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Abstract

Molecular signals are the guiding force of development, imparting direction upon cells to divide,
migrate, differentiate, etc. The mechanisms by which a cell can receive and transduce these signals
into measurable actions remains a ‘black box’ in developmental biology. Primary cilia are
ubiquitous, microtubule-based organelles that dynamically extend from a cell to receive and
process molecular and mechanical signaling cues. In the last decade, this organelle has become
increasingly intriguing to the research community due to its ability to act as a cellular antenna,
receive and transduce molecular stimuli, and initiate a cellular response. In this review, we discuss
the structure of primary cilia, emphasizing how the ciliary components contribute to the
transduction of signaling pathways. Furthermore, we address how the cilium integrates these
signals and conveys them into cellular processes such as proliferation, migration and tissue
patterning. Gaining a deeper understanding of the mechanisms used by primary cilia to receive and
integrate molecular signals is essential, as it opens the door for the identification of therapeutic
targets within the cilium that could alleviate pathological conditions brought on by aberrant
molecular signaling.
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[. Introduction

In the late 1800’s the Swiss anatomist Karl Zimmermann identified a thin, singular, hair-like
structure on the surface of several different types of mammalian cells. At that time, without
any knowledge of how the field of molecular biology would unfold, Zimmermann
hypothesized that these structures played a sensory role for the cell (Zimmermann, 1898).
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After this intriguing discovery, it was over a hundred years before a resurgence of interest
occurred in the organelle, now called a primary cilium (Sorokin, 1962; Sorokin, 1968) (Fig.
1). It was not until the discovery of intraflagellar transport (IFT) in the unicellular flagellate
Chlamydomonas (Kozminski et al., 1993) that the role of primary cilia during development
and disease began to be appreciated (Huangfu et al., 2003; Pazour et al., 2000).

Since the initial studies linking defects in the cilium to the onset of disease, it has become
widely accepted that vertebrate species use primary cilia to transduce a number of signaling
pathways (reviewed in (Singla and Reiter, 2006). The mechanisms by which cilia participate
in signal transduction; however, are diverse and the precise details remain nebulous. With
current estimates suggesting that well over 1000 proteins contribute to the structure and/or
function the primary cilium (Boldt et al., 2016) and rapidly improving genome editing
technologies becoming readily accessible, there is tremendous potential to manipulate ciliary
composition to modulate molecular signals. While the possibilities of harnessing the power
of the cilium are becoming more realistic, there is still much to be learned about the
intricacies of cilia-dependent signal transduction.

Herein, we discuss the specialized components of primary cilia and how they participate in
the signal transduction of several different molecular pathways. We highlight certain ciliary
proteins that both localize to the cilium and function to modulate transduction of molecular
signals. Furthermore, we attempt to link the role for primary cilia in signal transduction with
their participation in guiding cell behaviors while examining how loss of cilia can result in
congenital birth defects. Undoubtedly, the continued study of primary cilia in these contexts
holds great promise for future therapeutic options for diseases in which signal transduction
and cell behaviors have run amok.

Il. Constructing the primary cilia

Basal Body

Cilia have been identified on almost every cell type in the developing embryo (Wheatley,
1982; Wheatley et al., 1996). There is some diversity in the structure of cilia, which is
exemplified by the presence of a number of specialized types of cilia including nodal,
primary, and olfactory cilia (Fig. 1A-C). Despite the variation between different types of
specialized cilia, the fundamental structure and several components of cilium are highly
conserved. Cilia of all types are made up of four key components: the basal body, the
transition zone, the axoneme, and the ciliary membrane (Fig. 1). Although some structural
and molecular variations in these components give the organelle unique functions in
different cell types, for the most part, these components are identifiable across several
tissues. Below we summarize each of the components that make up the primary cilium and
briefly discuss key proteins that can alter the function of the organelle.

Centrioles are cylindrical cellular structures that are composed of nine sets of microtubule
triplets. In cells that are actively dividing, the two centrioles play an essential role in
formation of the mitotic spindle. Each centriole replicates during S-phase, ensuring that the
newly generated cell will also have two centrioles. Thus, through this mechanism, each cell
contains an older ‘mother’ centriole and a newly generated ‘daughter’ centriole. The mother
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centriole is distinct from the daughter centriole in that it has two sets of appendages, the
distal and subdistal appendages (Paintrand et al., 1992). During times of quiescence, the
distal and subdistal appendages on the mother centriole act as sites to assemble a ciliary
vesicle and assist with plasma membrane docking, respectively (Fig. 1D) (Anderson, 1972;
Sorokin, 1962). Upon the completion of these events, the mother centriole is transformed
into the basal body of the cilium. The basal body remains connected to the daughter
centriole by filaments at its proximal end, such that the daughter centriole is oriented
roughly perpendicular to the basal body (Bahe et al., 2005). Once docked to the plasma
membrane the basal body functions as the microtubule organizing center for the primary
cilium.

To initiate and regulate ciliogenesis, several proteins must either be removed or recruited to
the basal body. Distal appendages are critical for the recruitment of Tau tubulin kinase 2
(Ttbk2), which is required for the removal of centrosomal protein of 110kD (Cp110), an
inhibitor of ciliogenesis, from the distal end of the mother centriole (Goetz et al., 2012;
Spektor et al., 2007). It is thought that Cp110 functions structurally to prevent microtubule
growth and centriole length, as the protein does not have any enzymatic activity (Chen et al.,
2002; Specktor et al. 2007). This hypothesis is supported by ultrastructural studies reporting
that Cp110 localizes to the distal ends of centrioles, forming a cap above the growing
microtubules (Kleylein-Sohn et al., 2007; reviewed in Kobayashi and Dynlacht, 2011). The
Cpl110-mediated ‘capping’ of the basal body acts as a negative regulator of primary cilia
extension and a checkpoint against inappropriate formation of primary cilia. Ciliogenesis
requires the removal of the Cp110 cap from the basal body. Several proteins that localize to
the distal tip of the basal body, including C2-calcium domain containing 3 (C2cd3) and
Oral-facial-digital 1 (Ofd1) (Thauvin-Robinet et al., 2014), are necessary for coordinating
the removal of Cp110. Disruptions to this process often result in ciliopathies.

Oral-facial-digital (OFD) syndromes (OFD1-14) are rare genetic disorders characterized by
the co-presentation of abnormalities in the face (hypertelorism, low-set ears, cleft lip/palate),
oral cavity (lingual hamartoma, abnormal frenulae, lobulated tongue) and digits
(brachydactyly, polydactyly) (reviewed in Bruel et al., 2017). OFD14 is caused by mutations
in C2cd3, a protein localized to the distal aspect of the basal body. C2cd3 is required for the
formation of the distal appendages and for ciliary vesicle docking to the mother centriole
(Thauvin-Robinet et al., 2014; Ye et al., 2014). Studies in chick, mouse and humans have
together suggested a conserved role for C2cd3 in basal body function and ciliogenesis
(Chang et al., 2014; Hoover et al., 2008; Schock et al., 2015; Thauvin-Robinet et al., 2009;
Thauvin-Robinet et al., 2014). Loss of C2cd3 results in short centrioles without subdistal
appendages, distal appendages that are incapable of elongation, and impaired ciliogenesis
due to the failure to remove Cp110 from the distal tip of the basal body (Tsang and
Dynlacht, 2013; Ye et al., 2014). Interestingly, diseases can also arise when hyperelongation
of the centriole occurs. Mutations in Ofd1, a protein that co-localizes with C2cd3 to the
distal basal body, result in a hyperelongated basal body with unstable microtubules and
result in a subtype of OFD, OFD1 (Thauvin-Robinet et al., 2014). Thus, Ofd1 and C2cd3
antagonize each other to establish and regulate centriole length. Taken together, these studies
suggest a model whereby centriole length is carefully regulated and essential for proper
ciliogenesis. Further identification of the cadre of proteins that localize and function at the
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basal body will surely be essential for understanding the mechanisms of pathology causal to
ciliopathies.

