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Abstract

Once dismissed as vestigial organelles, primary cilia have garnered the interest of scientists, given
their importance in development/signaling, and for their implication in a new disease category
known as ciliopathies. However, many, if not all, “cilia” proteins also have locations/functions
outside of the primary cilium. These extraciliary functions can complicate the interpretation of a
particular ciliopathy phenotype: it may be a result of defects at the cilium and/or at extraciliary
locations, and it could be broadly related to a unifying cellular process for these proteins, such as
polarity. Assembly of a cilium has many similarities to the development of other polarized
structures. This evolutionarily preserved process for the assembly of polarized cell structures
offers a perspective on how the cilium may have evolved. We hypothesize that cilia proteins are
critical for cell polarity, and that core polarity proteins may have been specialized to form various
cellular protrusions, including primary cilium.
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1. Introduction

Primary cilia are complex organelles, localized singularly on the surface of most cells, where
they, in part, function as an immotile cellular compartment for signaling. Researchers have
identified sensory roles for primary cilialll and have implicated this organelle in
embryological development.[2] Proteins important for the assembly, maintenance, or
function of the primary cilium are termed cilia or ciliogenesis proteins. Traditionally, cilia
proteins consisted of proteins that localize to the cilium and/or some proteins at the
centrosome. Typically, proteins that localize to the centrosome can be important for
ciliogenesis, while proteins that localize to the cilium may be important for ciliogenesis, but
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could also represent components of ciliary signaling pathways. Defects in these cilia/
ciliogenesis proteins are now linked to a group of human disorders named ciliopathies.[3]
However, many ciliogenesis proteins also have extraciliary localizations, with some not even
localizing to the cilium/centrosome at all, but still affecting ciliogenesis. Therefore, the use
of “ciliopathy” is potentially confounding because it suggests that the loss of primary cilia is
the primary driver of the pathology seen in ciliopathies.

While the centrosome is important for ciliogenesis (the mother centriole becomes the base of
the cilium called the basal body), it is not the only function for this organelle. Centrosomes
are better known for their role as the microtubule organizing center (MTOC) of the cell,
which acts as the nucleation center from which microtubules emerge.l4l The MTOC
organizes the mitotic/meiotic spindle apparatus for proper chromosomal segregation during
cell division. The centrosome is also necessary for organization of microtubules in non-
dividing cells, allowing for proper vesicle transport, movement of organelles throughout the
cell, and establishment of cell shape and polarity.l4l However, it is not yet known whether all
centrosomal and cilia proteins are polarity determinants. Structural centrosomal proteins, for
example, may not participate in the polarity pathway directly, but the loss of such a crucial
structure that is central in forming cellular asymmetry may impede polarity and even cell
survival. Furthermore, defects in centrosomal proteins have been linked to diseases (i.e.,
microcephaly or cancer) that have not yet been linked to polarity, although such a possibility
still exists.[4]

Because primary cilia are dynamic organelles, they are responsive to a wide range of stimuli
(i.e., ligands/drugs, temperature, and changes in extracellular environment).[5-7] Hemi-
Parkinsonian mice (with a unilateral depletion of dopamine in the striatum) have longer
primary cilia in the striatum of the depleted hemisphere, demonstrating that merely changing
the extracellular milieu of the brain can produce alterations in primary cilia morphology.[”]
Furthermore, dynamic changes in primary cilia are observed depending on the surface to
which the cell adheres. For instance, cells grown on hard glass coverslips have fewer cilia
than cells plated on soft polyacrylamide-coated coverslips.[8] Such alterations in cilia
dynamics in response to external factors can complicate the interpretation of cilia studies,
especially where a mutation/defect may also affect the extracellular environment of a cell. A
further difficulty in studying the function of primary cilia is that many primary cilia proteins
localize at extraciliary sites (i.e., localizations not at the centrosomes, basal body or primary
cilium) and/or have extraciliary functions (Box 1). Therefore, it is possible that there are
important distinctions between “cilia” proteins, non-ciliary localizations/functions of “cilia”
proteins, and the primary cilium itself as an organelle that require further elucidation.

To attempt to elucidate the function of the primary cilium as an organelle, and to distinguish
it from “cilia” proteins that have both ciliary and extraciliary roles, we recently conducted a
review of the cilia literature. This revealed that many cilia proteins have extraciliary
functions that included such processes as cell cycle regulation, cytoskeletal regulation (both
microtubules and actin), and trafficking (reviewed inl®)). Interestingly, many cilia proteins
are found in cells that do not contain cilia, such as T-cells, where these proteins function to
assemble an immune synapse (a structure used for cell communication, activation, and
secretory events)(reviewed inl®]). Since cilia proteins localize in and are functional in non-
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ciliated cells, this suggests that “cilia” proteins may not be utilized solely for primary cilia
function, but may instead have other general cellular roles. In fact, the many extraciliary
localizations and functions of cilia proteins ascertained from the literature appeared to have
in common a role in cellular polarity. Here, we propose that “cilia” proteins are not involved
solely in centrosome repositioning and ciliogenesis (or ciliary function), but instead may
have a more general role in establishing polarized cellular structures.

