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The primary cilium
Guardian of organ development and homeostasis
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The primary cilium is an antenna-like organelle that
plays a vital role in organ generation and maintenance. It
protrudes from the cell surface where it receives signals
from the surrounding environment and relays them into the
cell. These signals are then integrated to give the required
outputs in terms of proliferation, differentiation, migration and
polarization that ultimately lead to organ development and
homeostasis. Defects in cilia function underlie a wide range
of diverse but related human developmental or degenerative
diseases. Collectively known as ciliopathies, these disorders
present with varying severity and multiple organ involvement.
The appreciation of the medical importance of the primary
cilium has stimulated a huge effort into studies of the
underlying cellular mechanisms. These in turn have revealed
that ciliopathies result not only from defective assembly or
organization of the primary cilium, but also from impaired
ciliary signaling. This special edition of Organogenesis contains
a set of review articles that highlight the role of the primary
cilium in organ development and homeostasis, much of which
has been learnt from studies of the associated human diseases.
Here, we provide an introductory overview of our current
understanding of the structure and function of the cilium,
with a focus on the signaling pathways that are coordinated
by primary cilia to ensure proper organ generation and
maintenance.

Introduction

Although present as a single copy on most cells, primary cilia
very much resemble the motile cilia that are found on respiratory
epithelia or the sperm flagellum. However, whilst the functions of
motile cilia are well appreciated in terms of generating propulsion
or creating flow, the primary cilium was for many years
considered a rather obscure structure of no great importance. The
last decade or so has seen a complete reversal of this opinion and
it is now known that primary cilia detect mechanical, light and
chemical signals that contribute to the development and function
of most, if not all, organs of the human body"* The major
driver for this dramatic volte-face has been the realization that
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multiple, often severe, monogenic inherited diseases arise from
defects in genes that encode ciliary proteins. Moreover, many
of these diseases, collectively termed ciliopathies, are syndromic
and exhibit multiple organ involvement. They can also display
as either early-onset developmental dysplastic disorders or late-
onset degenerative diseases.>” Below, we describe in brief what we
currently know about the cell biology of primary cilia structure
and function, and why their deregulation has such a major impact
on organogenesis.

Cilia Structure and Organization

Cilia extend from and are continuous with the plasma
membrane. At their core, they contain a microtubule-based
axoneme composed of a ring of nine microtubule doublets.®
These extend directly off a basal body that sits just beneath the
cell surface (Fig. 1). The basal body is derived from the mature,
or mother, centriole, which contributes to formation of the
centrosome in a dividing cell.”® However, when proliferating cells
enter quiescence, the mother centriole becomes associated with
a Golgi-derived vesicle, migrates to the cell surface and attaches
to the plasma membrane via appendages present at the distal
end of the centriole.” At this point it becomes referred to as a
basal body. Basal bodies, like centrioles, are composed of nine
triplets of microtubules. These directly template the ring of nine
axonemal microtubule doublets that elongate to form the cilium
pushing out the plasma membrane as they grow. Why and how
microtubule triplets convert to doublets between the basal body
and the ciliary axoneme isn’t clear. However, at this junction, a
specialized structure called the transition zone is assembled that
includes Y-shaped fibers, which radiate out from the microtubules
to the plasma membrane. This transition zone creates a barrier,
known as the ciliary gate, that somehow regulates passage of
both soluble and membrane-bound proteins in and out of the
cilium,'0-13

Due to the structural equivalence of the centriole and the
basal body, many proteins implicated in centrosome organization
in dividing cells also contribute to ciliogenesis in quiescent cells.
Similarly, some proteins that regulate centriole biogenesis also
contribute to axonemal microtubule extension. Hence, there
has been an exciting convergence of the centrosome and cilia
research fields in recent years, which has greatly contributed
to our overall molecular understanding of these elegant
organelles.”® Furthermore, if quiescent cells re-enter the cell
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Figure 1. A schematic overview of the primary cilium illustrating the signaling pathways that are controlled through this organelle, and the clinical
phenotypes, organ involvement and syndromic ciliopathies associated with defects in primary cilium signaling. MKS, Meckel-Gruber Syndrome; JBTS,
Joubert Syndrome: BBS, Bardet Biedl Syndrome; NPHP, nephronophthisis; OFD, Oral-Facial-Digital Syndrome; SLS, Senior-Lgken Syndrome; AS, Alstrom
Syndrome; SRPS, Short Rib-Polydactyly Syndrome; EVS, Ellis-van Creveld Syndrome.

