]. Disruptions of these protein
networks, particularly at the ciliary transition zone,
result in disruption of ciliogenesis and also in defective
signal transduction [11,19].
Sensory cilia are additionally specialized by cell type to

transduce the specific function or modality of that parti-
cular cell. For example, olfactory cilia detect odorants
via specific receptors on the ciliary membrane, the con-
necting cilia in mammalian photoreceptors continuously
transport various proteins to support the outer seg-
ments, and sensory cilia lining the kidney tubules sense
fluid flow through the nephron.
Initial identification of disease causing genes in cilio-

pathies such as Bardet-Biedl syndrome (BBS) or NPHP,
suggested that each ciliopathy had a distinct set of dis-
ease-causing genes. However, in recent years it has
become apparent that there is considerable overlap
between ciliopathy genes, suggesting that phenotypic
variability among ciliopathies is caused by a combination
of the nature of the mutation and the contribution of
other allelic variations. Mutations in genes such as
CEP290 can cause nearly all ciliopathies [20]; others
such as BBS4 or NPHP5 are restricted to two [21]. In
general, genes causing BBS and Meckel syndrome over-
lap as do those causing Senior Loken syndrome and
NPHP [11,18,21].
The theory that 9+2 cilia solely mediate motile func-

tions, while the 9+0 cilia have a strictly sensory function
is now considered an oversimplification. Non-motile
olfactory sensory cilia have a 9+2 structure [22], while
the 9+0 cilia at the embryonic node are motile and gen-
erate leftward flow, required for establishment of asym-
metry [23,24]. Further, ependymal cilia in the brain
ventricles are proposed to have a sensory function in
addition to their well-characterized motile function [5].
Intriguingly, motile cilia on human airway epithelial
cells were recently found to express bitter taste recep-
tors. Activation of these receptors increases intracellular
calcium levels, thus stimulating beat frequency and so
initiating a defensive mechanism against noxious sub-
stances [25]. These examples would suggest that addi-
tional motile cilia with sensory function are probably
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awaiting discovery and that the simplistic classification
of cilia will need to be reconsidered. In fact, cilia with a
9+3 microtubule triplet have also been identified [26],
although the specific function of this configuration is
still unknown.
As the structural basis of all cilia is a ring of nine

microtubules, ciliopathies could alternatively be viewed
as diseases of microtubule function, with the cilium
representing a specialized extension of the cytoskeleton.
Whereas microtubule defects inside the cell might be
mitigated due to compensatory roles of other proteins,
the highly specialized ciliary transport machinery may
be particularly sensitive to perturbations in microtubule
function/transport due to its remote location and lack
of compensatory subunits. Many of the ciliopathy genes
code for proteins that localize to the basal body and/or
transition zone and, as such, may exert a regulatory role
on ciliary function. As microtubules are highly abundant
in this region, their association and interaction with cili-
ary proteins are essential for ciliary function. In addi-
tion, we must consider the possibility that proteins
important for cilia-related functions may also be
required for non-ciliary microtubule and cytoskeletal
associated processes [27-29].

Ciliary Proteins - Beyond the Cilium
If the cilium is regarded as a specialized extension of the
cytoskeleton, it is not surprising that many ciliary pro-
teins are also beginning to emerge as key players in
other cellular processes that involve the cytoskeleton.
These include cell cycle progression and vesicular trans-
port, both of which are heavily dependent on the config-
uration of the microtubule architecture within a cell.
The basal body, which anchors the cilium, is one of

the microtubule-organizing centers of the cell, and
recent work has identified a crucial link between cilio-
genesis and cell cycle progression (reviewed in Kim
and Tsiokas [30]). In cells with a single primary cilium,
the basal body is derived from the distal end of the
mother centriole which becomes encapsulated by
Golgi-derived vesicles in a directional manner [31].
Prior to ciliogenesis, the mother centriole docks at the
plasma membrane [32]. Further fusion of additional
vesicles enables the cilium to protrude away from the
cell body and into the extracellular matrix. Hence,
growth and maintenance of cilia function is heavily
dependent not only on IFT but also on internal traf-
ficking of components to the basal body, which also
utilizes IFT proteins [33-36].

Figure 1 Ultrastructural depiction of the base of a generic mammalian cilium. The basal body (BB), derived from the mother centriole,
nucleates the microtubule axoneme of the cilium. The basal body ends at the terminal plate (tp) and the transition fibers. The transition fibers
are electron dense fibers at the base of the cilium connecting the ciliary axoneme to the plasma membrane. The transition zone (TZ) is
characterized by the presence of the ciliary necklace on the ciliary membrane (not depicted) and Y-linkers, the end of which correspond with
the basal plate (bp). In cilia that contain central microtubules, these emanate from the basal plate. The transition fibers and transition zone
encompass the so-called ‘ciliary gate’, which possibly regulates protein entrance and exit. The fibers act as docking sites for intraflagellar
transport particles and their motors, and could form part of a pore complex similar to the nuclear pores. The daughter centriole, connected to
the basal body via an interconnecting fiber, and striated rootlet are also depicted. The ciliary pocket is an invagination of specialized cell
membrane at the base of the cilium likely to be important for regulation of cilia composition.
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As the basal body derives from the mother centriole,
the timing of ciliogenesis is closely related to mitosis,
mitotic spindle deconstruction, and centriole duplica-
tion. Cilia customarily nucleate and grow during the
G1-G0 phase of the cell cycle and then retract during
mitosis [6]. The centrosome in G1 cells is comprised of
two centrioles, termed the mother and daughter cen-
triole. Each of the two centrioles in the centrosome self-
duplicates once during the cell cycle, but their rate of
maturation is asymmetric [37]. Upon self-duplication,
both centrioles become mother centrioles with newly
associated daughter centrioles. Consequently, the two
centrosomes in a G2 cell have either the older (original)
mother centriole or a newer mother centriole [38]. As
the rate of maturation is asymmetric, this results in two
differentially aged centrosomes that segregate upon cell
division (Figure 2). Each new cell obtains a centrosome
with either the older mother centriole or the younger
mother centriole. Segregation of differentially aged
mother centrioles affects subsequent cell fates and attri-
butes, including the growth of a primary cilium [39].
Additional aspects of how centrioles and centrosomes

transition to become basal bodies, which is thoroughly
discussed in a recent review by Kobayashi and Dynlacht
[40], involves proteins required for both centriole migra-
tion as well as cilia assembly and disassembly.
Asymmetric centrosomal inheritance has been impli-

cated in subsequent cell fate decisions in Drosophila
neuroblasts and male germline cells [41-43]. In mouse
cortical neuroepithelium, inheritance of the mother cen-
trosome correlated with a progenitor cell fate, whereas
inheritance of the daughter centrosome was associated
with differentiated progeny cells [43]. Asymmetric cen-
trosomal inheritance after cell division also affects the
timing of cilia growth [39]. Cells inheriting the older
mother centrosomes appear to generate cilia sooner
than those with younger daughter centrosomes. Differ-
ences in composition of both pericentriolar material
(PCM) and pericentriolar satellites (sub-distal and distal
appendages) between the two centrioles might contri-
bute to the asymmetric rate of division and subsequent
cell fate determination. The differential localization of
various signaling proteins to the older vs. younger cen-
triole of dividing sister cells adds a further layer of

Figure 2 Centrosome duplication during the cell cycle. (A) Centrosomes are comprised of two centrioles (mother and daughter) connected
via an interconnecting fiber. The mother centriole has additional distal and sub distal appendages. The centrioles are surrounded by a matrix of
proteins, the pericentriolar material (PCM). (B) During the cell cycle, each centriole (the original mother and daughter centriole) duplicates once,
growing a new daughter centriole from their sides. The original mother centriole duplicates at a faster rate than the original daughter centriole.
The original daughter centriole acquires additional appendages and thus becomes a new mother centriole. Mitosis separates the two
centrosomes (duplicated centrioles) resulting in two cells each with a differentially aged mother centriole. Differences between these cells
regarding cell fate and regulation are beginning to emerge.
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complexity to signaling regulation [39]. Asymmetric
localization of proteins to dividing centrioles could also
allow for potential establishment of apical-basal cell
polarity within that cell.
These findings, namely that asymmetric distribution of

proteins around the centriole is also important during
both cell cycle progression and ciliogenesis, support the
concept that the basal body region plays a critical regu-
latory role. Other contributors to such functions include
the ciliary-related proteins CEP290, CP110, and Cep97,
which are highly involved in cilia assembly and regula-
tion and are also asymmetrically localized to the basal
body region [13,44,45]. At a regulatory level, the centrio-
lar kinesin Kif24 (see section on kinesins), which prefer-
entially localizes to mother centrioles, has been found to
prevent cilia assembly via recruiting and/or stabilizing
CP110 at the distal end of mother centrioles [46]. Even
in ‘mature’ basal bodies, asymmetric distribution of pro-
teins such as Dishevelled have been shown to be
required for cellular polarization [47].
In the emerging association of cilia and cell cycle pro-

gression, two dynein binding proteins, Ned1 and Tctex-
1, have been shown to regulate cell cycle progression via
effects on cilia length [48,49]. Both these proteins loca-
lize to the base of the cilium (Ned1 at the mother cen-
triole and Tctex-1 at the transition zone) and are
thought to control cilia length regulation, which in turn
determines cell cycle progression. This observation
could explain the presence of only a single primary
cilium per cell during tissue morphogenesis and devel-
opment when cells continue to divide. Once cells term-
inally differentiate, they are able to form multiple cilia,
which is not possible prior to terminal differentiation as
the single cilium must retract during cell division [6]. It
would be interesting to know if the expression of Ned1
or Tctex-1 was down-regulated in differentiated, post-
mitotic cells.
As IFT proteins have been shown to be required for

intracellular trafficking to the cilium, not just along the
cilium, it is plausible that these components might also
be required for additional microtubule related transport.
Intriguingly, the intraflagellar transport protein IFT88,
required for ciliary anterograde transport, has also been
shown to be required for spindle orientation during
mitosis [29,50], thus coupling cell cycle progression,
centriole division, and microtubule transport. As part of
a dynein-1 driven complex, IFT88 appears to transport
microtubule-nucleating proteins to the spindle poles,
which are required for formation of astral microtubule
arrays and subsequent correct spindle formation and
orientation. This suggests possible roles for IFT proteins
in cytoplasmic cellular mechanisms. Additionally, IFT20,
another IFT-related protein, is known to facilitate trans-
port of proteins from the Golgi to the base of the cilium

[34]. IFT20 also interacts with IFT57 and IFT88 at the
immune synapse in non-ciliated T-lymphocytes [28].
Similarly, in non-ciliated retinal neurons, IFT20, IFT57,
and IFT52 have been shown to transport cargo vesicles
to the dendritic post-synaptic terminal [36]. These non-
ciliary localizations could however represent possible
ciliary remnants formed in these cells. Additionally, it
should be noted that the plasma membrane over the
centrosome could be functionally equivalent to the cili-
ary membrane and so share similar protein composition.
While in vitro evidence is mounting that many ciliary

proteins have additional, alternate roles away from the
cilium, it is important to note that in vivo genetic evi-
dence is as yet lacking. Many mouse and zebrafish
mutants which lack cilia appear to survive well into
development [51,52]. Nevertheless, this could reflect a
potentially high degree of functional redundancy and/or
developmental stage and tissue specificity. As will be
discussed in subsequent sections, the distinction
between cilia versus basal body proteins may also be a
factor in further dissecting the roles for individual ‘cilia’
proteins. Primary cilia biology is still in its infancy, so it
is not naïve to assume that we may find many more sec-
ondary/additional roles of ciliary proteins, which will
greatly advance our understanding of ciliary function
and general cell biology.