The importance of polarity in ciliogenesis is not novel (reviewed inl101). Nodal cilia, a type
of motile 9+0 cilia, are important for planar cell polarity (PCP), a process describing how
multiple cells can establish polarity across a tissue plane. The rotary movement of nodal
cilia establishes chemical gradients that guide organ growth during embryological
development. For this reason, loss of nodal cilia, and with it, normal PCP protein function, is
associated with situs inversus (a condition where organs grow in the wrong direction). As
would be expected, PCP proteins have roles in ciliogenesis (and ciliopathies), providing a
further link between polarity proteins and ciliogenesis proteins.[11-17] Given the relationship
between tissue-level polarity and nodal cilia, it is not surprising that cellular-level polarity
also plays a role in primary cilia ciliogenesis.[1°]

The construction and assembly of a cilium occurs through various different processes, each
with multiple steps (reviewed inl18). Briefly, cilia formation generally requires: (1)
repositioning of the mother centriole, (2) trafficking (often vesicular) of appropriate
components to the centriole, (3) maturation of the centriole to become the basal body, and
(4) the growth of a microtubule axoneme from the basal body. These steps are important for
the unidirectional movement of the centrioles as well as the asymmetric division of PCP
proteins within a cell. Thus, the cellular processes that allow for the establishment of cell
polarity play an important underlying role in both ciliogenesis and PCP.

The relationship between polarity and ciliogenesis is recognized in the cilia field. However,
instead of arguing that polarity is an underlying process important for ciliogenesis, we aim
to present a hypothesis that cilia/ciliogenesis proteins are not merely dependent on polarity
proteins, but many are likely polarity proteins themselves. We further hypothesize that
polarity driven pathways critical for the construction of a primary cilium (a polarized
structure itself) are likely also important for the assembly of other polarized cellular
protrusions. Thus, cilia proteins may not be ciliogenesis-specific, but instead, are general
polarity-establishing proteins that are important for polarity-genesis (in which ciliogenesis is
a consequence of polarity)(Fig. 1).

2. Could cilia/ciliogenesis proteins be polarity proteins themselves,

instead of merely functioning downstream of polarity proteins: A

polarization hypothesis for “cilia” proteins

Cell polarity is a coordinated and well-conserved process that requires proper cytoskeletal
rearrangement, Golgi apparatus processing, vesicular trafficking, and phosphoinositide
signaling.[44-46] Ciliogenesis is also dependent on these processes, and cilia proteins have
been identified that function at each of these levels.[?44-46] Centrosomal repositioning is
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important for cell migration (reviewed inl47]), but it is also important to help move the
centriole to the plasma membrane where it can dock and become the basal body, an
important initial step for at least one type of ciliogenesis (reviewed in[18]). Asymmetric
vesicular transport is one way to divide PCP proteins to different hemispheres of a cell to
establish cell polarity,[48-501 while directed vesicular trafficking helps target proteins to the
cilium.[152] Thus, processes important for the establishment of polarity are also important
for assembling cilia.

Interestingly, some traditional polarity proteins are localized inside the primary cilium, with
loss of these polarity proteins negatively affecting ciliogenesis.[>3] Conversely, knockdown
of cilia proteins can result in loss of apical-basal polarity,[>4! failure of centrosome docking,
[40] |oss of the ciliary phosphoinositide code (a lipid code on plasma membranes that is
important for signaling and polarity),[43] and various microtubule and actin defects ([34:371;
reviewed inl®]). We propose that because the primary cilium is a polarized cell structure,
then “cilia” proteins are likewise variably important in the function of other polarized
cellular protrusions and possibly have localizations at these sites. Such a polarity theme is
consistent with a hypothesis proposed by Jekely and Arendt in 2006 regarding the evolution
of primary cilia.[5°!

2.1 Can we learn from evolutionary origins?

Jekely and Arendt[®®] proposed that given the sequence homology shared by intraflagellar
transport (IFT) proteins, coat protein complexes (i.e., COPI), and clathrin coat proteins, 8]
the IFT system evolved as a form of coated vesicular transport. They hypothesized that this
primitive IFT system may have been instrumental in establishing an early-polarized patch of
membrane on the cell, which was the initial step in cilium evolution. Later, this patch of
membrane gradually protruded to allow better access to the extracellular space, and
eventually compartmentalized for more efficient signaling (e.g., primary cilium) and
beating/motion (e.g., motile cilia). Now, a decade later, new studies justify an update on their
original hypothesis.

2.2 Ciliogenesis and neurite development, two polarized structures/events with a theme

of polarity?

Cell polarization is an evolutionarily well-conserved process that is dependent on the
operation and coordination of multiple proteins and pathways, and has critical functions in
cellular physiology.[46] By viewing the primary cilium as a polarized structure, comparisons
can be drawn between the primary cilium and the development of other polarized structures,
such as the neuronal axon, in an attempt to understand how a primary cilium might have
initially formed (Fig. 2). In doing so, many similarities between neuronal development and
Jekely and Arendt’s hypothesis on cilium evolution become apparent.