Transition Zone

The transition zone begins at the distal end of the basal body and forms a ‘gate’ between the
ciliary and cellular compartments. This gate is established by two structures within the
transition zone which anchor the most proximal region of the growing cilium to the adjacent
membrane. First, the transition fibers connect the basal body to the ciliary membrane via
nine centriolar appendages (Anderson, 1972) (Fig. 1D). Transition fibers are required for
ciliogenesis and function in the extended primary cilium to regulate entry and exit of
proteins into the mature cilium. Second, Y-shaped fibers or “Y-linkers’ connect the projected
microtubules of the axoneme to the overlying ciliary membrane, with one end attached to
microtubules and the other two ends attached to the ciliary membrane (Fig. 1D). Cargo
destined for the primary cilium uses the transition zone as a docking point and must move
through the transition zone’s narrow passageway into the ciliary compartment. In
vertebrates, it has been suggested that transition zone components may also be involved in
loading cargo onto the intraflagellar transport system (Garcia-Gonzalo et al., 2011; Gilula
and Satir, 1972; Williams et al., 2011). Ciliary localization sequences built into membrane-
associated proteins can interact with trafficking complexes, like the BBSome, to cross
through the transition zone. The combined efforts of ciliary localization sequences and
trafficking complexes allows larger proteins from the cytoplasm to enter and exit the primary
cilium (Dishinger et al., 2010).

Many proteins localize to, and are required for, transition zone function. These proteins can
be separated into two interacting and sometimes overlapping protein complexes: the
Nephronophthisis (NPHP) complex, and the Meckel Syndrome (MKS) complex. Named for
its association with the human ciliopathy nephronophthisis (medullary cystic kidney
disease), the NPHP complex includes Nphp4 and Rpgr-interacting protein 11 (Rpgrip11)
(Arts et al., 2007; Mollet et al., 2005). The MKS complex, named for its association with the
human ciliopathy Meckel Syndrome (characterized by renal cystic dysplasia, occipital
encephalocele, polydactyly, hepatic developmental defects and pulmonary hypoplasia),
includes Tectonic (Tctn) proteins, B9 domain proteins (B9d, Mks), Coiled-coil proteins
(Ccd2a) and Transmembrane proteins (Tmem) (Barker et al., 2014; Chih et al., 2011;
Garcia-Gonzalo et al., 2011; Huang et al., 2011). Loss of function studies of proteins within
the transition zone reveal that the transition zone is important for ciliogenesis and
establishing ciliary composition. Mutations in proteins of the MKS complex cause
ciliogenesis defects which often result in embryonic lethality (Chih et al., 2011; Garcia-
Gonzalo et al., 2011; Sang et al., 2011; Weatherbee et al., 2009). Mutations in proteins of the
NPHP complex result in only mild ciliogenic defects affecting only photoreceptor cilia and
sperm flagella (Jiang et al., 2009; Jiang et al., 2008; Won et al., 2011). Despite the severity
of some embryological defects associated with mutations in transition zone proteins, there
are also a host of transition zone mutations that do not impair ciliogenesis. Understanding
the complex interactions between these protein complexes and the mechanisms of transition
zone function will be necessary for guiding future research directions.
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The distinguishing feature of the cilium is the axoneme. The axoneme is a microtubule-
based extension that protrudes from the apical surface of the cell (Fig. 1D). The axoneme is
made up of nine sets of microtubule doublets extending from the basal body. The
organization of axonemal microtubules confers function upon the cilium as either a motile
cilium or non-motile (primary) cilium (Fig. LA-C). While the axonemes of both motile and
primary cilia are composed of a ring of nine pairs of microtubules, they differ in their central
microtubule components. The central portion of motile cilia possess two extra microtubules;
thus, they are referred to as having a ‘9+2” microtubule arrangement. The presence of the
central microtubule pair allows for large motor protein complexes called dyneins to connect
to the outer ring of microtubules (reviewed in Smith and Yang, 2004). Dyneins are able to
generate the force necessary for ciliary movement. While the presence of the central
microtubule pair and the 9+2 conformation typically translates into motility, it is more
accurate to use the presence or absence of dynein arms to determine motility of the cilium
(Afzelius, 1976; Blum et al., 1977). In contrast, non-motile primary cilia traditionally lack
these central microtubules, and therefore their structure is referred to as ‘9+0’ (Sorokin,
1968; Wheatley, 1969).

Extension of the ciliary axoneme requires intraflagellar transport (IFT). IFT describes the bi-
directional transport of particles along microtubules (Kozminski et al., 1993). Building upon
the microtubule template established by the basal body, IFT utilizes two microtubule-based
motors (Kinesin-11 and dynein) to carry tubulins and other axonemal subunits to the ciliary
tip and carry bi-products back to the ciliary base. In IFT, anterograde transport (from cell
body towards ciliary tip) is carried out by IFT-B complexes and kinesin Il motors to build
the microtubule scaffold and carry essential ciliary proteins to the distal tip of the axoneme.
Disruptions in components of the IFT-B complex and kinesin-2 anterograde motor
complexes prevent ciliogenesis, as the tubulin subunits cannot be transported to the growing
end of the axoneme (Takeda et al., 1999; Taulman et al., 2001). Conversely, retrograde
transport (from ciliary tip towards cell body) is carried out by IFT-A complexes and dynein
motors to return molecular cargo back to the cell body. Disruptions to the IFT-A complex or
dynein motors result in a functionally impaired, dysmorphic cilium. Most frequently, cilia
with impaired retrograde transport will have a bulbous tip due to cargo remaining trapped at
the ciliary tip, unable to be carried back down to the cell body (Cortellino et al., 2009; Qin et
al., 2011; Tran et al., 2008). Successful IFT allows the axoneme to extend via microtubule
lengthening. The axonemal extension is stabilized via post-translational modifications of
tubulin subunits including acetylation (L’Hernault and Rosenbaum, 1985), detyrosination
(Hallak et al., 1977), polyglutamylation (Edde et al., 1990), and polyglycylation (Redeker et
al., 1994). Once stabilized, numerous receptors and ion channels localize to the specialized
membrane surrounding the fully extended axoneme.