Cilia in Wnt Signaling - the Importance of the
Basal Body
In recent years, many different signaling pathways, such
as canonical and non-canonical Wnt[7], Shh[53-57],
FGF[58,59], Notch[60,61], mTor[62], PDGF[63], and
Hippo[64] signaling, have been shown to be associated
with the primary cilium. However, ciliary signaling and
the cytoskeleton appear to play particularly important
roles in the modulation of the Wnt pathways. Integral
Wnt signaling is crucial in modulating the cytoskeleton
and, reciprocally, Wnt signaling requires an intact cytos-
keleton. Downstream effects of non-canonical Wnt sig-
naling (also referred to as planar cell polarity [PCP])
result in cytoskeletal-actin rearrangements while compo-
nents of the canonical Wnt signaling pathway associate
heavily with microtubule and cytoskeletal components.
While both canonical and non-canonical Wnt signal-

ing are activated by Wnt molecules binding to distinct
membrane-bound receptors, downstream steps diverge.
Canonical Wnt signaling results in stabilization of cyto-
plasmic b-catenin, which subsequently enters the
nucleus and initiates transcription of Wnt target genes.
In contrast, downstream events of PCP signaling result
in changes in cell morphology (actin dynamics, cell
polarity, cell shape, and cell change) rather than tran-
scription. This process ultimately results in the directed
orientation of cells relative to a planar axis within the
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epithelium. While the precise role of cilia in Wnt signal-
ing is currently being dissected [7], a key step will be to
distinguish the role of the basal body and transition
zone, which may be independent of the cilium. Also of
consequence will be the distinction between the role of
ciliary proteins in the cilium versus in the cell body,
where they may play additional downstream roles in sig-
nal transmission.
One of the first indications that cilia might be

involved in Wnt signaling was the identification of two
key PCP components, Inversin (Nephrocystin 2) and
Dishevelled (Dvl), at the basal body (Table 1) [47,65,66].
Mutations in Inversin causes one of the ciliopathies

NPHP as well as situs inversus [67]. This was followed
by observations that knockdown of several BBS and
other ciliary-associated genes (Kif3a, Ift88, Ofd1)
resulted in hyperactive canonical Wnt responses [68-70].
Mutations in other ciliary-associated proteins also sug-
gested a role for cilia in restraining Wnt signaling
(Chibby, Seahorse, SREBP1c) [71-75]. These differences
might be attributed to tissue- and time-dependent vari-
ables, but also to the varying localization and function
of these proteins.
It is also important to note that there have been some

studies that suggest there is no connection between cilia
and Wnt signaling. Maternal-zygotic ift88 zebrafish

Table 1 Summary of proteins associated with canonical/non-canonical Wnt signaling and cilia

Canonical
Wnt

Cilia or Wnt association Reference

Wnt proteins

Inv (NPHP2) Ciliary localization and physical interaction with Dvl [65,66]

Dvl Docking and polarization of basal bodies, basal body localization, targeted for degradation by Inv [47,66]

Cilia-associated proteins

Bbs-
associated

Hyperactive Wnt response in knockout cell lines [68]

Kif3aa Up regulation of cellular Wnt response in knockout cell lines and mutant mice [68,69]

Ift88a Up regulation of cellular Wnt response in mutant mice [69,70]

Ift40 Increase in expression of canonical Wnt pathway genes in kidney of mutant mice [91]

Ift20 Increase in nuclear beta-catenin and expression of Wnt target genes in kidney of mutant mice [89]

Ofd1 Up regulation of cellular Wnt response in mutant mice [69]

Chibby Binds beta-catenin preventing nuclear entry negatively regulating Wnt signaling [71-73]

Seahorse Binds to Dvl, constrains Wnt signaling in zebrafish [74]

SREBP1c Over expression disrupts ciliogenesis and increases canonical Wnt signaling in Xenopus. [75]

Ahi1/Jbn Abrogated Wnt signaling in kidney and cerebellum of mutant mice, facilitates beta-catenin entry into nucleus [19,106,143]

Non-canonical Wnt

PCP effectors

Inturned Highly expressed in ciliated tissue, required for ciliogenesis. Actin assembly, Rho localization, docking of basal
bodies

[100,144-146,47,147]

Fuzzy Required for axoneme elongation, predicted role in vesicular trafficking [100,144]

Fritz Expressed in ciliated tissue, required for ciliogenesis, mutations identified in human ciliopathies [101]

Core PCP
proteins

Dubroya Regulates ciliogenesis, Apical Actin assembly [148]

Frizzled Defective ciliogenesis at zebrafish kupffers Vesicle [148]

Dvl Regulates ciliogenesis, Actin assembly, Rho localization, docking of basal bodies, associated with human
ciliopathy proteins TMEM216 and TMEM67

[47,149]

Celsr2/Celsr3 Regulates ciliogenesis in multiciliated ependymal cells via basal body docking at apical plasma membrane [150]

Prickle Regulates cilium length in zebrafish [151]

Vangl2a Localizes to some cilia, xenopus basal body localization and ciliogenesis, zebrafish conflicting data [82,83,96]
aFurther described in the legend

The primary cilium was first implicated in suppression of canonical, b-catenin-dependent Wnt signaling, while being required for non-canonical Wnt signaling
(PCP). One of the first studies to make this suggestion implicated inversin (Inv), a basal body protein associated with cystic kidney disease, as a molecular switch
between the two Wnt signaling pathways. It was suggested that this occurred via targeting of cytoplasmic Dishevelled (Dvl) for degradation at the basal body.
Another cilia-associated protein, the kinesin-like protein Kif3a, is thought to restrain canonical Wnt signaling by restricting the CK1-dependent phosphorylation of
Dvl, which results in an active beta-catenin destruction complex, limiting beta-catenin induced transcription. It is possible that defects in protein interactions at
the basal body, rather than in intraflagellar transport (IFT), could be responsible for dysregulation of Wnt signaling in cilia mutants. Such a suggestion is
consistent with the findings that both IFT-mutant mice and mutant zebrafish do not show disruption of canonical Wnt signaling. aAxin 2 (Wnt target gene) and
transgenic Wnt reporter normal in ift88, ift72, and kif3a mouse embryos [51]. No Wnt phenotype in ift88 zebrafish [52]. Conflicting zebrafish vangl2 data could be
due to varying animal mutants and analysis methods.
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mutants lack all cilia, yet display normal canonical and
non-canonical Wnt signaling [52]. At midgestation Ift88,
Ift72, and Kif3a mutant mouse embryos, all of which
lack primary cilia, show normal expression of the cano-
nical Wnt target gene, Axin2, and normal activation of a
transgenic canonical Wnt reporter [51]. Mouse embryo-
nic fibroblasts derived from these mutants also respond
normally to Wnt ligands [51]. However, these findings
do not exclude the possibility that there are tissue- and
time-dependent differences in ciliary association with
Wnt signaling. One explanation for the normal Wnt
responsiveness shown by these zebrafish and mouse cilia
mutants might be that the basal bodies and ciliary tran-
sition zones in these organisms are not disrupted. It is
possible that if the cilium is missing but the basal body
and surrounding structures remain, this allows some
degree of Wnt signaling to continue. This strengthens
the argument for the basal body or transition zone
region being a key modulator of the Wnt response.

Non-canonical Wnt (PCP) signaling
The PCP signaling pathway was initially described in
Drosophila and includes polarized localization of core
PCP proteins, which ultimately leads to the establish-
ment of polarized cell morphology [76,77]. In verte-
brates, PCP signaling has been shown to be required for
convergent extension [78], defects in which result in dis-
rupted neural tube closures, as well as misorientation of
hair cells in the mammalian cochlea [79] and hair folli-
cles in the epidermis [80]. One of the early indications
that ciliary proteins may be linked to PCP regulation
was the observation of PCP defects in ciliary mutant
cochlea, linking basal body polarization with PCP regu-
lation [81,82]. In recent years PCP signaling has also
been found to be required for the orientation of basal
bodies in several other tissues, including positioning of
motile monocilia at the node, gastrocoel, and Kupffer’s
vesicle, which is involved in the establishment of left-
right asymmetry in fish [47,83-86].
As discussed, initial observations of PCP defects in

ciliary mutants (mice, zebrafish) [66,82] suggested a role
for cilia in PCP signaling. Concurrently, the emerging
role of PCP signaling in renal cyst development
strengthened this hypothesis as most of the ciliopathies
are associated with kidney diseases. Inversin has been
suggested as a molecular switch between the canonical
and non-canonical signaling pathways by targeting
Dishevelled for degradation via the APC complex at the
basal body [66].
In the mammalian kidney, cilia/basal body dysfunction

has also been suggested to affect the orientation of
mitotic spindles, associated with defective tubule divi-
sion and resultant polycystic kidney disease [87]. Defec-
tive ciliogenesis, centrosomal amplification, centrosome