cycle, then resorption of the primary cilium occurs and the
basal body is converted back into a centriole that contributes to
centrosome organization. As centrosomes generate the poles of
the mitotic spindle, there is potential then for basal bodies, and
possibly even cilia, to influence the orientation of cell division.
This is important as oriented cell division (OCD) plays a key
role in tissue patterning and organ development, perhaps best
exemplified in the elongation of collecting duct tubules in the
kidney."" Defects in OCD are one potential cause of kidney
cyst development, where tubules expand laterally rather than
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longitudinally. However, the mechanistic connections between
primary cilia and OCD remain frustratingly elusive.

Cilia lack the machinery required for protein synthesis. Both
soluble and membrane-bound ciliary proteins therefore need to
be trafficked to the basal body and taken up into the cilium.
How this happens in a selective manner such that a highly
specialized ciliary proteome is generated is the subject of the
review by Malicki and Avidor-Reiss in this issue.”” Furthermore,
the delivery of these proteins to the appropriate site within
the cilium, as well as the generation and maintenance of the
microtubule axoneme, requires a specialized trafficking system,
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known as intraflagellar transport or IFT.'"1¢18 Complexes of IFT
proteins carry cargoes from the base to the tip of the cilium in
an anterograde direction that is dependent on plus-end directed
kinesin-2 motors, and from the tip to the base in a retrograde
direction via minus-end directed cytoplasmic dynein-2 motors.
Proteins whose primary role seems to be in IFT fall into two
groups that make up distinct complexes, the so-called IFT A”-
and “B”-particles. IFT-A components connect cargoes to dynein
for retrograde transport, while IFT-B components connect
cargoes to kinesin for anterograde transport. However, these two
sets of trafficking machinery associate with each other so that
once they have carried cargo in one direction, they are themselves
returned to the opposite end.

Motile cilia differ from primary cilia in that motile cilia
have an additional central pair of microtubules within their
axoneme.* ! This “9+2” arrangement (as opposed to the
“9+0” of primary cilia), together with the presence of specialized
ciliary motors and accessory proteins, provide motile cilia with
the capacity to actively bend and thereby undergo coordinated
beating patterns that create flow over the cell surface. Motile cilia
are often longer than primary cilia and present in multiple copies,
such as those found on the epithelial surface of the respiratory
tract or oviduct, or the ventricular ependyma in the brain. As
stated above, the primary purpose here is to create a luminal flow
within the tissue for the purpose of, say, removing surface debris
or setting up a chemical gradient. Indeed, there is a specialized
type of motile cilium found in a particular site within developing
vertebrate embryos, the embryonic node, whose job is to set up
the morphogenetic gradients required to determine left-right
body asymmetry. Nodal cilia, like primary cilia, have a “9+0”
microtubule axoneme. However, although they lack the central
pair, they do have ciliary motors associated with the microtubule
doublets that allow them to generate the rotary motion that is
required for their function in body patterning.

Ciliary Signaling, Organ Development,
and Human Disease

It has been long understood that defects in motile cilia have
pathological consequences. Loss of motility of the respiratory
multiciliated epithelia, for example, gives rise to primary
ciliary dyskinesis (PCD) or immotile ciliary syndromes, such
as Kartegener’s Syndrome, that lead to persistent respiratory
infections.”” The presence of motile cilia in the oviduct and
brain, as well as the central role that the flagellum plays in
sperm motility, also provide an explanation for why ciliary
defects cause infertility and certain neurological diseases,
such as hydrocephalus. Moreover, it is possible to understand
from a mechanical perspective why loss of nodal cilia function
leads to laterality defects in terms of body patterning, such as
heterotaxy, situs ambiguous, and situs inversus. These left-right
asymmetry defects can have a particularly important impact on
heart development, as discussed in the accompanying article
by Christensen and colleagues.?* However, as these authors
point out, some congenital heart defects may arise during later
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development as a result of defective signaling from primary
cilia in cardiac tissues. Indeed, what is now becoming clear is
the diversity and pleiotropy of organ involvement that is seen in
ciliopathies whose major pathological consequences seem to arise
from loss of function of primary cilia.