While Jekely and Arendtl5®] suggested that the initial establishment of a polarized patch of
membrane was likely mediated by the IFT system for ciliary formation, we hypothesize a
variation on their hypothesis based on neurite development.[57:581 When neurons are
dissociated and grown /n vitro, they undergo five distinct stages of development (reviewed
inl58l). At Stage-1, neurons are round and have a surrounding lamellipodium. At Stage-2,
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multiple small neurites begin to emerge and grow from the cell body. The successful
determination of one of the neurites to become the axon defines Stage-3. Then, the
remaining neurites branch and become dendrites (Stage-4). Lastly, the axon matures and
forms synapses (Stage-5). Stages 1 through 3 bare a remarkable resemblance to the first step
of Jekely and Arendt’s cilium hypothesis,[5] and may provide further insights into the
evolutionary origin of the cilium.

Before any morphological polarity is apparent in Stage-1 neurons, many aspects of the
neuron already display preferential polarization.[>%] Tubulin and actin localize more to one
side of the round neuron. Trafficking of transferrin receptors, and the uptake and distribution
of endocytic vesicles also preferentially localizes to one side of this early neuron. While
Jekely and Arendtl>®] proposed that the establishment of an initial polarized patch of
membrane was mediated by IFT and the Golgi apparatus in ciliary formation, neurite
polarization studies suggest a different order of events. F-actin condensation, microtubule
polarization, and endocytotic and exocytotic polarized trafficking all precede the
reorientation of the Golgi apparatus to the base of the first neurite. N-cadherin also
condenses at the site where the first neurite will emerge.[89] This led to the hypothesis that
the initial establishment of a polarized patch of neuronal membrane involves N-cadherin
restricting F-actin to one pole of the neuron. In fact, N-cadherin and F-actin co-localize at
the site of the first neurite. Interestingly, in Drosophila neurons, cadherin accumulation may
be due to phosphoinositide recruitment and signaling.[61] Therefore, using neuron
development as a guide, we hypothesize that primary cilia may have formed in a similar
manner with the initial establishment of a polarized membrane according to the following
sequence of events: (1) differential phosphoinositide clustering and signaling, (2)
phosphoinositide mediated clustering of cadherins to a membrane patch, (3) subsequent
polarized cytoskeletal rearrangement, and (4) reorienting of the Golgi apparatus and
vesicular transport to the polarized pole (Fig. 2). An important test for such a hypothesis will
be the continued and detailed examination of each of these steps in the formation of a
primary cilium.

After the establishment of a polarized neuronal membrane, one neurite stabilizes, allowing it
to protrude and become the axon. Experiments utilizing fluorescence recovery after
photobleaching, which followed the reorientation of the Golgi apparatus to the base of the
first neurite, demonstrated that tubulin and actin turnover in the undifferentiated neurites
occurred at similar rates.[] However, the neurite closest to the Golgi apparatus had the
highest rate of transferrin receptor trafficking,[>°! and was most likely to develop into the
axon.[82] Thus, while the Golgi apparatus (and with it the IFT system) may not be critical in
the initial establishment of a polarized membrane patch in neurons, it may be necessary for
the stabilization of the polarized neurite to become an axon. We propose that during the
evolution of primary cilia, the reorientation of the Golgi apparatus and IFT system towards
the initial polarized membrane patch likely aided in the protrusion and stabilization of the
initial cilium. Continued studies are needed that perform long-term live imaging studies of
forming primary cilia, examining whether the Golgi and IFT system proteins are recruited to
docked centrosomes and whether their loss can affect ciliogenesis. Interestingly, many Arf
family proteins that are important for Golgi-mediated vesicular transport are known to be
important for ciliogenesis and migration.[63.64] |_astly, studies determining whether loss of
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Golgi and IFT proteins can affect ciliary dynamics (i.e., the ability or speed in which the
cilium can respond to stimuli) would aid in our understanding of ciliary stabilization and
transduction.

The establishment of cell polarity and phosphoinositide coding along the plasma membrane
allows for the asymmetric distribution of proteins into different regions of a cell, and
establishes an actin cortex.[44] The actin cortex is important for basal body docking as loss
of the actin cortex results in a failure of the basal body to dock to the plasma membrane, and
subsequently, a failure in ciliogenesis.[®°] Thus, the establishment of polarity and an actin
cortex may have preceded and may be necessary for the docking of the mother centriole.
Interestingly, the importance of proper actin regulation has been shown to be necessary for
ciliogenesis (reviewed inl®l). None of this polarized rearrangement and trafficking would be
possible, however, without the cell first defining polarized regions. In fact, polarity-
establishing proteins are increasingly being found to be important for ciliogenesis (see
be|OW)_[53,66,67]

The primary cilium is different from a growing axon, especially in that the mother centriole
migrates and serves as the base of the cilium, and subsequently forms a closed compartment
to the cell body. Conversely, the axon remains open and continuous with the cytoplasm.
Further studies are required to determine why one type of cellular protrusion becomes a
closed structure, while another remains open. For primary cilia, the docking of the mother
centriole at the base of the cilium likely contributes to the closed nature of the cilium.