positioning, and mitotic spindle orientation have been
observed in the kidneys of centrosome/basal body
mutants (MKS1, MKS3, IFT20) [88-90]. Interestingly, a
more recent study in which IFT40, an IFT complex A
protein (as opposed to IFT20 which is an IFT complex
B protein), was deleted from mouse collecting ducts
showed that deletion of IFT40 causes cystic kidneys
without altering centrosome or mitotic spindle position
[91]. Similarly, data from mice with mutations in poly-
cystic kidney disease genes Pkd1, Pkd2, and Pkhd1 are
conflicting and suggest that loss of oriented cell division
alone does not initiate cyst formation. While oriented
cell division is disrupted in Pkhd1 mutants, this alone
appears not to be sufficient to produce kidney cysts. In
contrast mutations in Pkd1 and Pkd2 do result in cyst
formation despite normal oriented cell division, suggest-
ing that loss of PCP-related oriented cell division is not
sufficient to generate kidney cysts [92]. Therefore, while
basal body positioning, or even earlier centrosome posi-
tioning, appears to require some degree of intact PCP
regulation, it is unclear whether cilia or basal body
integrity can affect PCP signaling. If so, how and what is
required first; intact PCP for centrosome positioning or
intact centrosomes for subsequent polarizing events?
Ciliary localization of several core PCP proteins adds a

further layer of complexity to dissecting this relation-
ship. The protocadherin Fat4 was shown to localize to
the cilium, and Fat4-/- mice display severe PCP pheno-
types thought to be caused by abnormal orientation of
mitotic spindles [93]. Two other core PCP proteins,
Vangl2 and Dvl, have also been reported to associate
with the primary cilium. Whereas Dvl, which is
degraded by inversin, docks basal bodies to the apical
membrane preceding ciliogenesis [94], Vangl2 is respon-
sible for asymmetric positioning of motile cilia [95].
Vangl2 has been shown to localize along the ciliary axo-
neme in olfactory neurons [82] and in cilia of multici-
liated ependymal cells [96]. In addition, Vangl2 has also
been shown to interact biochemically and genetically
with the ciliary protein BBS8 in zebrafish, resulting in
laterality defects due to defective fluid flow at the Kupf-
fer’s vesicle, the equivalent of the embryonic mouse
node [97]. Fluid flow influences centriolar movement
and contributes to orientation of motile cilia in conjunc-
tion with PCP [96-98].
It is possible that correct basal body and centrosome

positioning could be required for subsequent regulation
of cytoskeletal architecture. The basal body, as a
MTOC, could regulate the nucleation and outgrowth of
microtubules; indeed, several of the BBS proteins have
been shown to participate in microtubule nucleation
and growth [27,99]. Evidence for cilia and PCP regula-
tion of the actin cytoskeleton is emerging. Many PCP
proteins are involved in Rho-mediated apical actin
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assembly, Rho localization, and basal body docking,
which includes tethering of membrane bound vesicles
(Table 1). Xenopus and Drosophila PCP effectors
Inturned and Fuzzy are responsible for ciliogenesis and
have been shown to affect apical actin assembly and
microtubule polarity but not nucleation. Defects may
occur in cytoskeletal assembly that impair movement of
basal bodies and centrioles [100]. The PCP component
Fritz controls localization of the cytoskeletal protein
Septin, crucial for collective cell movement and ciliogen-
esis in Xenopus embryos. A recent study found an
enrichment of non-synonymous coding changes in
human Fritz in two ciliopathies: Bardet-Biedl and
Meckel-Gruber syndrome [101]. Of note, the identifica-
tion of the polycystic kidney disease protein PC1 at cell
adherens junctions and desmosomes, and not just cilia
and basal bodies, indicates a possible additional role for
PC1 in control of cytoskeletal rearrangement potentially
down stream of PCP signaling [102].
As will be discussed in subsequent sections, regulation

of various signaling molecules (including Rho A and
Dvl) could occur at the basal body. Examples of this
include the Smurf ubiquitin ligases, which target pro-
teins for degradation by proteasomes. These proteins
regulate PCP signaling via localized Prickle degradation
by the Par6-Dvl2-Smurf complex [103]. In Smurf mutant
cochlea, polarity proteins (Prickle 1) are not asymmetri-
cally degraded at the region of the basal body as in
wild-type animals. This further implicates the basal body
as a regional signaling center assisting the activation
and/or degradation of signaling proteins. A recent pro-
teomic screen found several PCP-associated proteins in
the human centrosome such as PRICKLE3, SCRIB,
CCDC66, and Albatross [104]. This screen also identi-
fied asymmetrically localizing centriolar proteins and
differentially aged centrioles in cell division (Figure 2),
which appear to be important in cell polarization and
stem cell fate determination via asynchronous microtu-
bule spindle orientation and primary cilia growth
[39,104].
Similar to the previous quandary regarding PCP and

centrosome/basal body positioning, a key question that
remains to be elucidated is which comes first: is intact
PCP signaling required for ciliogenesis, or is an intact
cilium necessary for correct PCP signaling? As down-
stream effects of PCP signaling are associated with actin
and microtubules, one could envisage a possible feed-
back loop where intact cytoskeletal architecture and
function is in turn necessary for cilia formation or func-
tion. Another key question is whether the cilium itself is
responsible for the defects observed in some PCP
mutants. Many of the cilia-related proteins are now
being identified in other cellular locations and could
possibly be required for additional intracellular

functions. As suggested before, the cilium is heavily
dependent on ciliary proteins, and defects in their func-
tion may be more readily observable at this organelle.

Canonical Wnt signaling
At first glance, the b-catenin-dependent canonical Wnt
signaling pathway appears relatively straightforward.
Wnt ligands bind and activate the Frizzled class of
receptors, thereby stabilizing b-catenin, which then
enters the nucleus and subsequently activates Wnt tar-
get genes [105]. This pathway requires a large number
of regulatory components, which delicately balance mul-
tiple feedback mechanisms. In the absence of Wnt, b-
catenin is sequestered and degraded by a degradation
complex consisting of Axin, Adenomatosis polyposis
(APC), Glycogen synthase 3 beta (Gsk3b), and Casein
kinase 1 (CK1). Upon Wnt stimulation, this degradation
complex translocates to the membrane where it is inac-
tivated via phosphorylation, subsequently stabilizing b-
catenin and releasing it for entry into the nucleus. Jou-
berin, mutations of which cause the ciliopathy Joubert
syndrome, has been shown to facilitate b-catenin trans-
location to the nucleus [106]. As will be further dis-
cussed, it is possible that the basal body is the site of
regulation of the APC complex, localization of which
could in turn affect its regulatory activity. Many compo-
nents of canonical Wnt signaling localize or associate
with the cilium (Table 1, Figure 3). Similar to the ques-
tion as to what regulates what with regard to cilia and
PCP signaling, is the dependence of canonical Wnt sig-
naling on cytoskeletal architecture. As discussed below,
cilia/basal body associations between APC and canonical
Wnt-related kinesins are beginning to emerge. These
findings further enhance our understanding of the role
of the cilium/basal body in Wnt regulation or vice versa.
As we further discuss the various components

required for Wnt signaling and their association with
cilia and basal bodies, one factor to consider is which is
more dependent on the other: is intact cytoskeletal
architecture (including cilia and basal bodies) required
for Wnt signaling, or is Wnt signaling required for the
establishment of a fully functional cytoskeleton encom-
passing a cilium and basal body?

APC
The tumor suppressor protein APC is one of the key
components in the canonical Wnt signaling pathway.
Most of the scientific literature is focused around its
ability to bind and induce degradation of b-catenin.
However, there are additional roles for this protein
involving the organization of cytoskeletal networks
[107]. APC has been identified at a number of intracel-
lular sites (plasma membrane, cytoplasm, centrosomes,
kinetochores, nucleus) [108], as well as at the distal
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ends of microtubules at the edges of migrating epithe-
lial cells [109-111]. APC associates with the plasma
membrane in an actin-dependent manner and regu-
lates actin cytoskeletal networks required for cell
polarization and directional migration (reviewed in
Akiyama and Kawasaki [107]). The APC protein also
binds and stabilizes microtubule subsets, associating
both directly and indirectly with microtubules via its
C-terminal domain. Direct interaction with the micro-
tubule binding protein EB1 [112] enhances microtu-
bule assembly and stabilization [113], while transport
of APC towards microtubule plus-ends involves several
kinesins (kinesin-1, KIF3 and KIF17, kinesin-2)
[109,114]. Transport of APC to its various cellular
locations by kinesin motors plays a vital role in micro-
tubule stabilization, activation of protein kinases, and
cell polarization and therefore kinesins are of para-
mount importance to these processes. Importantly, in
regard to ciliogenesis, APC has been shown to be one
of the few proteins that localizes asymmetrically to
mother vs. daughter centrioles and may play a role in
primary cilia formation and function [104]. This most
likely occurs via regulation of actin or microtubules at
the basal body region. Only a small number of proteins
display this distinctive feature of asymmetrical cen-
triole distribution in a cell cycle-dependent manner;

other known examples include microtubule-related
proteins such as EB1, which interacts directly with
APC, as well as cilia-related proteins such as CP110
[104]. The EB proteins, EB1 and EB3 (but not EB2),
also directly promote cilia biogenesis via stabilizing
minus-end microtubules at the centrosome and basal
body [115]. Interestingly, lack of EB1 and EB3 results
in defective microtubule anchoring at the centrosome/
basal body and vesicular trafficking at the base of the
cilium. The authors suggest that EB1 and/or EB3 dis-
rupt ciliogenesis through effects at the basal body or
cilium, not through alterations of cytoplasmic microtu-
bule plus-end dynamics. Both EB1 and EB3 interact
with proteins implicated in centrosomal microtubule
minus-end anchoring and ciliary vesicle transport such
as PCM1, Ninein, Cep290, Cep170 [115]. Studies in
both mammalian cells and Chlamydomonas reinhardtii
have identified EB1 localizing to subdistal appendages
of the mother centriole/basal body [116,117], which
are involved in microtubule minus-end anchoring
[115,118].
As the centrosome and basal body region at the base

of the cilium is beginning to emerge as a cellular signal-
ing centre, it is not difficult to imagine that APC, in its
role as part of the b-catenin destruction complex, might
be anchored to this region. In support of this theory,

Figure 3 Diagrammatic overview of Wnt involvement with the cytoskeleton. Transport of APC by kinesin motors plays an important role in
microtubule stabilization, activation of protein kinases and cell polarization, which could all be regulated via the Gsk3b kinase. Phosphorylation of
kinesins via kinases controls their sub-cellular localization and activity. Gsk3b is one of the central kinases predominantly associated with Wnt
signaling and may influence many functions of kinesins through regulating cargo binding. Phospohrylation of APC by Gsk3b decreases the
interaction of APC with microtubules, subsequently decreasing microtubule stability. Gsk3b could be considered a master regulator of kinesin
control over MT dynamics, due to its ability to regulate a range of kinesins.
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other related components are also being identified in
this area such as members of the kinesin class of motor
proteins.