The ciliary membrane

The ciliary membrane is a specialized membrane covering the axoneme, connected to
peripheral microtubules by the Y-linkers of the transition zone (Gilula and Satir, 1972;
Williams et al., 2011). While the ciliary membrane is continuous with the plasma membrane
of the cell, it originates from the membrane of the ciliary vesicle and is structurally and
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physiologically different from the cell membrane due to a unique lipid composition and the
presence of ion channels and osmotic capabilities (Garcia-Gonzalo et al., 2015; Nauli et al.,
2003; Satir and Gilula, 1970). Variation in lipid composition can underlie changes in channel
activity and electrical excitability in response to receptors on the ciliary membrane.
Phosphoinositides serve as signature motifs for different cellular membranes and often are
required for the function of membrane proteins. For example, phosphatidylinositol 4,5-
bisphosphate (P1(4,5)P>), is a known modulator of many ion channels. In the cilium, the
ratio of phosphatidylinositol 4-phosphate (P14P) predominates over PI(4,5)P,. This variation
in phosphoinositides supports the localization of certain G protein coupled receptors or
channels to the cilium (Chavez et al., 2015; Garcia-Gonzalo et al., 2015). The distinct ciliary
membrane composition supports the preferential localization of receptors from many
signaling pathways (Rohatgi et al., 2007; Schneider et al., 2005). Thus, the unique make-up
of the ciliary membrane confers the ability of the cilium to function as a “cellular antenna’.

lll. Signaling pathways that are modulated by ciliary function

Perhaps the most intriguing aspect of the primary cilium is its association with the
transduction of several signaling pathways. Components of many major developmental
pathways localize to the cilium. Furthermore, trafficking through the cilium is required for
the processing, in the way of acetylation, sumoylation, phosphorylation and proteolytic
cleavages, of several members of these pathways. Below we summarize what is known
regarding the role of the cilium in transduction of some key developmental pathways and
introduce more recently discovered ciliary proteins that have been shown to impact cilia-
dependent transduction of these molecular signals.

Hedgehog signaling pathway

The Hedgehog (Hh) signaling pathway has been studied for decades in a plethora of contexts
from organogenesis to disease (Nusslein-Volhard and Wieschaus, 1980; Chang et al., 1994;
Chiang et al., 1996; Hebrok et al., 2000; St-Jacques et al., 1999; Yao et al., 2002; Zhang et
al., 2006). In brief, the pathway functions via a Hh ligand binding to the Patched (Ptch)
receptor (Ingham et al., 1991). Hh-Ptch binding alleviates Ptch-mediated repression of the G
protein-coupled receptor Smoothened (Smo) (Stone et al., 1996). Smo then transduces
signals downstream via the subsequent activation of the Gli transcription factors, which
translocate into the nucleus and upregulate the expression of Hh target genes. Although
simple in principle, the pathway has several levels of complexity built-in, including three
unique ligands (Sonic Hedgehog (Shh), Indian Hedgehog (Ihh) and Desert Hedgehog (Dhh))
that can be post-translationally processed to modify their activity and ability to signal in an
autocrine or paracrine fashion, and a number of co-receptors that serve to alter Hh-binding
affinity (Growth arrest specific 1 (Gasl), Cell adhesion associated, oncogene regulated
(Cdo), and Brother of Cdo (Boc)) (Allen et al., 2011; Izzi et al., 2011; Martinelli and Fan,
2007). Furthermore, Hh signals are transduced through three Gli transcription factors, two of
which (Gli2 and Gli3) are bimodal, functioning as both activators and repressors (Bai et al.,
2004; Dai et al., 1999; McDermott et al., 2005; Sasaki et al., 1999).
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In addition to the variability in ligands, receptors, and transcription factor activity, there are
also several regulator proteins known to impact the transduction of the pathway whose roles
are not fully understood. For example, Suppressor of Fused (Sufu) is a Gli-binding protein
essential for normal embryonic development (Pearse et al., 1999; Pham et al., 1995). Sufu
has long been regarded as a negative regulator of the pathway, mostly due to the close
phenotypic resemblance of Sufu ™~ and Ptch1™~ murine embryos, which both have a
ventralized neural tube (Cooper et al., 2005; Svard et al., 2006). Although multiple
mechanisms for how Sufu mediates pathway repression have been proposed (Chen et al.,
2009; Cheng and Bishop, 2002; Humke et al., 2010; Kogerman et al., 1999; Lin et al., 2014;
Methot and Basler, 2000; Shi et al., 2014), the prevailing view in the field suggests it acts as
a cytoplasmic constraint for the nuclear translocation of the Gli transcription factors (Ding et
al., 1999; Humke et al., 2010; Tukachinsky et al., 2010). Recent studies; however, have
suggested that rather than solely acting as a repressor of the pathway, Sufu functions as a
chaperone to shuttle Gli activators into, and Gli repressor out of, the nucleus. These studies
further suggest that Sufu binds to chromatin with both Gli isoforms to generate a
transcriptional response (Zhang et al., 2017). Based on continued studies such as these, it is
clear that the mechanisms behind a single signaling event are tremendously complicated and
we still have much to learn regarding Hh signal transduction. Some of this complexity has
recently been explained with the discovery that the pathway utilizes the primary cilium to
coordinate signaling.

The link between primary cilia and the Hh pathway was established when ENU generated
ciliary mutants were found to have disrupted Hh signaling (Huangfu et al., 2003) and when
several components of the pathway, including Ptch, Smo, and Gli were found to localize to
the cilium itself (Corbit et al., 2005; Haycraft et al., 2005; Rohatgi et al., 2007).
Identification of the cilium in this capacity allowed for its superimposition onto the known
steps of Hh pathway transduction. With this in mind, the current generalized hypothesis is
that Hh ligand binds to the Ptch receptor at the cilium, this binding alleviates Ptch-mediated
repression of Smo, and allows for Smo to traffic into the cilium (Corbit et al., 2005; Rohatgi
et al., 2007). Via mechanisms that remain unclear, activated ciliary Smo then works through
kinesin family member 7 (Kif7) to generate a competent Gli activator that is imported into
the nucleus to induce target gene expression (Liem et al., 2007). It is unclear as to if Sufu
must dissociate from Gli (Law et al., 2012; Tukachinsky et al., 2010), if Sufu accompanies
Gli activator into the nucleus (Zhang et al., 2017) (Fig. 2A). In the absence of Hh ligand,
Ptch remains localized to the ciliary membrane, preventing the entrance of Smo (Rohatgi et
al., 2007) (Fig. 2B). The Sufu-Gli complex moves to the basal body of the cilium where Gli
undergoes a multi-site phosphorylation by Protein kinase A (PKA) (Hammerschmidt et al.,
1996; Jiang and Struhl, 1995; Li, 1995), Gylcogen synthase kinase 3 (Gsk3) and Casein
kinase 1 (Ck1). Phosphorylated Gli is recognized and ubiquitinated by E3 ubiquitin ligase
and finally processed by the proteasome into the truncated Gli repressor (Pan et al., 2006;
Pan and Wang, 2007). The Sufu-Gli repressor complex then moves to the nucleus where it
recruits the Sap18-Sin3 co-repressor complex to repress Gli target genes (Cheng and Bishop,
2002; Paces-Fessy et al., 2004) (Fig. 2B).