2.3 Polarity proteins are ciliogenesis proteins

The major groups of polarity proteins include Par complex proteins and Crumbs (reviewed
inl87]). Crumbs3 (CRB3) and the polarity complex (Par3, Par6, and aPKC) all localize to the
primary cilium axoneme and are essential for ciliogenesis.[>3] Loss of two apical
determining polarity proteins, Pard3 and PKC, produced shorter and fewer cilia, and
decreased apical domain size.[>¥] This demonstrates that polarity proteins are important for
ciliogenesis, but the reverse may also be likely true and should be examined further.
Mutations in Talpid3, a centrosomal protein, cause the ciliopathy, Joubert syndrome (JBTS),
and defects in ciliogenesis.[66.68.69] \Whereas Talpid3 mutants still form centrosomes, these
centrosomes fail to migrate to the apical surface of ependymal cells, disrupting ciliogenesis.
[40] Thus, loss of Talpid3 results in a polarization defect and defective ciliogenesis, likely
due to the failure of centrosome migration to the apical surface of the cell. Centrosome
migration defects have been found in studies of other cilia proteins, including CEP164[8] and
MYH10035] with future examples likely.

2.4 Polarity and ciliogenesis require phosphoinositide signaling

The plasma membrane does not have a uniform composition. Instead, phosphoinositides and
their regulators differentially localize to parts of the membrane.[44] Certain RhoGTPases
regulate the phosphorylation status of phosphoinositides,[7%l and this consequently
determines what proteins are capable of binding to the phosphoinositide, allowing for a
polarized distribution of proteins on the membrane.l#4] Important enzymes for establishing
this polarity include Src homology 2 domain-containing inositol 5-phosphatase 2 (SHIP2)
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and cell division control protein 42 (CDC42). SHIP2 is particularly important for
determining basolateral polarity and has recently been associated with cilia regulation.[71]
CDC42 is one of the main RhoGTPases important for polarity,[’2] and similarly has been
linked to ciliogenesis. Zebrafish with mutant cac42 display ciliopathy phenotypes, and
Cdc42 knockout mice have decreased numbers of cilia.[”3] Receptor composition on the
primary cilium is also regulated by phosphoinositides,[74] further suggesting that
phosphoinositides play a key role in establishing polarity.

In the primary cilium, the transition zone membrane contains phosphatidylinositol (4,5)-
bisphosphate (P1P2), allowing binding of the Tubby transport system.[”>] The remainder of
the cilium membrane comprises phosphatidylinositol 4-phosphate (P14P). This differential
expression of phosphoinositides within the cilium membrane allows for a “code” that
promotes distinctive binding of proteinst’®l. In primary cilia, inositol polyphosphate-5-
phosphatase E (INPP5E) converts PIP2 into PI4P, establishing the polarity of the cilium
membrane. Mutations in /NPP5E are linked to JBTS, defects in cell polarity, and defects in
the actin cortex.[43] Polycystic kidney disease mouse models also display a loss of intrinsic
polarity that is hypothesized to contribute to cyst formation;l””] however, cyst formation
remains an area of controversy.[78]

2.5 Polarity and ciliogenesis require cytoskeletal regulation

Cytoskeletal rearrangement is another important aspect of establishing cell polarity. For a
cell to polarize, the cell has to break symmetry and maintain a new asymmetry; a function
attributed in part to the cytoskeleton.[43] Recently, a number of cilia proteins have been
found to directly interact with and regulate the microtubule and actin cytoskeletons in
addition to functioning at cilia.[33-391 Furthermore, many traditional microtubule and actin
regulating proteins have now been found to be important for ciliogenesis.[®] Knockdown of
ciliogenesis proteins can also result in loss of apical basal polarity and failure of centrosome
docking.[4054] | astly, it is increasingly being recognized that both microtubule and actin
cytoskeletal regulation are critical to normal ciliogenesis.[37:38.79.80] Many ciliogenesis
proteins in fact have extraciliary functions that involve microtubule and actin regulation
(reviewed inl9]).