Kinesins
The kinesins, a class of motor proteins, exert a regula-
tory effect on Wnt signaling. Many proteins that bind to
microtubules participate in the regulation of microtu-
bule dynamics. These include the kinesins, which are
powered by the hydrolysis of ATP. Although kinesins
share similar motor domains, they exhibit a variety of
functions, including regulation of microtubule dynamics.
Kinesins are known to be crucial for ciliogenesis and
intraflagellar transport [15,119]. Recently, a centriolar
kinesin Kif24 was shown to remodel a cellular subset of
microtubules regulating ciliary assembly. Kif24 preferen-
tially localizes to the mother centriole and is required
for centrosomal localization of CP110 [46]. N-kinesins
are commonly associated with anterograde transport,
while C-kinesins are involved with retrograde transport.
M-kinesins, by contrast, do not possess a motor func-
tion, but play a role in microtubule stabilization [120].
The ability of kinesins to control microtubule dynamics
enables these molecules to exert regulatory function.
Such regulatory mechanisms are coupled to various sig-
naling pathways, which could, in turn, control their
associations with microtubules or regulate microtubules
and/or microtubule dynamics directly. As kinesins can
be both signaling targets and signaling intermediates,
kinesin control over microtubule dynamics is complex.
Wnt signaling at the centrosome is one of the ways in

which kinesins exert regulatory functions. Not only are
kinesins required for localization of APC to the cen-
trioles and centrosome, but another kinesin, MCAK
(also referred to as KIF2C), also associates predomi-
nantly with these structures. As a member of the kine-
sin-13 family (other members of which include KIF2A
and KIF2B), MCAK has been shown to be critical for
microtubule dynamics and organization [120]. This pro-
miscuous kinesin, localizes dynamically to centrosomes,
kinetochores, the spindle mid-zone during cell division,
and to microtubule tips [121-123]. MCAK dimers bind
to microtubule ends (plus and minus) and are able to
induce a conformational change causing the tubulin to
bend and subsequently destabilize. As MCAK has been
shown to associate directly with APC99, MCAK dysfunc-
tion could hinder correct localization of APC, thereby
disrupting Wnt signaling.
MCAK has also been shown to associate with the

microtubule-associated protein EB1 via its C-terminus
at growing ends of microtubules [124,125]. When asso-
ciated with EB1, MCAK appears to be in an inactive
conformation. This could provide a mechanism to facili-
tate fast switches between growth and depolymerization

of microtubules, which is of particular importance dur-
ing ciliogenesis. As EB1 also associates directly with
APC and plays an important role in microtubule stabili-
zation, it is possible that these three molecules are
involved in a regulatory feedback loop (Figure 3).
In summary, kinesins are not only required for traf-

ficking of structural or signaling components to and
along the cilium, but are also required for stabilization
and regulation of the cytoskeletal infrastructure along
which these molecules travel. In these capacities the
kinesins are able to exert significant control over various
cellular mechanisms.

Factors that regulate both canonical and non-canonical
Wnt signaling
Identification of ciliary proteins that affect both canoni-
cal and non-canonical Wnt signaling are not surprising,
considering that the cilium can potentially be seen as a
branch point bisecting the two pathways. These include
a family of proteins, the GTPases. The GTPases are
structurally related to kinesins, however, they hydrolyze
GTP instead of ATP. GTPases are involved with cellular
trafficking, and several members of the ARF-like family
of small GTPases have been implicated in ciliary func-
tion [126,127]. As this subset of GTPases is generally
associated with membrane trafficking and microtubule-
associated processes, it is most likely that they are
required for the transition between post-Golgi vesicular
trafficking to the basal body and kinesin-dependent IFT
within the cilium, at the transition zone.
Cdc42, a Rho family GTPase, is a key player in Wnt-

dependent cytoskeletal rearrangements and a key regula-
tor of cell polarity. Cdc42 acts as a molecular switch,
modulating a wide range of signaling pathways. In cellu-
lar trafficking, Cdc42 functions at several steps of endo-
cytosis, recycling, and biosynthesis, influencing polarized
trafficking in epithelial cells [128]. In its role as a polar-
ity regulator, Cdc42 has been shown to orchestrate
polarity of microtubule and actin cytoskeletons via two
different signal transduction pathways [129] (Figure 4).
First, direct interaction with Par6 leads to activation of
aPKC and subsequent accumulation of APC at the plus-
end tips of microtubules promoting polarization of the
microtubule cytoskeleton. The requirement of Dvl,
Axin, and the Wnt 5a ligand in this process implicates
the Cdc42/Par6 complex in establishing microtubule
polarity via transcription-independent non-canonical
Wnt signaling [130]. Second, Cdc42 association with
PAK results in activation of the Rac guanine nucleotide
exchange factor bPIX and subsequent downstream Rac-
dependent polarization of the actin cytoskeleton
[129,131]. It has been suggested that the Par polarity
complex can also affect trafficking, further linking the
dual actions of Cdc42 [132]. Dvl has also been shown to
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directly regulate aPKC stabilization and activation pro-
moting axon differentiation mediated by the Par6 com-
plex in cultured hippocampal neurons [133].
Importantly, the Cdc42/Par6/aPKC complex has been

localized to the primary cilium and has been shown to
be necessary for ciliogenesis in mammalian cells
[134,135]. What does this mean for cilia? As several
other components (for example, Dvl, kinases, GTPases)
required for subsequent signaling events also localize
near the cilium (basal body), it is possible that Cdc42 is
functioning under the control of a potential basal body
‘signaling center’. Cdc42 can be regarded as a molecular
switch, and its ciliary localization puts it at the putative
site of regulation between canonical and non-canonical
signaling at the base of the cilium. A more comprehen-
sive role for Cdc42 at the cilium could encompass vesi-
cle transport and docking (fusion with the plasma
membrane) in the delivery of proteins necessary for
ciliogenesis. Such a view is supported by recent findings
that Cdc42 localizes the exocyst (a highly conserved
eight-protein membrane trafficking complex), to the
base of the cilium, where it is possibly stabilized by
binding to the Par complex via Par6 [136]. Once the
exocyst complex is stabilized, it can then target and
dock further cilia-bound vesicles. A more upstream role
for Cdc42 involvement in ciliogenesis could involve
basal body positioning, centrosome regulation, spindle
orientation, and cellular polarity, all via the ability of
Cdc42 to regulate the cytoskeleton (Figure 4).
Cdc42 is not the only GTPase associated with the

cilium. Other GTPases that also localize to the cilium
could function in a similar way to, or in conjunction
with, Cdc42. One such GTPase is ARL6/BBS3, one of
the BBS proteins not associated with the core group of
BBS proteins comprising the IFT-participating
‘BBSome’, a stable protein complex which functions in
primary cilia biogenesis [14]. This suggests a more dis-
tinct function for ARL6/BBS3, which may be required
for regulating membrane trafficking at the base of the

cilium and consequently affecting cilia assembly and
subsequent ciliary signaling events [137]. BBS3 loca-
lizes to distal ends of the basal bodies akin to transi-
tion fibers where the ciliary-bound vesicles dock and
fuse at the base of the cilium. An additional BBS pro-
tein, BBS1 (another component of the BBSome), is
known to interact with Rabin8, a GDP-GTP nucleotide
exchange factor (GEF) for the small GTPase RAB8
[14]. Rabin8 co-localizes with the BBSome at the basal
body while RAB8 enters the cilium in its GTP-bound
state and is necessary for ciliogenesis. In turn RAB8
interacts with Rabaptin5, which also localizes to the
basal body and is associated with the IFT protein
Ey11/DYF11. It is thought that this trio (RAB8/Rabap-
tin5/DYF11) may be critical for the transition between
vesicular trafficking to the ciliary membrane and IFT.
Furthermore in C. elegans, the small GTPase RAB5 has
been shown to localize to the base of the cilium and
regulate polycystin 1 and 2 removal from the cilium
[138].
Other proteins that appear to intercept the two signal-

ing pathways include pVHL. The pVHL protein has
been proposed to control ciliogenesis by orienting
microtubule growth. This protein is a cargo of Kif3 and
has been shown to interact with the polarizing PAR3-
PAR6-aPKC complex, suggesting that these proteins
may operate in the same pathway to regulate cortical
growth of microtubules and formation of cilia [139].
Precisely how pVHL signals via kinesin motors or
microtubules to control cellular processes such as polar-
ity as well as ciliogenesis remains to be investigated.
Intriguingly, KIF17 has recently been shown to stabilize
microtubules and contribute to establishing epithelial
cell polarity, purportedly by contributing to APC locali-
zation at microtubule plus ends [114]. Another aspect to
consider is the association of both kinesins and IFT pro-
teins with mitotic spindle assembly [29]. It is thought
that while all of the kinesin-13s are required for spindle
assembly, it is likely that various members might

Figure 4 Diagram of Cdc42 regulation of cytoskeletal rearrangement. Cdc42 can control polarity via two separate pathways. Activation of
Par6/aPKC inhibits GSK-3, which results in polarization of microtubules (MT). Rac-dependent polarization of the actin cytoskeleton is due to Pak
activated bPIX.
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contribute to spindle polarity and dynamics through dif-
ferent pathways.
Identification of molecules that are already known to

function as molecular switches between signaling path-
ways, suggests that there are possibly more awaiting dis-
covery. These may also have the capacity to control or
‘fine tune’ Wnt signaling decisions. The basal body, an
emerging signaling ‘hotspot’ perfectly located at the base
of the ‘sensory-loaded’ cilium might be an ideal cellular
location for the switch.