Several ciliopathies are due to impaired cilia-dependent Hh signaling. Inositol
polyphosphate 5-phosphatase E (Inpp5e) is a lipid 5-phosphatase which localizes to the
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axoneme and stabilizes the structure of the primary cilium (Jacoby et al., 2009). Loss of
Inpp5e in mice causes many ciliopathy-related phenotypes, including anophthalmia (loss of
one or both eyes), polydactyly, cystic kidneys, bifid sternum, cleft palate, and exencephaly
(Chavez et al., 2015). Mutations in Inpp5e have been linked to two human ciliopathies,
Joubert and MORM (mental retardation, truncal obesity, retinal dystrophy, and micropenis)
syndromes (Chavez et al., 2015). Mutations in Inpp5e cause a dampening of the intracellular
response to a Shh signal (Chavez et al., 2015; Garcia-Gonzalo et al., 2015). When Inpp5e
activity is lost, G-protein-coupled receptor 161 (Gprl61) accumulates in primary cilia (Fig.
2C). Gprl61 negatively regulates the Hh signal response by increasing the cAMP response
to promote PKA-dependent phosphorylation of Gli3 and its subsequent processing into the
Gli repressor (Mukhopadhyay et al., 2013). Thus, increased Gprl61 activity leads to an
over-production of Gli repressor, a bulbous ciliary axoneme and reduced Hh signaling
(Chavez et al., 2015) (Fig. 2C).

EvC ciliary complex subunit 1 and EvC ciliary complex subunit 2 (EvC and EvC2) are two
additional proteins that localize to the cilium, impact Hh signaling, and when mutated result
in a human ciliopathy (Ellis van-Creveld syndrome). EvC and EvC2 co-localize in primary
cilia (Blair et al., 2011; Ruiz-Perez et al., 2000; Ruiz-Perez et al., 2003). These proteins are
believed to function as mediators between the activation of Smo and the processing of Gli
into functional activator isoforms (Fig. 2D). Upon activation of the pathway, Smo and EvC2
form a complex restricted to a distinct ciliary compartment called the EvC zone. Impeding
EvC2 function blocks Hh signaling at a specific step between Smo and the downstream
regulators PKA and Sufu, preventing activation of Gli transcription factors (Dorn et al.,
2012). One hypothesis suggests that EvC and EvC2 interact together with Smo to modulate
the interaction between Sufu and Gli within the primary cilium (Yang et al., 2012).
Additional insights into the role of these proteins and Hh signal transduction will need to be
gained in order to better understand disease causing mechanisms.

Wnt signaling pathway

Similar to Hh, Whnt is a lipid-modified secreted ligand, of which many isoforms exist
(reviewed in Nusse, 2003). Wnt binds to the 7-pass transmembrane receptor Frizzled (Fzd),
and co-receptor Lipoprotein-receptor related protein (Lrp) (Bhanot et al., 1996; Pinson et al.,
2000; Tamai et al., 2000; Wehrli et al., 2000). Upon binding to Fzd, Lrp is phosphorylated,
recruiting a protein called Dishevelled (Dvl) to become activated (Fig. 3A) (Klingensmith et
al., 1994; Noordermeer et al., 1994). Dvl interacts with a destruction complex containing
Adenomatous polyposis coli (Apc) and Axin2 (Cliffe et al., 2003; Jonkers et al., 1997; Salic
et al., 2000; Yost et al., 1998). With the inactivation of this destruction complex, p-catenin
can accumulate in the cytoplasm and translocate to the nucleus to promote transcriptional
activation with T-cell factor/Lymphoid enhancer factor (Tcf/Lef) and histone modification
complexes, which leads to expression of Wnt target genes (Fig. 3A) (Behrens et al., 1996;
Molenaar et al., 1996). In the absence of Wnt, Dvl does not inhibit the destruction complex,
which then allows for p-catenin to be phosphorylated by Gsk3-g, ubiquitinated, and
degraded by the proteasome (Fig. 3B). Without p-catenin accumulation and translocation to
the nucleus, the Tcf/Lef complex recruits histone deacetylase complexes (HDACS) to repress
target gene expression (Fig. 3B) (Brannon et al., 1997; Cavallo et al., 1998; Chen et al.,
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1999). Wnt can also signal through the non-canonical, planar cell polarity (PCP) pathway.
PCP is independent of B-catenin and is predominantly coordinated by Dvl proteins that elicit
microtubule and actin cytoskeletal remodeling via calcium-ion signaling or through several
Dvl interaction partners and downstream mediators (reviewed in Yang and Mlodzik, 2015).

The supposition that the cilium was necessary for Wnt signal transduction began with
reports that several components of the Wnt pathway, including Inversin, Vangl-2, Gsk3-B,
and Apc, localize near the primary cilium or basal body (Morgan et al., 2002; Ross et al.,
2005; Simons et al., 2005; Veland et al., 2009). This hypothesis was bolstered by the
demonstration that Inversin regulated Dvl and acted as a switch between canonical and non-
canonical Wnt pathways (Gerdes et al., 2007; Ross et al., 2005; Simons et al., 2005).
Subsequent studies hypothesized that the cilium functioned to restrain Wnt signaling, based
on the observation that the loss of the ciliary protein Kinesin family member 3A (Kif3a)
correlated with an accumulation of cytoplasmic p-catenin and increased expression of Wnt-
target genes (Corbit et al., 2008). This study hypothesized that Kif3a affected Wnt/p-catenin
signaling by controlling the phosphorylation of Dvl. In support of this mechanism, a second
study reported that there was increased Wnt activity, via repression of nuclear pf-catenin
accumulation, in deciliated cells (Lancaster et al., 2011).

Despite these findings in support of a role for cilia in Wnt signal transduction, concurrent
studies reported several convincing pieces of data suggesting primary cilia do not regulate
Whnt signaling (Huang and Schier, 2009; Ocbina et al., 2009). First, loss of numerous ciliary
genes, including /1188, 1ft72, DyncZh1 and Kif3a, did not impact Wnt-responsiveness, as
determined by LacZ expression in the BAT-gal reporter line (Ocbina et al., 2009). Second,
loss of these ciliary proteins did not affect Axin2 expression, as determined by /n situ
hybridization (Ocbina et al., 2009). Third, mouse embryonic fibroblasts (MEFs) derived
from /ft887~and /ft1727/~ mutant embryos responded to Wnt3a in a fashion similar to wild-
type MEFs subject to the same treatment. Finally, these studies reported that MEFs from
numerous ciliary mutants had no problem shifting between canonical and non-canonical
Whnt signaling (Ocbina et al., 2009). These findings were validated in a zebrafish model.
Maternal-zygotic oval (MZ ovl) mutants, which lack /7288, retained normal canonical and
non-canonical Wnt signaling and cellular processes guided by non-canonical Wnt activity
(e.g., convergent extension) were not disrupted (Huang and Schier, 2009). Together, these
results suggested the cilium was not necessary for either canonical or non-canonical Wnt
signal transduction. Additional support for rejecting a role for cilia in Wnt signal
transduction came with the failure of ciliopathic mouse models to present with phenotypes
indicative of disrupted Wnt signaling (Ocbina et al., 2009).