While more studies are needed, it is not hard to imagine why cytoskeletal regulation is
important for ciliogenesis. As previously mentioned, an important step of ciliogenesis
involves the reorientation and migration of the centriole, a process dependent on proper
cytoskeletal function (reviewed in[81l), polarity determinants, and its effector proteins. Loss
of any of these aforementioned proteins, regardless of their specific individual role in
cytoskeletal regulation, ultimately lead to a common defect of loss of polarity and
ciliogenesis. A proper microtubule cytoskeleton is also necessary for the IFT system, which
operates on microtubules, to allow for directed transport of proteins and other cargo to
different regions of the cell. Katanins, important for ciliogenesis, create a free pool of
tubulin that can be used for microtubule growth.[82] Therefore, it is not surprising that loss of
microtubule and actin regulation can negatively affect both polarization and ciliogenesis.
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2.6 Polarity and ciliogenesis require vesicular trafficking

A main argument in Jekely and Arendt’sl>3] hypothesis of cilium evolution depends on the
fact that well-conserved[83] IFT proteins, found in the ciliary axoneme, share sequence
homology with COP1 and clathrin coat proteins.[56] This strongly suggests that IFT has a
role in vesicular transport. Indeed, multiple cilia proteins participate in vesicular transport.
Of note, intraflagellar transport protein 20 (IFT20) localizes to the Golgi apparatus,[28]
centrioles, and ciliary axonemes.[18] IFT20 also participates in vesicular trafficking at the
primary cilium[28] and at the immune synapse (Box 2).132] Another cilia protein that is
important for endosomal recycling is Arl13b.[21] Therefore, endosomal trafficking is a
potentially important extraciliary function for some cilia proteins.

Jekely and Arendt found that cilia and the IFT system are not only well-conserved
evolutionarily, but were likely present in the earliest eukaryotic ancestor. However, the
simultaneous evolution of a complex vesicular trafficking system and a new organelle is
unlikely. We hypothesize that the IFT system likely evolved first, and was later adopted to
form a cilium. Cells that then had both an IFT system and a cilium were co-selected.
However, if this were the case, then the IFT system must have been functional and important
before a cilium evolved.

One possible function for a primitive IFT system would be motility. Continuing with our
theme of trying to learn about cilium formation through examination of other polarized
structures, we hypothesize that the growth cone may potentially be a good model to
understand early IFT function. While growth cones are a specialized structure for just one
cell type, neurons, they employ the basic components of cell migration, including
lamellipodia, filopodia, and vesicular trafficking. In growth cones, membrane is endocytosed
and redistributed to the side of a turning growth cone.[84] Thus, it is possible that the IFT
system may have initially allowed for primitive cell turning, and was later used to form a
protrusional motile cilium or flagellum (perhaps after cells became capable of
compartmentalizing this protrusion/cilium structure) that allowed for more complex and
directed motility, offering an evolutionarily selective advantage. Curiously, Arl13b is
important for cell migration and localizes to the edge of lamellipodia and filopodia.[8°]
Future studies will be needed to determine whether the IFT system, which is also critical for
both vesicular trafficking and ciliogenesis, is similarly localized to the leading edge and
necessary for cell migration. Additional experiments will be necessary to see which cilia
proteins are involved in cell migration and vesicular transport, which cilia proteins localize
to lamellipodia and filopodia, and how knockdown of cilia proteins affects the leading edge
of migrating cells.

2.8 Neuronal growth cones and dendritic spines share proteins with primary cilia

If cilia proteins are important for polarity, then they are likely important at many other
polarized structures, such as neuronal growth cones and dendritic spines. While
MYH10[34.35] and MyoVal®] are general cytoskeletal proteins that have wide-ranging
functions throughout the cell, both have critical roles in ciliogenesis, and have functions
within growth cones[96:97] and dendritic spines.[98.9%] The growth cone is structurally
polarized with three domains: (1) a central domain composed of microtubules, (2) a
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transition zone made of actin and microtubules, and (3) a peripheral zone that is largely
occupied by actin with rare invasion of dynamic microtubules.[19% Growth cones are also
polarized in that actin and tubulin are largely oriented in the same direction (plus ends
pointing out).[10%] Growth cones also utilize RhoGTPase signaling, a mechanism used in
polarity determination. Another polarity protein, CDC42, also functions at the growth cone
by activating Par6/Par3 to regulate actin dynamics in the growth cone.[201] Additionally,
expression of a dominant negative form of CDC42 can activate exocytosis;[192] thus, CDC42
may have multiple roles in the growth cone. Future studies are required for determining
whether other growth cone proteins are critical for ciliogenesis and vice versa.

A case can be made that dendritic spines are also polarized structures. The polarity proteins,
Par3 and Par6, appear to function in dendritic spines. Loss of Par3 results in the
development of immature, filopodia-like dendritic spines.[193] While overexpression of Par6
or enzymatic activation of aPKC promotes spine development.[104] Septin7, which localizes
within primary cilia axonemes,[105] can be found at the base of dendritic spines.[106:107]
Septins function in part as diffusion barriers,[198] and may aid in creating a polarized
membrane within dendritic spines. Indeed, Ewers and colleagues were able to show that
Septin7 prevented the diffusion of GIUA2 receptors into spines.[109]

Since multiple ciliogenesis and polarity proteins are found at growth cones and dendritic
spines, we hypothesize that this is not a coincidence, but is indicative of the possibility that
all these proteins function similarly and involve a polarity pathway. Many of these proteins
have long been recognized as polarity proteins that function at other polarized structures
(growth cones and dendritic spines), but are now also known to be important for
ciliogenesis, supporting the idea that the cilium is just another polarized structure. In fact,
our laboratory demonstrated that Ahil, a protein implicated in JBTS, localizes to mouse
growth cones.[210] 1t will be important to see how many other cilia proteins, particularly
ciliopathy proteins, can be found in growth cones and dendritic spines where they could
affect the function of these structures.