Conclusions
We are only beginning to understand the role of the
cilium and its biological influence. The cilium is more
than just a microtubular appendage anchored to the cell
via the basal body. The multiple parts of the cilium
from the basal body to the distal tip (Figure 1) are just
beginning to be defined. The cilium may serve as a
‘receptive device’ for signals in the cell’s environment,
helping to regulate development and other cell func-
tions. One key question that remains to be addressed is
whether the cilium could potentially release signaling
factors for communication with its environment.
The base of the cilium is the most crucial part of this

‘communication device’, as the incoming signals need to
be ordered and regulated. It is perhaps not a coinci-
dence that the basal body doubles as the MTOC of the
cell. The basal body is most likely regulating other inter-
nal signaling and trafficking events as well. Regulation of
this region is a hugely critical and as yet underexplored
area. However, many kinases, phosphatases, kinesins,
and proteosomal proteins that localize to this region are
being identified. Of particular consideration in regard to
cilia, two of the kinases known to affect Wnt signaling,
CKID and PPPIC, have been identified in the ciliary pro-
teome [68].
The base of the cilium is not just a signaling center,

but also a sorting center. An emerging concept is that
of scaffold proteins acting as hubs for controlling the
flow of cellular information (spatial and temporal orga-
nization of molecules) within a cell [140]. Several basal
body proteins could be seen as such potential scaffold
proteins. For example, Cep290 is an enormous protein
and appears to have wide-ranging effects on both basal
body/ciliary structure and regulation [141]. This concept
fits with the notion of a ciliary pore akin to the nuclear
pore, regulating ciliary protein composition [7]. Is this
gate-keeping function restricted to ciliary proteins?
Might the basal body be regulating other trafficking in
the cell? As an MTOC for the entire cell, the basal body
could possibly regulate much more than just what is
happening at the cilium. Perhaps it can be compared to
a bus terminal for cilia-related proteins: where cargo is
loaded and unloaded prior to being sent along its way

and ‘bus routes’ can be regulated and established.
Importantly, a recent paper demonstrated that Wnt sig-
naling regulates spindle asymmetry to generate asym-
metric distribution of b-catenin in C. elegans [142]. This
is one of the first examples of nuclear protein localiza-
tion being controlled via microtubules and suggests that
microtubule organization may have direct impact on
gene expression in the nucleus. It also suggests that
Wnt signaling may be both up- and downstream of
microtubule modulation.
The concept of the cilium as a potential regulator

(molecular switch) between canonical and non-canoni-
cal Wnt signaling has been suggested [66] and could
explain why there is conflicting data on the association
(whether positive or negative) between cilia and Wnt
signaling. The interplay between regulation of Wnt sig-
naling and the basal body/MTOC could expand the
mechanisms by which cilia are involved in the molecu-
lar switch between canonical and non-canonical signal-
ing, as all of these molecular pathways converge at the
basal body. It is possible that defects in protein inter-
actions at the basal body, rather than in IFT, could be
responsible for dysregulation of Wnt signaling in cilia
mutants.
It would certainly be an oversimplification to assume

that a single type of cilium would suffice for the needs
of every cell. The key to our understanding of cilia func-
tion will be to distinguish the characteristics of cilia in
differing cells and tissues. The recent explosion of ciliary
research is likely to continue for the foreseeable future
as this long forgotten organelle reveals its inner secrets.

Abbreviations
APC: adenomatosis polyposis; CK1: Casein kinase 1; BBS: Bardet-Biedl
syndrome; GSK3β: glycogen synthase 3b; IFT: intraflagellar transport; NPHP:
nephronophthisis; PCM: pericentriolar material; PCP: planar cell polarity; Shh:
Sonic hedgehog.

Acknowledgements
The authors would like to thank R Rachel, M Kai, A Tadenev, and A Coles for
helpful discussions and reading of the manuscript. We would also like to
acknowledge the editorial assistance of the NIH Fellows Editorial Board.

Authors’ contributions
HMS prepared the manuscript, MK edited the manuscript. Both authors read
and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 11 October 2011 Accepted: 2 May 2012
Published: 2 May 2012

References
1. Baker K, Beales PL: Making sense of cilia in disease: the human

ciliopathies. Am J Med Genet C Semin Med Genet 2009, 151C:281-295.
2. Ware SM, Aygun MG, Hildebrandt F: Spectrum of clinical diseases caused

by disorders of primary cilia. Proc Am Thorac Soc 2011, 8:444-450.
3. Lee L: Mechanisms of mammalian ciliary motility: Insights from primary

ciliary dyskinesia genetics. Gene 2011, 473:57-66.

May-Simera and Kelley Cilia 2012, 1:7
http://www.ciliajournal.com/content/1/1/7

Page 12 of 16



4. Singla V, Reiter JF: The primary cilium as the cell’s antenna: signaling at a
sensory organelle. Science 2006, 313:629-633.

5. Berbari NF, O’Connor AK, Haycraft CJ, Yoder BK: The primary cilium as a
complex signaling center. Curr Biol 2009, 19:R526-535.

6. Ishikawa H, Marshall WF: Ciliogenesis: building the cell’s antenna. Nat Rev
Mol Cell Biol 2011, 12:222-234.

7. Wallingford JB, Mitchell B: Strange as it may seem: the many links
between Wnt signaling, planar cell polarity, and cilia. Genes Dev 2011,
25:201-213.

8. Marshall WF: What is the function of centrioles? J Cell Biochem 2007,
100:916-922.

9. Nigg EA: Centrosome duplication: of rules and licenses. Trends Cell Biol
2007, 17:215-221.

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

11. Sang L, Miller JJ, Corbit KC, Giles RH, Brauer MJ, Otto EA, Baye LM, Wen X,
Scales SJ, Kwong M, Huntzicker EG, Skafianos MK, Sandoval W, Bazan JF,
Kulkarni P, Garcia-Gonzalo FR, Seol AD, O’Toole JF, Held S, Reutter HM,
Lane WS, Rafiq MA, Noor A, Ansar M, Devi AR, Sheffield VC, Slusarski DC,
Vincent JB, Doherty DA, Hildebrandt F, et al: Mapping the NPHP-JBTS-MKS
protein network reveals ciliopathy disease genes and pathways. Cell
2011, 145:513-528.

12. Rosenbaum JL, Witman GB: Intraflagellar Transport. Nat Rev Mol Cell Biol
2002, 3:813-825.

13. 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.

14. Nachury MV, Loktev AV, Zhang Q, Westlake CJ, Peranen J, Merdes A,
Slusarski DC, Scheller RH, Bazan JF, Sheffield VC, Jackson PK: A core
complex of BBS proteins cooperates with the GTPase Rab8 to promote
ciliary membrane biogenesis. Cell 2007, 129:1201-1213.

15. Scholey JM: Intraflagellar transport motors in cilia: moving along the
cell’s antenna. J Cell Biol 2008, 180:23-29.

16. Seo S, Baye LM, Schulz NP, Beck JS, Zhang Q, Slusarski DC, Sheffield VC:
BBS6, BBS10, and BBS12 form a complex with CCT/TRiC family
chaperonins and mediate BBSome assembly. Proc Natl Acad Sci USA 2010,
107:1488-1493.

17. Waters AM, Beales PL: Ciliopathies: an expanding disease spectrum.
Pediatr Nephrol 2011, 26:1039-1056.

18. Williams CL, Li C, Kida K, Inglis PN, Mohan S, Semenec L, Bialas NJ,
Stupay RM, Chen N, Blacque OE, Yoder BK, Leroux MR: 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.

19. Lancaster MA, Gopal DJ, Kim J, Saleem SN, Silhavy JL, Louie CM, Thacker BE,
Williams Y, Zaki MS, Gleeson JG: Defective Wnt-dependent cerebellar
midline fusion in a mouse model of Joubert syndrome. Nat Med 2011,
17:726-731.

20. Coppieters F, Lefever S, Leroy BP, De Baere E: CEP290, a gene with many
faces: mutation overview and presentation of CEP290base. Hum Mutat
2010, 31:1097-1108.

21. Zaghloul NA, Katsanis N: Functional modules, mutational load and human
genetic disease. Trends Genet 2010, 26:168-176.

22. Lidow MS, Menco BP: Observations on axonemes and membranes of
olfactory and respiratory cilia in frogs and rats using tannic acid-
supplemented fixation and photographic rotation. J Ultrastruct Res 1984,
86:18-30.

23. Nonaka S, Tanaka Y, Okada Y, Takeda S, Harada A, Kanai Y, Kido M,
Hirokawa N: Randomization of left-right asymmetry due to loss of nodal
cilia generating leftward flow of extraembryonic fluid in mice lacking
KIF3B motor protein. Cell 1998, 95:829-837.

24. McGarth J, Somlo S, Makova S, Tian X, Brueckner M: Two populations of
node monocilia initiate left-right asymmetry in the mouse. Cell 2003,
114:61-73.

25. Shah AS, Ben-Shahar Y, Moninger TO, Kline JN, Welsh MJ: Motile cilia of
human airway epithelia are chemosensory. Science 2009, 325:1131-1134.

26. Zizzari ZV, Lupetti P, Mencarelli C, Dallai R: Sperm ultrastructure and
spermiogenesis of Coniopterygidae (Neuroptera, Insecta). Arthropod
Struct Dev 2008, 37:410-417.

27. May-Simera HL, Ross A, Rix S, Forge A, Beales PL, Jagger DJ: Patterns of
expression of Bardet-Biedl syndrome proteins in the mammalian
cochlea suggest noncentrosomal functions. J Comp Neurol 2009,
514:174-188.

28. Finetti F, Paccani SR, Riparbelli MG, Giacomello E, Perinetti G, Pazour GJ,
Rosenbaum JL, Baldari CT: Intraflagellar transport is required for polarized
recycling of the TCR/CD3 complex to the immune synapse. Nat Cell Biol
2009, 11:1332-1339.

29. Delaval B, Bright A, Lawson ND, Doxsey S: The cilia protein IFT88 is
required for spindle orientation in mitosis. Nat Cell Biol 2011, 13:461-468.