There are several possibilities for the existence of these conflicting results. It is possible that
several ciliary proteins have tissue- and species-specific roles, such that differing results can
be obtained depending upon which tissue and which model system are used. In addition,
many ciliary proteins have proposed cilia-independent functions, and these could be
affecting Wnt signaling outside of primary cilia. A recent study found that Kif3a, a protein
known to be essential for ciliogenesis, plays a role in Wnt signaling in a ciliary-independent
fashion (Kim et al., 2016). Specifically, it was reported that Kif3a plays a role in both
maintaining Wnt secretion, activating the pathway in an autocrine manner, and intracellular
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signal transduction of canonical signaling; however, these results were not recapitulated
when ciliogenesis was prevented using pharmacological agents (Kim et al., 2016). While it
is indeed tempting to speculate that the cilium is necessary for Wnt signaling, especially due
to the numerous similarities to the Hh pathway (Kalderon, 2002), it is clear that the primary
cilium is not utilized by each pathway in the same way.

Platelet-derived growth factor pathway

The Platelet-derived growth factor (Pdgf) signaling pathway is necessary for numerous
cellular processes during development, including the proliferation, survival, and migration of
several different cell types (reviewed in Heldin and Westermark, 1999). The ligands of the
pathway form homo or heterodimers of PdgfA-D. These ligand dimers bind to the
extracellular domains of the appropriate Pdgf receptors (Pdgfr), causing dimerization and
trans auto-phosphorylation of the receptors. As tyrosine-kinase receptors, the activity of the
receptors creates a phosphorylation mark which can be recognized by adapter molecules of
two different signaling cascades: p85 of the Akt/phosphatidylinositol 3-kinase (P13K)
cascade, and Growth factor receptor bound protein 2 (Grb2) of the Mitogen-activated protein
kinase/Extracellular signal-regulated kinase (Mek/Erk) cascade. Signaling through these
cascades can eventually lead to cell proliferation (Davis and Stroobant, 1990; Fantauzzo and
Soriano, 2014; Pierce et al., 1994; Yi et al., 1996), differentiation (Li et al., 2014; Pierce et
al., 1994; Richardson et al., 1988), and survival (Artus et al., 2013; Fantauzzo and Soriano,
2014; Othberg et al., 1995).

While not nearly as heavily studied as the Hh or Wnt pathways in the context of their
relationship to the primary cilium, a number of studies have reported convincing data to
support an interaction between the Pdgf pathway and the cilium. Pdgfra expression is up-
regulated during ciliogenesis, and the expression and ligand-mediated activation of the
receptor are blocked in /2887~ and /ft1727/~ MEFs (Schneider et al., 2005; Umberger and
Caspary, 2015). In addition, Pdgfra localizes to the ciliary membrane along the axoneme,
binds its ligand, dimerizes and trans-autophosphorylates while located along the primary
cilium. In Ift20-depleted cells, Pdgfra localizes aberrantly to the plasma membrane and is
hyperactivated upon ligand stimulation (Schmid et al., 2017). Thus, these data strongly
support the hypothesis that Pdgf signaling requires the cilium to function normally.

While the link between the expression and localization of Pdgfra is well supported, the
detailed mechanism of how the cilium functions in the transduction of a Pdgf signal is less
clear. Studies using fibroblasts report that ciliary signaling through Pdgfra involves the
activation of Akt and Erk1/2 at the ciliary base (Clement et al., 2013), and loss of Ift20 in
cranial neural crest cells causes suppression of Pdgf-Akt signaling, resulting in decreased
osteogenic proliferation, mineralization, and increased cell death (Noda et al., 2016). While
not much else is known regarding the detailed mechanism of PDGF signal transduced
through the cilium, the phenotypic overlap between ciliary mutants and PDGF mutants
suggests this field of study will continue to grow in the future.
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Calcium signaling

Calcium (Ca?*) is the most common signal transduction element in cells across all species
and plays a number of physiological roles in cellular processes including fertilization,
muscle contraction, neuronal transmission and cell motility (reviewed in Clapham, 2007).
The link between Ca2* signaling and the cilium arose for several reasons. First, Ca2*
permeant ion channels (Polycystins), were reported to localize to the ciliary membrane (Bai
et al., 2008; Kottgen et al., 2008; Pazour et al., 2002). Second, when primary cilia are bent
by the mechanical force (e.g., fluid-flow), Ca2* is conducted through polycystin complexes
(Nauli et al., 2003; Praetorius and Spring, 2001). Finally, a variety of cells and tissues during
development, including bone (Malone et al., 2007; Temiyasathit et al., 2012; Xiao et al.,
2011), kidney epithelia (Leyssac, 1986; Praetorius and Spring, 2001, 2003), the embryonic
node (Yoshiba et al., 2012; Yuan et al., 2015) and cartilage (Phan et al., 2009; Wann et al.,
2012) require primary cilia-dependent, fluid-force induced calcium signaling to undergo
proper developmental processes.

In the kidney, it is hypothesized that Ca2* signaling is mediated via the mechanical
stimulation of Polycystin1/2 (Pc1/2, encoded by PkdI or PkdZ, respectively) on the primary
cilium (Nauli et al., 2003; Pazour et al., 2002). When the extracellular domain of Pcl is
activated in response to fluid flow, the Pc2 ion channel opens, allowing for Ca2* influx. This
intraciliary CaZ* influx is proposed to lead to the release of intracellular calcium stores from
the ER (Nauli et al., 2003). Ablation or mislocalization of Pc1/2 to the cellular membrane
results in a dampening of CaZ* signaling (Nauli et al., 2003). Loss of function mutations
affecting Pc1 or Pc2 cause autosomal dominant polycystic kidney disease (ADPKD)
(Hughes et al., 1995; Mochizuki et al., 1996). ADPKD manifests in patients by causing cyst
formation in the kidney, pancreas, and liver, and is the most common kidney disease
diagnosed in the US. While mutations in either PkdZ or Pkd2 during development cause cyst
formation, evidence supports that cyst formation in the human disease likely occurs due to
both disrupted flow-induced Ca2* signaling (Boehlke et al., 2010; Nauli et al., 2003), and
undiscovered alternative roles for these proteins during adulthood (Piontek et al., 2007).

At the embryonic node, cilia-dependent, calcium signaling is hypothesized to be necessary
for left-right patterning (Nonaka et al., 2002; Yoshiba et al., 2012; Yuan et al., 2015). The
mouse node contains both motile and non-motile cilia (Sulik et al., 1994; McGrath et al.,
2003; Tabin and Vogan, 2003). Loss of cilia, upon individual knockout of K7f3aor Kif3b,
caused laterality defects such as situs inversus (Marszalek et al., 1999; Nonaka et al., 1998;
Takeda et al., 1999). These studies investigated monocilia present on ventral nodal cells, and
reported some of these 9+0 monocilia partook in rotational motion strong enough and
synchronized enough to generate a leftward flow (Nonaka et al., 1998; Takeda et al., 1999).
The fluid flow generated by that movement stimulates the adjacent primary cilia (McGrath
et al., 2003; Tabin and Vogan, 2003). In support of the hypothesis that influx of Ca2* is the
signaling event which triggers asymmetric gene expression and determination of the future
‘left’, several studies have shown that Ca%* oscillations occur at the node (Takao et al., 2013;
Yuan et al., 2015). In 2015, Yuan et al., utilized a Ca2*-fluorescent reporter fused to a
ciliary-localized protein necessary for ciliogenesis (ADP ribosylation factor like GTPase
13B; Arl13b) to conclude that Ca2* influx in the cilium preceded cytosolic Ca2* waves, and
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that this event is the earliest molecular signal of asymmetric left-right organization at the
node. These studies support the hypothesis that fluid flow in the vertebrate node stimulates
the adjacent primary cilia to release intracellular Ca2*, which can lead to induction of ‘left’
side gene expression. This hypothesis has relied upon the idea that increases in intraciliary
Ca?* precede Ca2* influx in the cytoplasm; however, recent reports have challenged this
idea.