Given that polarity proteins and cilia proteins are both found in growth cones, dendritic
spines, and at cilia, it becomes more difficult to distinguish which proteins are cilia proteins
and which are polarity proteins. Proteins that localize to and function at the centrosome are
likely important for both polarity and ciliogenesis as the centrosome is important in both
processes. However, it is more difficult to understand how proteins (i.e., Arl13b) that
localize to the cilium specifically and not to centrosomes, can affect both polarity and
ciliogenesis. This likely will become easier to understand as extraciliary functions of “cilia”
proteins are further elucidated, and are taken into consideration in accounting for the many
steps involved in ciliogenesis. In our recent review!®], we documented that many cilia
proteins have extraciliary functions and that they could possibly be unified by a theme of
polarity. Arl13b, for example, may not be a centrosome protein or a cytoskeletal protein, but
it has an important role in vesicular trafficking that may operate at a different step of the
ciliogenesis pathway. Thus, even “cilia”-specific proteins may be important for polarity. This
begs the question whether all cilia proteins are involved in establishing polarity? Given the
co-occurrence of “cilia” and polarity proteins at many polarized structures, we hypothesize
that ciliogenesis proteins are simply polarity proteins that may be found at other polarized
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structures. We would also predict that many more cilia proteins will be localized at growth
cones and dendritic spines (and possibly vice versa).

2.9 Other implications for cilia proteins affecting polarity

If cilia proteins are polarity proteins, then defects in “cilia” proteins should yield a host of
polarity defects as well. While this manuscript mainly deals with single cell polarity, it is
important to recognize that single cell polarity contributes to these processes. Proper
establishment of apical and basal polarity within a cell or tissue can stabilize and affect the
PCP system[!11] which is often linked back to nodal cilial*12] and ciliopathies.[”7]
Furthermore, misorientation of the mitotic spindle or impaired polarization can lead to
improper asymmetric cell division.[113] These separate processes are all important, but
further elaboration into these topics was beyond the scope of this paper.

3. What is a ciliopathy?

Ciliopathies are difficult to define. The term “ciliopathies” implies that the main defect
observed in the disease is cilia-related, but such a claim is difficult to make given the large
number of extraciliary sites and functions that have been identified for these “cilia” proteins
(Box 3).[%1 The claim that “ciliopathies” are diseases that result from defects in “cilia”
proteins can be made, but the label of “cilia” proteins is insufficient. Such a discussion may
ultimately be futile because it may not even be possible to have a disease that only affects
primary cilia. Defects in primary cilia or ciliogenesis will more than likely be accompanied
by a whole host of other extraciliary defects. We propose that it may be easier to see
ciliopathies as defects in polarity.

The potential contribution of extraciliary defects to the symptoms seen in ciliopathies further
complicates its definition. For example, individuals with JBTS have decussational (midline
axon crossing) defects of axonal pathways in the hindbrain.[120] While some studies have
argued that the primary cilium is important in migration,[121.122] we propose that the direct
effects of defective extraciliary functions of cilia proteins in growth cones is a more likely
cause for the decussational defects seen in JBTS. Additionally, another feature of JBTS is
the common presence of cognitive defects. Although the primary cilium may have a yet to
be identified role in cognition, it is more likely that defects in “cilia” proteins at dendritic
spines, a structure already implicated in cognition and plasticity,[123.124] are the cause of
cognitive defects in JBTS. Such possibilities suggest that cilia may not be the sole mediator
of these defects, and that some phenotypes of a ciliopathy may be caused by dysfunction of
“cilia” proteins at other cellular sites or even at other polarized structures.

5. Caveats

Examining cilia proteins as a whole reveals a connection between ciliogenesis proteins and
the establishment of cell polarity, but why do defects in processes that all lead to the same
goal of polarity not result in the same disease? Similarly, why do defects in the same
organelle (the cilium), result in a whole host of different disorders? Currently, no good
explanation exists to answer this difficult question; however, differences in primary cilia
themselves and/or differences in the cells that express them may offer some insight. Tubulin
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tyrosine ligase-like (TTLL) enzymes are now implicated in ciliogenesis,[12°] but these
enzymes exhibit tissue specificity.[126] Thus, it may be possible to knockdown primary cilia
in one tissue, and not others by targeting TTLL enzymes. Furthermore, primary cilia do not
have the same composition of receptors from cell type to cell type. Adenylyl cyclase 3 was
recently reported to be localized mainly in primary cilia of cells of a mesenchymal lineage.
[127] 1t is not clear why different cells can have such diverse proteins at their primary cilium,
though it is possible each primary cilium is specialized for its own cell type and extracellular
space. Lastly, our laboratory has found that targeted deletion of A/iZ in mice differentially
affects primary cilia number and length in different types of neurons (unpublished data).
Therefore, primary cilia proteins are likely to have diverse roles in different cell and tissue
types. This variability may contribute to the wide range of syndromes and symptoms
observed in ciliopathies.