30. Kim S, Tsiokas L: Cilia and cell cycle re-entry: more than a coincidence.
Cell Cycle 2011, 10:2683-2690.

31. Sorokin S: Centrioles and the formation of rudimentary cilia by
fibroblasts and smooth muscle cells. J Cell Biol 1962, 15:363-377.

32. Santos N, Reiter JF: Building it up and taking it down: the regulation of
vertebrate ciliogenesis. Dev Dyn 2008, 237:1972-1981.

33. Pedersen LB, Veland IR, Schroder JM, Christensen ST: Assembly of primary
cilia. Dev Dyn 2008, 237:1993-2006.

34. Follit JA, Tuft RA, Fogarty KE, Pazour GJ: The intraflagellar transport
protein IFT20 is associated with the Golgi complex and is required for
cilia assembly. Mol Biol Cell 2006, 17:3781-3792.

35. Follit JA, San Agustin JT, Xu F, Jonassen JA, Samtani R, Lo CW, Pazour GJ:
The Golgin GMAP210/TRIP11 anchors IFT20 to the Golgi complex. PLoS
Genet 2008, 4:e1000315.

36. Sedmak T, Wolfrum U: Intraflagellar transport molecules in ciliary and
nonciliary cells of the retina. J Cell Biol 2010, 189:171-186.

37. Willardsen MI, Link BA: Cell biological regulation of division fate in
vertebrate neuroepithelial cells. Dev Dyn 2011, 240:1865-1879.

38. Vorobjev IA, Chentsov Yu S: Centrioles in the cell cycle. I. Epithelial cells. J
Cell Biol 1982, 93:938-949.

39. Anderson CT, Stearns T: Centriole age underlies asynchronous primary
cilium growth in mammalian cells. Curr Biol 2009, 19:1498-1502.

40. Kobayashi T, Dynlacht BD: Regulating the transition from centriole to
basal body. J Cell Biol 2011, 193:435-444.

41. Yamashita YM, Fuller MT: Asymmetric stem cell division and function of
the niche in the Drosophila male germ line. Int J Hematol 2005,
82:377-380.

42. Yamashita YM, Mahowald AP, Perlin JR, Fuller MT: Asymmetric inheritance
of mother versus daughter centrosome in stem cell division. Science
2007, 315:518-521.

43. Yamashita YM, Fuller MT: Asymmetric centrosome behavior and the
mechanisms of stem cell division. J Cell Biol 2008, 180:261-266.

44. Spektor A, Tsang WY, Khoo D, Dynlacht BD: Cep97 and CP110 suppress a
cilia assembly program. Cell 2007, 130:678-690.

45. Tsang WY, Bossard C, Khanna H, Peranen J, Swaroop A, Malhotra V,
Dynlacht BD: CP110 suppresses primary cilia formation through its
interaction with CEP290, a protein deficient in human ciliary disease.
Dev Cell 2008, 15:187-197.

46. Kobayashi T, Tsang WY, Li J, Lane W, Dynlacht BD: Centriolar kinesin Kif24
interacts with CP110 to remodel microtubules and regulate ciliogenesis.
Cell 2011, 145:914-925.

47. Park TJ, Mitchell BJ, Abitua PB, Kintner C, Wallingford JB: Dishevelled
controls apical docking and planar polarization of basal bodies in
ciliated epithelial cells. Nat Genet 2008, 40:871-879.

48. Kim S, Zaghloul NA, Bubenshchikova E, Oh EC, Rankin S, Katsanis N,
Obara T, Tsiokas L: Nde1-mediated inhibition of ciliogenesis affects cell
cycle re-entry. Nat Cell Biol 2011, 13:351-360.

49. Li A, Saito M, Chuang JZ, Tseng YY, Dedesma C, Tomizawa K, Kaitsuka T,
Sung CH: Ciliary transition zone activation of phosphorylated Tctex-1
controls ciliary resorption, S-phase entry and fate of neural progenitors.
Nat Cell Biol 2011, 13:402-411.

50. Robert A, Margall-Ducos G, Guidotti JE, Bregerie O, Celati C, Brechot C,
Desdouets C: The intraflagellar transport component IFT88/polaris is a
centrosomal protein regulating G1-S transition in non-ciliated cells. J Cell
Sci 2007, 120:628-637.

51. Ocbina PJ, Tuson M, Anderson KV: Primary cilia are not required for
normal canonical Wnt signaling in the mouse embryo. PLoS One 2009, 4:
e6839.

52. Huang P, Schier AF: Dampened Hedgehog signaling but normal Wnt
signaling in zebrafish without cilia. Development 2009, 136:3089-3098.

May-Simera and Kelley Cilia 2012, 1:7
http://www.ciliajournal.com/content/1/1/7

Page 13 of 16



53. 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.

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

55. Rix S, Calmont A, Scambler PJ, Beales PL: An Ift80 mouse model of short
rib polydactyly syndromes shows defects in hedgehog signalling
without loss or malformation of cilia. Hum Mol Genet 2011, 20:1306-1314.

56. Dafinger C, Liebau MC, Elsayed SM, Hellenbroich Y, Boltshauser E,
Korenke GC, Fabretti F, Janecke AR, Ebermann I, Nurnberg G, Nurnberg P,
Zentgraf H, Koerber F, Addicks K, Elsobky E, Benzing T, Schermer B, Bolz HJ:
Mutations in KIF7 link Joubert syndrome with Sonic Hedgehog signaling
and microtubule dynamics. J Clin Invest 2011, 121:2662-2667.

57. 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 USA 2011,
108:1456-1461.

58. Hong SK, Dawid IB: FGF-dependent left-right asymmetry patterning in
zebrafish is mediated by Ier2 and Fibp1. Proc Natl Acad Sci USA 2009,
106:2230-2235.

59. Tanaka Y, Okada Y, Hirokawa N: FGF-induced vesicular release of Sonic
hedgehog and retinoic acid in leftward nodal flow is critical for left-right
determination. Nature 2005, 435:172-177.

60. Ezratty EJ, Stokes N, Chai S, Shah AS, Williams SE, Fuchs E: A role for the
primary cilium in notch signaling and epidermal differentiation during
skin development. Cell 2011, 145:1129-1141.

61. Marcet B, Chevalier B, Luxardi G, Coraux C, Zaragosi LE, Cibois M, Robbe-
Sermesant K, Jolly T, Cardinaud B, Moreilhon C, Giovannini-Chami L,
Nawrocki-Raby B, Birembaut P, Waldmann R, Kodjabachian L, Barbry P:
Control of vertebrate multiciliogenesis by miR-449 through direct
repression of the Delta/Notch pathway. Nat Cell Biol 2011, 13:693-699.

62. Boehlke C, Kotsis F, Patel V, Braeg S, Voelker H, Bredt S, Beyer T, Janusch H,
Hamann C, Godel M, Muller K, Herbst M, Hornung M, Doerken M,
Kottgen M, Nitschke R, Igarashi P, Walz G, Kuehn EW: Primary cilia regulate
mTORC1 activity and cell size through Lkb1. Nat Cell Biol 2010,
12:1115-1122.

63. Schneider L, Clement CA, Teilmann SC, Pazour GJ, Hoffmann EK, Satir P,
Christensen ST: PDGFRalphaalpha signaling is regulated through the
primary cilium in fibroblasts. Curr Biol 2005, 15:1861-1866.

64. Habbig S, Bartram MP, Muller RU, Schwarz R, Andriopoulos N, Chen S,
Sagmuller JG, Hoehne M, Burst V, Liebau MC, Reinhardt HC, Benzing T,
Schermer B: NPHP4, a cilia-associated protein, negatively regulates the
Hippo pathway. J Cell Biol 2011.

65. Otto EA, Schermer B, Obara T, O’Toole JF, Hiller KS, Mueller AM, Ruf RG,
Hoefele J, Beekmann F, Landau D, Foreman JW, Goodship JA, Strachan T,
Kispert A, Wolf MT, Gagnadoux MF, Nivet H, Antignac C, Walz G,
Drummond IA, Benzing T, Hildebrandt F: Mutations in INVS encoding
inversin cause nephronophthisis type 2, linking renal cystic disease to
the function of primary cilia and left-right axis determination. Nat Genet
2003, 34:413-420.

66. Simons M, Gloy J, Ganner A, Bullerkotte A, Bashkurov M, Kronig C,
Schermer B, Benzing T, Cabello OA, Jenny A, Mlodzik M, Polok B, Driever W,
Obara T, Walz G: Inversin, the gene product mutated in nephronophthisis
type II, functions as a molecular switch between Wnt signaling
pathways. Nat Genet 2005, 37:537-543.

67. Lienkamp S, Ganner A, Walz G: Inversin, Wnt signaling and primary cilia.
Differentiation 2011, 82:S49-55.

68. Gerdes JM, Liu Y, Zaghloul NA, Leitch CC, Lawson SS, Kato M, Beachy PA,
Beales PL, Demartino GN, Fisher S, Badano JL, Katsanis N: Disruption of the
basal body compromises proteasomal function and perturbs intracellular
Wnt response. Nat Genet 2007, 39:1350-1360.

69. Corbit KC, Shyer AE, Dowdle WE, Gaulden J, Singla V, Chen MH, Chuang PT,
Reiter JF: Kif3a constrains beta-catenin-dependent Wnt signalling
through dual ciliary and non-ciliary mechanisms. Nat Cell Biol 2008,
10:70-76.

70. McDermott KM, Liu BY, Tlsty TD, Pazour GJ: Primary cilia regulate
branching morphogenesis during mammary gland development. Curr
Biol 2010, 20:731-737.

71. Takemaru K, Yamaguchi S, Lee YS, Zhang Y, Carthew RW, Moon RT: Chibby,
a nuclear beta-catenin-associated antagonist of the Wnt/Wingless
pathway. Nature 2003, 422:905-909.

72. Li FQ, Mofunanya A, Harris K, Takemaru K: Chibby cooperates with 14-3-3
to regulate beta-catenin subcellular distribution and signaling activity. J
Cell Biol 2008, 181:1141-1154.

73. Voronina VA, Takemaru K, Treuting P, Love D, Grubb BR, Hajjar AM,
Adams A, Li FQ, Moon RT: Inactivation of Chibby affects function of
motile airway cilia. J Cell Biol 2009, 185:225-233.