Despite firm support within the field for a cilia-dependent, Ca2* influx mechanism for
establishing the L-R axis, recent studies argue that flux in intraciliary Ca%* levels do not
affect intracellular Ca2* levels and that fluid flow at the node does not change intraciliary
Ca?* levels at all (Delling et al., 2013, 2016). This group did not detect mechanically-
induced Ca2* increases in primary cilia in response to physiological or even highly
supraphysiological levels of fluid flow, and suggested flow-induced fluorescent Ca2*
reporter changes in the cilium were an artifact of experimental conditions. Taken together,
the study concluded that mechanosensation, if it originates in primary cilia, is not via Ca2*
signaling. These new data propose the possibility that something entirely different from
ciliary-dependent Ca2* signaling is required for left-right polarity establishment in the
vertebrate embryonic node.

While this controversy has yet to be solved, there are several possible reasons for these
contradictory results. First, since the Ca2* influx is transient, it is possible these studies were
examining different temporal windows. Second, cell culture conditions are known to alter
biological readouts. It’s possible that variation in experimental design, including selection of
Ca?* indicators and their associated K are responsible for differing data. With technological
advances, and as additional knowledge about ciliary function improve, discrepancies such as
these are likely to be worked out in the near future.

IV. Cellular processes that require primary cilia

The molecular signals processed through the primary cilium are used to guide the cell
through several developmental processes. Thus, the cilium sits at the intersection of
molecular cues and cellular processes including proliferation, migration, patterning, and
mechanosensation throughout embryonic development, organogenesis, and into adulthood.
The extent of ciliary participation in these vital cellular processes explains why ciliopathies
have pleiotropic phenotypes, affecting several different organ systems (Fig. 5).

Cell division and the primary cilium

Throughout development, cells must constantly make the decision whether to divide or
become post-mitotic and differentiate. Primary cilia are closely linked to cellular
proliferation as they must be retracted prior to entrance into the cell cycle. Furthermore,
proper cell cycle progression requires continuous suppression of primary cilia formation in
proliferating cells (Rieder et al., 1979; Tucker et al., 1979). At the crux of this mutually
exclusive relationship between the primary cilium and cell division is the fact that the
centrioles used for assembling the mitotic spindle during cell division are the same
centrioles which are modified to become the basal body. Ciliogenesis initiates as the cell
enters the G1/Gq phase, whereas ciliary disassembly occurs at S/G, as the cell re-enters the
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cell cycle (Tucker et al., 1979). The process starts again upon exit from the cell cycle, as the
mother centriole forms the basal body to initiate ciliogenesis (Sorokin, 1962; Sorokin,
1968).

Whereas the rationale for the mutually exclusive relationship between the ciliogenesis and
cell division is clear, we are now beginning to identify several proteins that function to
induce or repress these two cellular processes. First, in addition to their roles in intraflagellar
transport, two IFT proteins have been identified to have roles in the cell cycle. Partial
knockdown of the Ift27 results in defects in cytokinesis and elongation of the cell cycle (Qin
et al., 2007). Depletion of 1ft88 promotes cell-cycle progression to S, G, and M-phases,
whereas overexpression of Ift88 prevents G1-S transition and induces apoptotic cell death
(Robert et al., 2007). Second, two proteins important in cell division, the scaffold protein
Trichoplein (Inoko et al., 2012; Nishizawa et al., 2005) and Aurora A kinase (AurkA) (Pan
et al., 2004; Pugacheva et al., 2007) are also important for resorption of the cilium. During
proliferation, Trichoplein localizes to both mother and daughter centrioles, yet is lost during
quiescence. Exogenous expression of Trichoplein inhibits primary cilia assembly, whereas
depletion induces primary cilia assembly (Inoko et al., 2012). Activation of AurkA induces
ciliary resorption in quiescent cells, whereas knockout of AurkA induces primary cilia
formation, resulting in cell cycle arrest at the Go/G; phase. Furthermore, this cell cycle arrest
can be rescued via removal of IFT proteins, essential for ciliogenesis (Inoko et al., 2012).
Trichoplein binds and activates AurkA directly and Trichoplein-dependent repression of
ciliogenesis requires its ability to bind and activate AurkA. These data suggest a mechanism
by which the trichoplein-AurkA pathway promotes G, progression via the continuous
suppression of primary cilia assembly. Interestingly, AurkA also interacts with Inpp5e
(Plotnikova et al., 2015). AurkA phosphorylates Inpp5e, leading to the eventual
transcriptional downregulation of AurkA. This relationship brings forth a possible
mechanism as to how Inpp5e promotes ciliary stability and how the switch between
ciliogenesis and cell proliferation is controlled.

Ciliary length has also been correlated to cell division. Primary cilia are typically between 1
and 10um long but can extend to over 20um. Various factors including injury/hypoxia
(\Verghese et al., 2008; Verghese et al., 2011), cytoskeletal dynamics (Miyoshi et al., 2011)
and autophagy (Tang et al., 2013; Tang et al., 2014) can influence the length of cilia. It is
hypothesized that increased ciliary length would allow for the ciliary membrane to be more
densely decorated with receptors and channels, and thus increase sensitivity of the organelle.
Several proteins are known to influence ciliary length. Nuclear distribution gene E
homologue 1 (Ndel) is a centriolar protein which negatively regulates ciliary length (Kim et
al., 2011b). Ndel expression is robust during mitosis and extremely weak during quiescence.
Loss of Ndel generates longer cilia and causes a delay in cell cycle re-entry (Kim et al.,
2011b). Furthermore, additional studies have reported that cell cycle-dependent mechanisms
can control ciliary length through an Ndel associated pathway (Maskey et al., 2015).
Anaphase-promoting complex (Apc) is another protein associated with both cell division
and ciliary length. Apc is an E3 ligase which is localized to the basal body. Apc regulates the
onset of anaphase and destabilizes axonemal microtubules in the primary cilium. Inhibition
of Apc and its co-activator Cdc20 increases ciliary length, while overexpression of Cdc20
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suppresses cilium formation (Wang et al., 2014). Taken together, these data strongly suggest
that there is highly regulated molecular crosstalk between ciliary and cell cycle components.