Primary cilia are typically 5-10 wm in length and extend
into the surrounding extracellular environment. They are
therefore ideally positioned to detect changes in chemical
factors, morphogens or growth factors present in this medium.
For example, the concentration of G-protein coupled receptors
(GPCRs) on olfactory cilia allow detection of odorants that
provide the basis for smell.?! Primary cilia can also sense fluid
movement across the cell surface. Thus, urine flow within kidney
tubules causes bending of primary cilia that leads to Ca?* influx
through the polycystin-1 (PC-1)/polycystin-2 (PC-2) calcium
channel. Mutations in the genes encoding these proteins, Pkdl
and Pkd2, respectively, are responsible for autosomal dominant
polycystic kidney disease (ADPKD). Furthermore, retinal
photoreceptors have specially adapted primary cilia that are
packed with membranes loaded with phototransducing pigments,
such as rhodopsin, and the role of primary cilia in photoreceptor
development and function is discussed in detail by Johnson and
colleagues in this issue.?> Hence, the sensory function of primary
cilia is now well established in terms of their ability to detect

23-26 \What remains less

chemicals, mechanical signals and light.
clear and is a matter of intense research is how they transduce
these signals into coordinated cellular responses that ultimately
determine tissue and organ generation.

A number of cilia-based signaling pathways have now been
identified that respond to morphogens and growth factors and
clearly play critical roles in controlling cell fate. Of particular
importance in ciliary signaling are the Wnt and Hedgehog
pathways. Wnt signaling occurs in two principal flavours: the
canonical Wnt pathway whose activation regulates gene expression
through stabilization of the B-catenin transcription factor, and
the non-canonical Wnt pathway, otherwise known as planar
cell polarity or PCP, whose activation rather leads to 3-catenin
degradation. The switch between canonical and non-canonical
Whnt signaling seems to be very much controlled through binding
of different Wnt ligands to receptors on the primary cilium.??!
However, as well as dictating gene expression patterns, PCP
signaling has a direct effect on cytoskeletal organization, which
contributes to the polarized “convergent extension” movements
that occur within an epithelial cell layer during embryonic
development. The specific roles proposed for Wnt and PCP
signaling in kidney development is explained in more detail in
the accompanying article by Goggolidou.”? Hedgehog signaling
also involves receptor binding at the primary cilium, leading
to regulation of gene expression through proteolytic switching
between activator and suppressor forms of the Gli transcription
factors.*>¢ Both Hedgehog and Wnt signaling are crucial to tissue
patterning during embryogenesis explaining why their loss gives
rise to dysplastic development defects. However, these pathways
also have key roles in tissue maintenance and homeostasis, and
their deregulation is implicated not only in degenerative diseases
but also in cancer progression. Furthermore, the primary cilium
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plays a pivotal role in a number of major growth factor-regulated
signaling pathways, including the PDGF, FGF, and Notch
pathways that control proliferation, with receptors for these
ligands concentrated on ciliary membranes.?”%
defects
predominantly interfere with the function of a single organ.
Among the best studied of these are the dominant forms of
polycystic kidney disease, e.g., ADPKD, and retinopathies, such
as retinitis pigmentosa (RP) and Leber congenital amaurosis

Some in primary cilium function seem to

(LCA). However, of particular interest and scientific importance
are the recessive ciliopathy syndromes, which affect a range of
organs with differing severity. These include Alstrom Syndrome
(AS), Bardet Biedl Syndrome (BBS), Joubert Syndrome (JBTS),
Meckel-Gruber Syndrome (MKS), Jeune Syndrome (also
known as asphyxiating thoracic dysplasia, ATD), Senior-Lgken
Syndrome (SLS), Nephronophthisis (NPHP), Oral-Facial-
Digital Syndrome (OFD), Ellis-van Creveld Syndrome (EVS),
and Short Rib-Polydactyly Syndrome (SRPS). These diseases
affect the kidneys, liver, eyes, ears, brain, bones, and reproductive
system and therefore can involve a devastating combination of
symptoms ranging from cystic kidneys, liver fibrosis, blindness,
deafness, anosmia, polydactyly, cranio-facial defects, and situs
inversus to infertility, mental retardation, obesity, and diabetes.
Historically, patients were originally diagnosed as having a
particular syndrome based on the extent of different organ
involvement. However, it is now apparent that patients assigned
to these syndromes really represent different points across a
single overarching disease spectrum. The underlying message
is that primary ciliary function, which is dependent on correct
assembly, architecture and signaling, is key to the generation and
maintenance of most organs of the body.