74. Kishimoto N, Cao Y, Park A, Sun Z: Cystic kidney gene seahorse regulates
cilia-mediated processes and Wnt pathways. Developmental cell 2008,
14:954-961.

75. Willemarck N, Rysman E, Brusselmans K, Van Imschoot G, Vanderhoydonc F,
Moerloose K, Lerut E, Verhoeven G, van Roy F, Vleminckx K, Swinnen JV:
Aberrant activation of fatty acid synthesis suppresses primary cilium
formation and distorts tissue development. Cancer Res 2010,
70:9453-9462.

76. Vladar EK, Antic D, Axelrod JD: Planar cell polarity signaling: the
developing cell’s compass. Cold Spring Harb Perspect Biol 2009, 1:a002964.

77. McNeill H: Planar cell polarity: keeping hairs straight is not so simple.
Cold Spring Harb Perspect Biol 2010, 2:a003376.

78. Ybot-Gonzalez P, Savery D, Gerrelli D, Signore M, Mitchell CE, Faux CH,
Greene ND, Copp AJ: Convergent extension, planar-cell-polarity signalling
and initiation of mouse neural tube closure. Development 2007, 134:789-799.

79. Montcouquiol M, Rachel RA, Lanford PJ, Copeland NG, Jenkins NA,
Kelley MW: Identification of Vangl2 and Scrb1 as planar polarity genes in
mammals. Nature 2003, 423:173-177.

80. Devenport D, Fuchs E: Planar polarization in embryonic epidermis
orchestrates global asymmetric morphogenesis of hair follicles. Nat Cell
Biol 2008, 10:1257-1268.

81. Jones C, Roper VC, Foucher I, Qian D, Banizs B, Petit C, Yoder BK, Chen P:
Ciliary proteins link basal body polarization to planar cell polarity
regulation. Nat Genet 2008, 40:69-77.

82. Ross AJ, May-Simera H, Eichers ER, Kai M, Hill J, Jagger DJ, Leitch CC,
Chapple JP, Munro PM, Fisher S, Tan PL, Phillips HM, Leroux MR,
Henderson DJ, Murdoch JN, Copp AJ, Eliot MM, Lupski JR, Kemp DT,
Dollfus H, Tada M, Katsanis N, Forge A, Beales PL: Disruption of Bardet-
Biedl syndrome ciliary proteins perturbs planar cell polarity in
vertebrates. Nat Genet 2005, 37:1135-1140.

83. Mitchell B, Stubbs JL, Huisman F, Taborek P, Yu C, Kintner C: The PCP
pathway instructs the planar orientation of ciliated cells in the Xenopus
larval skin. Curr Biol 2009, 19:924-929.

84. Antic D, Stubbs JL, Suyama K, Kintner C, Scott MP, Axelrod JD: Planar cell
polarity enables posterior localization of nodal cilia and left-right axis
determination during mouse and Xenopus embryogenesis. PLoS One
2010, 5:e8999.

85. Borovina A, Superina S, Voskas D, Ciruna B: Vangl2 directs the posterior
tilting and asymmetric localization of motile primary cilia. Nat Cell Biol
2010, 12:407-412.

86. Song H, Hu J, Chen W, Elliott G, Andre P, Gao B, Yang Y: Planar cell
polarity breaks bilateral symmetry by controlling ciliary positioning.
Nature 2010, 466:378-382.

87. Fischer E, Legue E, Doyen A, Nato F, Nicolas JF, Torres V, Yaniv M,
Pontoglio M: Defective planar cell polarity in polycystic kidney disease.
Nat Genet 2006, 38:21-23.

88. Cui C, Chatterjee B, Francis D, Yu Q, SanAgustin JT, Francis R, Tansey T,
Henry C, Wang B, Lemley B, Pazour GJ, Lo CW: Disruption of Mks1
localization to the mother centriole causes cilia defects and
developmental malformations in Meckel-Gruber syndrome. Dis Model
Mech 2011, 4:43-56.

89. Jonassen JA, San Agustin J, Follit JA, Pazour GJ: Deletion of IFT20 in the
mouse kidney causes misorientation of the mitotic spindle and cystic
kidney disease. J Cell Biol 2008, 183:377-384.

90. Tammachote R, Hommerding CJ, Sinders RM, Miller CA, Czarnecki PG,
Leightner AC, Salisbury JL, Ward CJ, Torres VE, Gattone VH, Harris PC: Ciliary
and centrosomal defects associated with mutation and depletion of the
Meckel syndrome genes MKS1 and MKS3. Hum Mol Genet 2009,
18:3311-3323.

91. Jonassen JA, Sanagustin J, Baker SP, Pazour GJ: Disruption of IFT Complex
A causes cystic kidneys without mitotic spindle misorientation. J Am Soc
Nephrol .

92. Nishio S, Tian X, Gallagher AR, Yu Z, Patel V, Igarashi P, Somlo S: Loss of
oriented cell division does not initiate cyst formation. J Am Soc Nephrol
2010, 21:295-302.

May-Simera and Kelley Cilia 2012, 1:7
http://www.ciliajournal.com/content/1/1/7

Page 14 of 16



93. Saburi S, Hester I, Fischer E, Pontoglio M, Eremina V, Gessler M, Quaggin SE,
Harrison R, Mount R, McNeill H: Loss of Fat4 disrupts PCP signaling and
oriented cell division and leads to cystic kidney disease. Nat Genet 2008,
40:1010-1015.

94. Park CC, Ahn S, Bloom JS, Lin A, Wang RT, Wu T, Sekar A, Khan AH, Farr CJ,
Lusis AJ, Leahy RM, Lange K, Smith DJ: Fine mapping of regulatory loci for
mammalian gene expression using radiation hybrids. Nat Genet 2008,
40:421-429.

95. Borovina A, Superina S, Voskas D, Ciruna B: Vangl2 directs the posterior
tilting and asymmetric localization of motile primary cilia. Nat Cell Biol
12:407-412.

96. Guirao B, Meunier A, Mortaud S, Aguilar A, Corsi JM, Strehl L, Hirota Y,
Desoeuvre A, Boutin C, Han YG, Mirzadeh Z, Cremer H, Montcouquiol M,
Sawamoto K, Spassky N: Coupling between hydrodynamic forces and
planar cell polarity orients mammalian motile cilia. Nat Cell Biol 2010,
12:341-350.

97. May-Simera HL, Kai M, Hernandez V, Osborn DP, Tada M, Beales PL: Bbs8,
together with the planar cell polarity protein Vangl2, is required to
establish left-right asymmetry in zebrafish. Dev Biol 2010, 345:215-225.

98. Kotsis F, Nitschke R, Doerken M, Walz G, Kuehn EW: Flow modulates
centriole movements in tubular epithelial cells. Pflugers Arch 2008,
456:1025-1035.

99. Kim JC, Badano JL, Sibold S, Esmail MA, Hill J, Hoskins BE, Leitch CC,
Venner K, Ansley SJ, Ross AJ, Leroux MR, Katsanis N, Beales PL: The Bardet-
Biedl protein BBS4 targets cargo to the pericentriolar region and is
required for microtubule anchoring and cell cycle progression. Nat Genet
2004, 36:462-470.

100. Park TJ, Haigo SL, Wallingford JB: Ciliogenesis defects in embryos lacking
inturned or fuzzy function are associated with failure of planar cell
polarity and Hedgehog signaling. Nat Genet 2006, 38:303-311.

101. Kim SK, Shindo A, Park TJ, Oh EC, Ghosh S, Gray RS, Lewis RA, Johnson CA,
Attie-Bittach T, Katsanis N, Wallingford JB: Planar cell polarity acts through
septins to control collective cell movement and ciliogenesis. Science
2010, 329:1337-1340.

102. Lee K, Battini L, Gusella GL: Cilium, centrosome and cell cycle regulation
in polycystic kidney disease. Biochim Biophys Acta 2011, 1812:1263-1271.

103. Narimatsu M, Bose R, Pye M, Zhang L, Miller B, Ching P, Sakuma R, Luga V,
Roncari L, Attisano L, Wrana JL: Regulation of planar cell polarity by Smurf
ubiquitin ligases. Cell 2009, 137:295-307.

104. Jakobsen L, Vanselow K, Skogs M, Toyoda Y, Lundberg E, Poser I,
Falkenby LG, Bennetzen M, Westendorf J, Nigg EA, Uhlen M, Hyman AA,
Andersen JS: Novel asymmetrically localizing components of human
centrosomes identified by complementary proteomics methods. EMBO J
2011, 30:1520-1535.

105. van Amerongen R, Nusse R: Towards an integrated view of Wnt signaling
in development. Development 2009, 136:3205-3214.

106. Lancaster MA, Louie CM, Silhavy JL, Sintasath L, Decambre M, Nigam SK,
Willert K, Gleeson JG: Impaired Wnt-beta-catenin signaling disrupts adult
renal homeostasis and leads to cystic kidney ciliopathy. Nat Med 2009,
15:1046-1054.

107. Akiyama T, Kawasaki Y: Wnt signalling and the actin cytoskeleton.
Oncogene 2006, 25:7538-7544.

108. Bienz M: The subcellular destinations of APC proteins. Nat Rev Mol Cell
Biol 2002, 3:328-338.

109. Mimori-Kiyosue Y, Shiina N, Tsukita S: Adenomatous polyposis coli (APC)
protein moves along microtubules and concentrates at their growing
ends in epithelial cells. J Cell Biol 2000, 148:505-518.

110. Nathke IS, Adams CL, Polakis P, Sellin JH, Nelson WJ: The adenomatous
polyposis coli tumor suppressor protein localizes to plasma membrane
sites involved in active cell migration. J Cell Biol 1996, 134:165-179.

111. Reilein A, Nelson WJ: APC is a component of an organizing template for
cortical microtubule networks. Nat Cell Biol 2005, 7:463-473.

112. Su LK, Burrell M, Hill DE, Gyuris J, Brent R, Wiltshire R, Trent J, Vogelstein B,
Kinzler KW: APC binds to the novel protein EB1. Cancer Res 1995,
55:2972-2977.

113. Nakamura M, Zhou XZ, Lu KP: Critical role for the EB1 and APC
interaction in the regulation of microtubule polymerization. Curr Biol
2001, 11:1062-1067.