Since the presence or absence of cilia is tightly coupled to cell growth and proliferation, an
obvious question arises: could intervention at the level of deciliation machinery serve as a
possible therapeutic option for cancer? This option does appear to have some potential as
proteins associated with cilium disassembly, including AurkA and the NIMA-related kinase
(Nek2), are upregulated in numerous human cancers (Bischoff et al., 1998; Hayward et al.,
2004; Sen et al., 1997; Wai et al., 2002). Although inhibitors of the ciliary disassembly
machinery are being explored as possible therapeutic options, there are caveats to this
approach. Interestingly, despite what is known about the mutually exclusive relationship
between cell proliferation and ciliogenesis, some types of cancers, including basal cell
carcinoma and medulloblastoma, are frequently ciliated (Han et al., 2009; Wong et al.,
2009). Other cancers, including melanoma, breast, pancreatic, renal, and prostate cancer, are
frequently unciliated (Basten et al., 2013; Hassounah et al., 2013; Kim et al., 2011a; MenzI
etal., 2014; Seeley et al., 2009). Adding to this complexity are additional studies that
demonstrate that cilia differentially regulate Hh signaling in tumors dependent upon how the
pathway is activated. For example, tumors caused by excessive activation of Smo occur only
in the presence of cilia, whereas tumors caused by over-expression of activated Gli2 occur
when cilia are removed (Han et al., 2009; Wong et al., 2009). Thus, in tumors, cilia have
both positive and negative effects on the Hh pathway. These studies emphasize the
complexity of the relationship between cilia, molecular signal transduction, and cancer, and
suggest that before inhibition of the deciliation machinery could be considered as a
therapeutic option, a deeper understanding of the basic mechanisms of cilia-dependent
signal transduction must be reached.

Cell migration and primary cilia

Coordinated, directionally-persistent migration is crucial for normal embryonic
development. Cell migration occurs via the regulation and manipulation of the cytoskeleton,
as well as a repositioning of cellular organelles like the centrosome in polarized cells
(reviewed in Maninova et al., 2014). Defects in the formation, organization, or function of
primary cilia impair the cellular processes associated with cell migration (Higginbotham et
al., 2012; Jones et al., 2012; Schneider et al., 2010; Tobin et al., 2008), and are associated
with migratory disorders in mice (Higginbotham et al., 2012; Tobin et al., 2008) and
chickens (Schock et al., 2015). Furthermore, during migration, primary cilia have been
reported to orient in parallel to the migration plane of traveling cells (Albrecht-Buehler,
1977; Katsumoto et al., 1994; Schneider et al., 2010).

Several molecular connections between primary cilia and cell migration machineries have
been established. RhoGTPases are key regulators of cell dynamics including cell-cell
interactions, polarity, and contraction, and have been implicated in cellular processes such as
differentiation and migration. RhoGTPases have been specifically implicated in aberrant cell
migration and many ciliopathies have been linked to disruptions in Rho activity (Coon et al.,
2012; Valente et al., 2010). Recently it was determined that RhoGTPases localize to the
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basal body (Hernandez-Hernandez et al., 2013; Valente et al., 2010; Veland et al., 2013),
thus potentially serving as a bridge between the cilium and cell migration.

Cilia-dependent Pdgfra signaling has also been proposed as an important mechanism during
polarization/cell migration. Na*/H* exchange protein 1 (Nhel) localizes to the leading edge
of the plasma membrane during migration and connects the reorganizing actin cytoskeleton
to the plasma membrane via integrins (Clement et al., 2013). Primary cilia-dependent
Pdgfra signaling contributes to Nhel localization at the leading edge through both Akt and
Mek/Erk signaling (Clement et al., 2013). While the Mek/Erk signaling cascade seems to
control where along the plasma membrane Nhel translocates to, therefore defining where
the cell views the ‘leading edge’ during migration; Akt signaling is required to initiate Nhel
translocation (Clement et al., 2013). Without primary cilia, cells cannot adequately signal
through Pdgfra to define their leading edge during migration (Schneider et al., 2010).

A more controversial link between primary and cell migration is via the Wnt/PCP pathway.
Inversin acts at the decisive branch point between canonical and noncanonical Wnt signaling
by targeting cytoplasmic DvI for degradation, thus promoting p-catenin turnover and PCP
(Simons et al., 2005). Inversin localizes to the primary cilium and cells that lack Inversin
exhibit decreased polarization and cell migration associated with a dispersed accumulation
of Gsk3-B and phosphorylated p-catenin at the ciliary base, elevated canonical Wnt
signaling, and aberrant activation and leading edge localization of RhoGTPases (Otto et al.,
2003; Simons et al., 2005). Although these data suggest a link between cilia, Wnt/PCP
signaling and migration, Inversin and other ciliary components hypothesized to affect Wnt
signaling also localize to extraciliary domains, such as the leading edge of migrating cells.
Thus, some aspect of PCP-mediated regulation of cell polarization and migration may occur
independent of the cilium (Boehlke et al., 2013; Cui et al., 2013; Werner et al., 2013).

Additional roles for primary cilia during development

In addition to being involved with proliferation and migration, primary cilia are also required
for patterning during development. The most classic example for the requirement of primary
cilia in patterning is in the neural tube (Fig. 5A-D). The neural tube is patterned on a dorso-
ventral axis to generate distinct zones of neural progenitor cells. Hh, Wnt, and Bone
morphogenetic protein (Bmp) signals are all necessary for proper patterning of the neural
tube. Whereas, Wnt and Bmp are necessary for specifying the dorsal fates, a Shh morphogen
gradient is essential for establishing ventral fates (Chiang et al., 1996; Yamada et al., 1993).
Shh emanates from the notochord and floor plate of the neural tube establishing the highest
levels of Shh at the most ventral aspect of the neural tube and the lowest levels of Shh at the
most dorsal aspect of the neural tube. Along this gradient six different domains of neural
progenitor sub-types are established, including motor neurons and interneurons (Ericson et
al., 1997). Loss of Shh signaling impairs the specification of the most ventral neural cell
fates (Chiang et al., 1996), whereas hyperactivation of the pathway causes an expansion of
ventral cell fates (Roelink et al., 1995).

Loss of IFT-B proteins, including 1ft88 or Ift172, results in dorsalization of the neural tube.
This phenotype is similar to that caused by a loss of Shh signaling; however, cell types that
require low levels of Hh signaling are specified. The dampened severity of the ciliopathic
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phenotype is due to cilia also being required for processing the Gli repressor (Haycraft et al.,
2005; Huangfu and Anderson, 2005; Liu et al., 2005; May et al., 2005). IFT-A mutants,
including /#t2397~, which allow for formation of cilia with abnormal morphology, exhibit
phenotypes similar to those observed with excessive Hh signaling and ventralization of the
neural tube (Tran et al., 2008). Primary cilia are also required for anterior-posterior
patterning of the limb (Haycraft et al., 2005; Haycraft et al., 2007; Norman et al., 2009) (Fig.
5E, F) and patterning of the facial prominences (Brugmann et al., 2010; Chang et al., 2016;
Haycraft et al., 2007; Millington et al., 2017) (Fig. 5G-J). Interestingly, as in the neural tube,
ciliopathic phenotypes present in the limb and the face are very reminiscent of Hh signaling
mutations. Finally, as discussed earlier, primary cilia can also function as mechanosensors,
capable of detecting fluid flow or mechanical force. In this capacity, ciliary function is
important for both kidney (Fig. 5K, L) and skeletal development (Koyama, et al., 2007;
Muhammad et al., 2012; Zhang et al., 2003).