Another important caveat is that of DNA damage repair (DDR) enzymes. Recently, some
cilia proteins have been found to be important in DDR, including but not limited to: NEK1,
[128] NEKS,[129] MRE11,[130] ZNF423,1130] CEP164,1130.131] and OFD1.[132] Lack of
knowledge regarding the role of DDR enzymes and cilia makes it difficult to understand
how these proteins may fit in our polarity hypothesis. Some of the examples above are easy
to explain within our model. NEK family proteins have been studied in DDR, but have also
been studied in cell cycle regulation and ciliogenesis, two processes that require proper
microtubule regulation; thus, it is now thought that the NEK family proteins are general
microtubule proteins.[133] Therefore, it is possible that the DDR function of NEK proteins is
not critical for ciliogenesis, but the other functions of NEKSs are important for the assembly
of cilia. CEP164 and OFD1 are centrosomal proteins, so it is not inconceivable that
centrosome proteins (like the many described above) could play a role in polarity and
ciliogenesis. However, the role of CEP164 in DDR is now under question as another
laboratory has failed to find any change in DDR in their CEP164 studies.[134]

The more difficult examples to explain in our polarity hypothesis are MRE11 and ZNF423.
MRE11 is a meiotic recombination protein, while ZNF423 is a zinc finger protein. There are
numerous examples of cilia proteins being involved in cell cycle regulation, and there are
many examples of cilia proteins that have been found to localize inside the nucleus, but
those proteins are known to have functions outside of the nucleus and cilia as well. Little is
known, however, about whether MRE11 and ZNF423 have roles outside of their main
functions, or whether they have any functions that may affect the polarity pathway. One
possibility is that DDR is important for transcriptional control of polarity components,
though studies will need to be done to directly address this. Since both DDR and primary
ciliogenesis are in part reactive to cellular stress response, given their roles in the cell cycle,
it is not surprising that direct interactions have been identified between centrosomal and
DDR proteins.[335] In fact, increased cellular stress (replication stress) could result in
centrosome dysfunction (and likely polarity defects too) in tumorigenesis and ciliary
dysfunction in ciliopathies.[135] Lastly, it is possible that DDR does not have any
relationship to polarity, and that these DDR enzymes do not have any yet to be described
function that could be linked to polarity. If this holds true, it could mean that multiple
upstream pathways (i.e., polarity and DDR) are important for the end result of ciliogenesis.
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Many more studies are needed to understand whether DDR proteins affect polarity and
ciliogenesis.

6. Conclusions

“Cilia” proteins do not just affect cilia. The increasing number of extraciliary sites being
identified, the understanding that extraciliary sites may contribute to ciliopathy phenotypes,
and the realization that “cilia” proteins are commonly important for polarity, all suggest a
need to rethink the use of some terms (Fig. 1). It is difficult to justify the continued use of
“cilia” proteins knowing that ciliogenesis is only one function of these proteins. After all,
these “cilia” proteins are present and functional in non-ciliated T-cells. “Cilia” proteins are
also found at a number of polarized structures like growth cones and dendritic spines.
[34,35,95-99,110] Thys, we argue that “cilia” proteins are general polarity proteins that likely
function at most, if not all, polarized structures. Importantly, we are not the first to call into
question the use of the terms, “cilia” proteins and “ciliopathies”.

One possibility may be in the recognition that “cilia” proteins may be more accurately called
“polarity” proteins. This is not to claim that “cilia” proteins are equivalent to Par proteins
that help segregate and define different polarized areas of the cell. Instead, this is a
recognition of the fact that to establish cell polarity, a plethora of proteins and pathways
need to be coordinated and functioning properly to reach the goal of cell polarization. As
such, ciliopathies may be primarily due to defects in polarity, which subsequently disrupts
ciliogenesis.
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Box 1. Primary cilia proteins can have extraciliary sites and functions