114. Jaulin F, Kreitzer G: KIF17 stabilizes microtubules and contributes to
epithelial morphogenesis by acting at MT plus ends with EB1 and APC. J
Cell Biol 2010, 190:443-460.

115. Schroder JM, Larsen J, Komarova Y, Akhmanova A, Thorsteinsson RI,
Grigoriev I, Manguso R, Christensen ST, Pedersen SF, Geimer S, Pedersen LB:
EB1 and EB3 promote cilia biogenesis by several centrosome-related
mechanisms. J Cell Sci 2011, 124:2539-2551.

116. Pedersen LB, Geimer S, Sloboda RD, Rosenbaum JL: The Microtubule plus
end-tracking protein EB1 is localized to the flagellar tip and basal
bodies in Chlamydomonas reinhardtii. Curr Biol 2003, 13:1969-1974.

117. Louie RK, Bahmanyar S, Siemers KA, Votin V, Chang P, Stearns T, Nelson WJ,
Barth AI: Adenomatous polyposis coli and EB1 localize in close proximity
of the mother centriole and EB1 is a functional component of
centrosomes. J Cell Sci 2004, 117:1117-1128.

118. Bornens M: Centrosome composition and microtubule anchoring
mechanisms. Curr Opin Cell Biol 2002, 14:25-34.

119. Blacque OE, Cevik S, Kaplan OI: Intraflagellar transport: from molecular
characterisation to mechanism. Front Biosci 2008, 13:2633-2652.

120. Daire V, Pous C: Kinesins and protein kinases: Key players in the
regulation of microtubule dynamics and organization. Arch Biochem
Biophys 2011, 510:83-92.

121. Wordeman L, Mitchison TJ: Identification and partial characterization of
mitotic centromere-associated kinesin, a kinesin-related protein that
associates with centromeres during mitosis. J Cell Biol 1995, 128:95-104.

122. Moores CA, Milligan RA: Lucky 13-microtubule depolymerisation by
kinesin-13 motors. J Cell Sci 2006, 119:3905-3913.

123. Kline-Smith SL, Khodjakov A, Hergert P, Walczak CE: Depletion of
centromeric MCAK leads to chromosome congression and segregation
defects due to improper kinetochore attachments. Mol Biol Cell 2004,
15:1146-1159.

124. Lee T, Langford KJ, Askham JM, Bruning-Richardson A, Morrison EE: MCAK
associates with EB1. Oncogene 2008, 27:2494-2500.

125. Banks JD, Heald R: Adenomatous polyposis coli associates with the
microtubule-destabilizing protein XMCAK. Curr Biol 2004, 14:2033-2038.

126. Fan Y, Esmail MA, Ansley SJ, Blacque OE, Boroevich K, Ross AJ, Moore SJ,
Badano JL, May-Simera H, Compton DS, Green JS, Lewis RA, van Haelst MM,
Parfrey PS, Baillie DL, Beales PL, Katsanis N, Davidson WS, Leroux MR:
Mutations in a member of the Ras superfamily of small GTP-binding
proteins causes Bardet-Biedl syndrome. Nat Genet 2004, 36:989-993.

127. Donaldson JG, Jackson CL: ARF family G proteins and their regulators:
roles in membrane transport, development and disease. Nat Rev Mol Cell
Biol 2011, 12:362-375.

128. Etienne-Manneville S: Cdc42–the centre of polarity. J Cell Sci 2004,
117:1291-1300.

129. Cau J, Hall A: Cdc42 controls the polarity of the actin and microtubule
cytoskeletons through two distinct signal transduction pathways. J Cell
Sci 2005, 118:2579-2587.

130. Schlessinger K, McManus EJ, Hall A: Cdc42 and noncanonical Wnt signal
transduction pathways cooperate to promote cell polarity. J Cell Biol
2007, 178:355-361.

131. Mitsushima M, Toyoshima F, Nishida E: Dual role of Cdc42 in spindle
orientation control of adherent cells. Mol Cell Biol 2009, 29:2816-2827.

132. Balklava Z, Pant S, Fares H, Grant BD: Genome-wide analysis identifies a
general requirement for polarity proteins in endocytic traffic. Nat Cell Biol
2007, 9:1066-1073.

133. Zhang X, Zhu J, Yang GY, Wang QJ, Qian L, Chen YM, Chen F, Tao Y,
Hu HS, Wang T, Luo ZG: Dishevelled promotes axon differentiation by
regulating atypical protein kinase C. Nat Cell Biol 2007, 9:743-754.

134. Sfakianos J, Togawa A, Maday S, Hull M, Pypaert M, Cantley L, Toomre D,
Mellman I: Par3 functions in the biogenesis of the primary cilium in
polarized epithelial cells. J Cell Biol 2007, 179:1133-1140.

135. Fan S, Hurd TW, Liu CJ, Straight SW, Weimbs T, Hurd EA, Domino SE,
Margolis B: Polarity proteins control ciliogenesis via kinesin motor
interactions. Curr Biol 2004, 14:1451-1461.

136. Zuo X, Fogelgren B, Lipschutz JH: The small GTPase Cdc42 is necessary
for primary ciliogenesis in renal tubular epithelial cells. J Biol Chem 2011,
286:22469-22477.

137. Wiens CJ, Tong Y, Esmail MA, Oh E, Gerdes JM, Wang J, Tempel W,
Rattner JB, Katsanis N, Park HW, Leroux MR: Bardet-Biedl syndrome-
associated small GTPase ARL6 (BBS3) functions at or near the ciliary
gate and modulates Wnt signaling. J Biol Chem 2010, 285:16218-16230.

138. Hu J, Wittekind SG, Barr MM: STAM and Hrs down-regulate ciliary TRP
receptors. Mol Biol Cell 2007, 18:3277-3289.

May-Simera and Kelley Cilia 2012, 1:7
http://www.ciliajournal.com/content/1/1/7

Page 15 of 16



139. Schermer B, Ghenoiu C, Bartram M, Muller RU, Kotsis F, Hohne M, Kuhn W,
Rapka M, Nitschke R, Zentgraf H, Fliegauf M, Orman H, Walz G, Benzing T:
The von Hippel-Lindau tumor suppressor protein controls ciliogenesis
by orienting microtubule growth. J Cell Biol 2006, 175:547-554.

140. Good MC, Zalatan JG, Lim WA: Scaffold proteins: hubs for controlling the
flow of cellular information. Science 2011, 332:680-686.

141. Murga-Zamalloa CA, Ghosh AK, Patil SB, Reed NA, Chan LS, Davuluri S,
Peranen J, Hurd TW, Rachel RA, Khanna H: Accumulation of the Raf-1
kinase inhibitory protein (Rkip) is associated with Cep290-mediated
photoreceptor degeneration in ciliopathies. J Biol Chem 2011,
286:28276-28286.

142. Sugioka K, Mizumoto K, Sawa H: Wnt regulates spindle asymmetry to
generate asymmetric nuclear beta-catenin in C. elegans. Cell 2011,
146:942-954.

143. Hsiao YC, Tong ZJ, Westfall JE, Ault JG, Page-McCaw PS, Ferland RJ: Ahi1,
whose human ortholog is mutated in Joubert syndrome, is required for
Rab8a localization, ciliogenesis and vesicle trafficking. Hum Mol Genet
2009, 18:3926-3941.

144. Gray RS, Abitua PB, Wlodarczyk BJ, Szabo-Rogers HL, Blanchard O, Lee I,
Weiss GS, Liu KJ, Marcotte EM, Wallingford JB, Finnell RH: The planar cell
polarity effector Fuz is essential for targeted membrane trafficking,
ciliogenesis and mouse embryonic development. Nat Cell Biol 2009,
11:1225-1232.

145. Heydeck W, Zeng H, Liu A: Planar cell polarity effector gene Fuzzy
regulates cilia formation and Hedgehog signal transduction in mouse.
Dev Dyn 2009, 238:3035-3042.

146. Dai D, Zhu H, Wlodarczyk B, Zhang L, Li L, Li AG, Finnell RH, Roop DR,
Chen J: Fuz controls the morphogenesis and differentiation of hair
follicles through the formation of primary cilia. J Invest Dermatol 2011,
131:302-310.

147. Zeng H, Hoover AN, Liu A: PCP effector gene Inturned is an important
regulator of cilia formation and embryonic development in mammals.
Developmental biology 339:418-428.

148. Oishi I, Kawakami Y, Raya A, Callol-Massot C, Izpisua Belmonte JC:
Regulation of primary cilia formation and left-right patterning in
zebrafish by a noncanonical Wnt signaling mediator, duboraya. Nat
Genet 2006, 38:1316-1322.

149. Valente EM, Logan CV, Mougou-Zerelli S, Lee JH, Silhavy JL, Brancati F, et al:
Mutations in TMEM216 perturb ciliogenesis and cause Joubert, Meckel
and related syndromes. Nat Genet 2010, 42:619-625.

150. Tissir F, Qu Y, Montcouquiol M, Zhou L, Komatsu K, Shi D, Fujimori T,
Labeau J, Tyteca D, Courtoy P, Poumay Y, Uemura T, Goffinet AM: Lack of
cadherins Celsr2 and Celsr3 impairs ependymal ciliogenesis, leading to
fatal hydrocephalus. Nat Neurosci 2010, 13:700-707.

151. Oteiza P, Koppen M, Krieg M, Pulgar E, Farias C, Melo C, Preibisch S,
Muller D, Tada M, Hartel S, Heisenberg CP, Concha ML: Planar cell polarity
signalling regulates cell adhesion properties in progenitors of the
zebrafish laterality organ. Development 2010, 137:3459-3468.

doi:10.1186/2046-2530-1-7
Cite this article as: May-Simera and Kelley: Cilia, Wnt signaling, and the
cytoskeleton. Cilia 2012 1:7.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

May-Simera and Kelley Cilia 2012, 1:7
http://www.ciliajournal.com/content/1/1/7

Page 16 of 16


	Abstract
	Introduction
	The Cilium - Structure and Function
	Ciliary Proteins - Beyond the Cilium
	Cilia in Wnt Signaling - the Importance of the Basal Body
	Non-canonical Wnt (PCP) signaling
	Canonical Wnt signaling
	APC
	Kinesins
	Factors that regulate both canonical and non-canonical Wnt signaling

	Conclusions
	Acknowledgements
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