V. Conclusions

Primary cilia are undoubtedly important for signal transduction. Although much has been
gained from our study of the cilium, many questions still exist. For example, does the cilium
function to integrate molecular signals from several signaling pathways? Could
manipulation of the primary ciliome be used as a therapeutic option for disease that have
aberrant Hh, Wnt or Pdgf signaling? One confounding issue for addressing questions such as
these are the remaining controversies in the field (e.qg., the exact mechanisms of ciliary-
dependent Hh transduction, Wnt signal transduction, Ca2* signaling at the node). Continued
study of this organelle will undoubtedly expand our understanding of molecular signal
transduction and could potentially improve the way we treat diseases; however, with several
remaining controversies in the field, is it possible that even within primary cilia there is a yet
to be appreciated degree of heterogeneity?

Although cilia have a degree of heterogeneity based upon which organ system they are
associated with (e.g., nodal, versus olfactory, versus airway cilia); primary cilia have
historically been considered homogeneous based on their conserved structure and
components (basal body, transition zone, 9+0 microtubule axoneme arrangement). Several
observations and experimental findings suggest we have been overlooking the prospect that
there is a larger degree of heterogeneity among primary cilia, even those extending from a
single tissue, than previously thought. First, not all ciliopathies present with identical
phenotypes. For example, Bardet Biedl Syndrome (BBS) Type 2 (Bbs2), Oral-Facial Digital
syndrome (OFD) Type 1 (OfdI), and Ellis-Van Crevald (EVC) syndrome (EvCor EvC2) all
present with distinct phenotypes. While intellectual disability can occur in both BBS and
OFD1; BBS patients frequently present with obesity and hypogonadism, whereas OFD1
patients can experience lobulated tongues, cleft palate, hypertelorism and micrognathia.
EVC patients can experience tooth defects also common to OFD and cardiac defects also
common in BBS, but they more commonly experience abnormally short arms and legs, and
hypoplastic nails (Hennekam et al., 2010). One possible explanation for this observation is
that the expression of ciliary genes responsible for these ciliopathies are not identical. For
example, analysis of BbsZand Ofd1, and EvCZexpression via /n situ hybridization, reveals
that each gene has areas of robust expression that coincide with the area predominantly
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affected in the associated ciliopathy. Thus, the ciliopathic phenotype will vary depending
upon which tissue the ciliary gene is robustly expressed in. Although this seems an obvious
correlation, a comprehensive comparison of the primary ciliome between tissues affected in
ciliopathies has yet to be performed.

In addition to ciliary genes having non-ubiquitous expression patterns, primary cilia
heterogeneity has also been suggested to occur via ciliary proteins having tissue specific
function. For example, mutations in the MksI gene affect cilia formation in a tissue and cell-
type dependent manner (Weatherbee et al., 2009). While cilia formation is impaired at the
node, forelimb mesenchyme, lung mesenchyme, and brain of MksZ mutants, cilia are still
present on the multiciliated cells of the lung and bile ducts of the liver (Weatherbee et al.,
2009). Additionally, although some MksZ mutant phenotypes (fusion and forking of the ribs,
reduced mineralization in the skull, and pulmonary hypoplasia) can easily be explained by a
loss of Hh signaling, limb abnormalities reflect an expansion of Hh signaling, and the neural
tube presents with phenotypes associated with both an expansion and reduction in Hh
signaling (Weatherbee et al., 2009). This evidence supports the hypothesis that not only may
cilia be heterogeneous, but that the function ciliary genes play may also be tissue-dependent.
Further analysis of the ciliome will need to be done to address questions such as these.

If there is indeed a high level of heterogeneity among primary cilia, it is easy to see how this
could be extrapolated to propose that primary cilia may be a “tunable” organelle, which
ultimately may make primary cilia more sensitive to some signaling pathways in a tissue or
cell-type dependent manner. For example, could ectopic overexpression of a ciliary
component necessary for Hh signal transduction make a cell more sensitive to the Hh
signaling pathway? In this manner, ciliary heterogeneity may contribute to different
sensitivities tissues have to signaling pathways and change how a primary cilium responds to
or transduces a particular signal. Temporal and spatial analysis of the ciliome, coupled with
a better understanding of how the cilium in different cell types transduce molecular signals
could make a significant impact on how we understand signal transduction in the future.
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Highlights
Primary cilia are necessary for transduction of several signaling pathways
Primary cilia are required for Hh signal transduction
The role of primary cilia in Wnt and Ca2* signaling is controversial

Loss of primary cilia results in a class of diseases called ciliopathies
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Types of Cilia

|
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Structure of Primary Cilia

Basal Body

Centriole

Figure 1. Cilia and their structure

Heterogeneity in ciliary structure. (A) Nodal cilia with either a 9+0 or 9+2 microtubule
arrangement (inset), (B) primary cilia with a 9+0 microtubule arrangement (inset) and (C)
airway cilia with a 9+2 microtubule structure (inset). (D) The detailed structure of a primary
cilia, schematizing four main components: the basal body, transition zone, axoneme, and

ciliary membrane.
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Figure 2. Cilia-dependent Hh signaling
Activity of Hh pathway components in the (A) presence and (B) absence of Shh. (C) Loss of

Inpp5e dampens the ability of the cilium to transduce a Shh signal, thus rendering the cilia
“desensitized”. (D) Loss of EVC/EvC2 prevents Gli2/3 dissociation from Sufu, thus
preventing transcription of downstream targets and generating a cilium “desensitized” to a

Shh signal.
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Figure 3. Hypothesized cilia-dependent Whnt signaling
(A) Hypothesized (and controversial) activity of Wnt pathway components in the (A)

presence and (B) absence of Wnt. (C) Loss of Kif3a causes increased translocation of p-
catenin to the nucleus and increased target gene expression, thus *“sensitizing” the cell to
Whnt signaling.

Dev Biol. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Elliott and Brugmann

+Pdgf-AA

N

gl

— @ o

n r Nucleus

Pdgfra

7] Pdgi-AA

@B VEK12 @ Akt
@cxc2 et
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(A) Pdgfra localizes to the membrane of the primary cilia. In the presence of its ligand,

Pdgf-AA, Mer/Erk and Akt pathways are

activated.
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Figure 5. Primary cilia mutations have pleiotropic effects during development
(A) Wild type primary cilia extension from a vertebrate cell during development. (B)

Disrupted ciliogenesis can result in shortened and bulbous cilium (top), or complete loss of
the primary cilium (bottom). (C) Primary cilia are required for proper patterning of motor
neurons within the neural tube. (D) Mutations in anterograde Ift proteins (i.e. 1ft88 or Kif3a)
result in a dorsalization of the neural tube (left). Mutations in retrograde Ift proteins (i.e.
1ft139) result in a ventralization of the neural tube (right). (E) Primary cilia are required for
patterning of the limbs and digit identity. (F) Loss of primary cilia can cause polydactyly.
(G) Patterning and development of the mandibular prominence of the developing
craniofacial complex requires primary cilia for proper tongue and submandibular gland
development. (H) Loss of primary cilia on neural crest cells in the developing mandible
results in aglossia (loss of the tongue) and hypoplastic submandibular glands. (1) Patterning
and development of the frontonasal prominence requires primary cilia. (J) Loss of primary
cilia on neural crest cells leads to mid-facial widening, bilateral cleft palate, and a duplicated
nasal septum. (K) Wild type kidney development requires functional primary cilia. (L)
Mutations in primary cilia are known to cause Polycystic Kidney Disease, resulting in cysts
forming within kidney.
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