Proteins that were once known for their ciliary localization and functions are becoming
increasingly linked to functions outside of the cilium (reviewed in[®l). For example, Ift88
was the first primary cilia protein linked to a disease, polycystic kidney disease.[1%] In
addition to ciliary dysfunction, Ift88 mouse mutants have various defects in mitosis (a
stage of the cell cycle in which primary cilia are not even present to exert any functional
influences).[20] Arl13b often localizes to the primary cilium, but also outside the cilium,
localizing to endocytic vesicles.[21] Conversely, proteins that were not previously known
to be ciliary proteins (i.e., located in/at the primary cilium) are increasingly being
observed to be linked to ciliogenesis. For instance, centrosome and spindle pole
associated protein 1 (CSPP1) was initially observed at centrosomes and mitotic spindle
poles, and only subsequently shown to also localize to primary cilia and be critical for
ciliogenesis.[2223] Further studies have now demonstrated that CSPP1 also localizes to
kinetochores,[24] desmosomes,[2°] centriolar satellites,[26] and the nucleus.[27] Such
studies indicate that the primary cilium and ciliogenesis are just one of many
localizations and functions for CSPP1. There are many other examples of cilia proteins
with extraciliary functions at extraciliary sites (see reviewl®l). Primary cilia proteins have
now been observed at the Golgi apparatus,28-311 nucleus,[27] vesicles,[21:32] cell
junctions,[25] and mitotic spindles.[20.24] More importantly, these proteins are known to
have a range of extraciliary functions that include: cytoskeletal remodeling of the
actin[33-36] and microtubulel37-3% cytoskeletons, centrosomal positioning, (4% mitotic
spindle orientation,[4142] phosphoinositide conversion,[43] and endocytic and exocytic
vesicular trafficking.[21:32] Interestingly, this wide range of extraciliary functions can be
unified under the theme of polarity.
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Box 2. The curious case of the aciliate T-cell with “cilia” proteins that
function at a non-cilium structure, the immune synapse

Numerous studies have noted the many similarities between immune synapses and
primary cilia (e.g., reviewed inl86.871)_ Briefly, when T-cells encounter a target cell, these
two cells form a structure called the immune synapse, allowing for cell activation and
directed communication. Both genesis of the primary cilium and the construction of an
immune synapse require centrosome polarization at the membrane,[88-901 docking of the
mother centriole, and reliance on vesicular transport to the cilium or synapse (reviewed
in[86.911) These two distinct structures commonly utilize IFT20 transport,[28:32] Rab8,
[51.92] and Rab29.[93] These similarities led Stinchombe and Griffiths[%4 to ask whether
“cilia” proteins may have more universal functions than previously thought since cilia
proteins seem to be functional and present in T-cells (one of the few cell types that do not
have primary cilia). They concluded that a central theme between immune synapses and
primary cilia is the polarization of the centrosome. This complicates our nomenclature of
“cilia” proteins as these proteins are increasingly being localized and functional in non-
ciliated cells.
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Box 3. So what is a primary cilium for?

The answer is simple; the primary cilium is a signaling organelle. Some GPCRs involved
in signaling localize to ciliary membranes, and the sonic hedgehog (Shh) pathway
(critical for development) also signals through the primary cilium!14l. The primary
cilium is responsive to exogenous and endogenous signals. Recently, roles for primary
cilia have expanded to include ciliary involvement in endocytosis and exocytosis
signaling.[11%] Studies in humans and in such organisms as Chlamydomonas and C.
elegans have identified bioactive ectosomes that appear to be in close proximity to
primary cilia. Isolation and study of these ectosomes reveal that they contain many cilia
proteins, including polycystin-1 (PC1), polycystin-2 (PC2), and fibrocystin.[116] |n
Chlamydomonas and C. elegans, these bioactive ectosomes seem to induce various
mating behaviors,[117-119] but much more research will be needed to determine their role
in mammalian cells.
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Figure 1. The phenotype of a “ciliopathy” may be determined by both the ciliary and extraciliary
functions of “cilia” proteins.

“Cilia” proteins have both ciliary and extraciliary localizations and functions, both of which
may contribute to the ultimate “ciliopathy” phenotype. The primary cilium itself is important
for signaling, but extraciliary functions are more varied from “cilia” protein to “cilia”
protein. The diverse extraciliary functions of different “cilia” proteins may contribute to the
variable phenotypes observed in “ciliopathies” that result from mutations in different genes.
Furthermore, defects in certain extraciliary functions may result in an inability to form a
cilium, and thus, indirectly impair cilia signaling. Such extraciliary sites and functions of
cilia proteins share a theme of polarity. Moreover, given that polarity affects multiple
cellular structures and processes, including ciliogenesis (the assembly of a polarized cilium),
studying other polarized cellular protrusions may lead to a better understanding of primary
cilia and ciliogenesis.
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A

Figure 2. Primary cilia formation hypothesis as compared to stages of neuron development.
Al1/B1, Cells are round, but some regions of the plasma membrane may exhibit some

polarity. A2/B2, Some cellular protrusions/neurites begin to form at polarized membrane
patches. A3/B3, The centrosome reorients to the base of a neurite. Importantly, the Golgi
apparatus also reorients to this neurite, and provides preferential vesicular delivery here,
stabilizing this polarized protrusion as the cilium or axon. A4, The centrosome docks to the
base of the cilium, enclosing it as a distinct “closed” organelle/compartment. B4, The
remaining neurites develop into dendrites, and the axon elongates (albeit an open
compartment). B5, The neuron matures and forms synapses. The graduations of light blue to
dark blue represent establishment of polarity. Blue circle: nucleus; green: Golgi apparatus;
gray cylinders: centrioles.
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