Phenotypic Diversity in Ciliary Diseases

Most, albeit not all, ciliopathies can be classified as monogenic
recessive disorders. In other words, they are loss of function
conditions for which both alleles must be mutated to manifest
in disease. Even in the case of ADPKD, which is the most
common monogenic disease and inherited in a typical dominant
Mendelian manner, it is thought that patients must pick up a
mutation in the second allele (so-called “two hit” hypothesis) to
develop the disease. However, one of the most intriguing features
of the ciliopathies is the diversity of clinical symptoms and organ
involvement that can present from mutation of the same gene. At
its simplest level, a patient with a missense mutation that leads to
mild loss of function may have a late onset degenerative disease
due to problems in tissue repair and maintenance. In contrast, a
patient with a null mutation in the same gene may have a much
more severe developmental dysplastic disorder that leads to
embryonic or perinatal lethality.

In reality, though, the situation is much more complex for a
number of reasons. First, being generally recessive diseases, two
mutations are required and hence it is a combinatorial effect of
the two alleles that is manifest, some of which may be point
mutations, some may be truncating and some may be null.
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Second, most of these diseases are multi-allelic, with the gene
products assembling into functional complexes that regulate
primary cilia function. Hence, many different combinations of
mutations are possible leading to the range of symptoms, some
of which were originally classified as different diseases, but
which are now understood to represent an overlapping spectrum
of related syndromes. Third, polymorphic differences in genes
encoding ciliary proteins may act as phenotypic modifiers in
the presence of other disease-causing mutations. Moreover,
such polymorphisms, which alone do not cause disease, may
in combination lead to a symptomatic disorder, in what is now
understood as “oligogenic disease.”

The pleiotropy in severity and organ involvement is striking
in the recessive NPHP-like ciliopathies that although being rare
are the most common cause of end-stage renal disease in children
and young adults.“**! These diseases range from a relatively mild
NPHP, which may first present during late childhood and solely
involve the kidneys, through to the more severe SLS, which also
involves retinopathies, and JBTS, that has kidney, retinal, and
CNS involvement, to the most severe MKS, where perinatal
lethality results from severe developmental defects in the brain.
So far, at least 15 NPHP genes have been identified which encode
components of the primary cilia. From a molecular point of
view, the proteins encoded by these genes assemble into a set of
complexes that have distinct roles in cilia assembly, trafficking,
and signaling. For example as several localize specifically to the
transition zone or the region of the cilium close to the transition
zone, then it has been proposed that they may contribute to
the gatekeeper function of this region regulating protein entry
and exit from the cilium.* Mutations in different genes of this
group could therefore have similar consequences if they prevent
formation of a particular complex, or they have could have
somewhat different consequences if they differentially affect the
function of that complex. Equally, mutations that significantly
perturb signaling pathways required for development are going
to lead to early-onset dysplastic disease, whereas mutations that
primarily affect pathways required for cell and tissue homeostasis
are more likely to lead to degenerative disease. Furthermore,
hypomorphic point mutations are likely to have more subtle
effects than null mutations. This molecular understanding is
now beginning to explain the overlapping but wide spectrum of
symptoms that can result within these ciliopathy syndromes. The
role of primary cilia in kidney, skeletal, and CNS development
and the diverse impact of mutations in MKS genes on these
organs is discussed at length in the article by Dawe and colleagues
in this special issue.*

Animal Models of Ciliopathies

Much of our mechanistic understanding of primary cilia
organization and function has come from studies in cultured
cells, and the development of 2D and 3D culture systems has
allowed exploration of cilia function in more complex processes,
such as cell polarization and OCD. There can be no arguing
though that genetic approaches in nematode worms (C. elegans),
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green algae (Chlamydomonas), zebrafish, toads (Xenopus laevis),
and mice have proven to be of enormous value both in terms
of understanding the biology and modeling human disease. The
first clue that ciliary dysfunction may underlie a human inherited
disease came just over a decade ago from finding that the C.
elegans homolog of a human cystic kidney disease protein localized
to ciliated neurons.* Soon after, it was found that the IFT88
component required for flagellar assembly in Chlamydomonas
was homologous to the polaris protein, encoded by the 7g737
gene, whose mutation was the cause of the oak ridge polycystic
kidney (orpk) disease mouse model.” Each system has particular
advantages that has leant itself toward study of ciliary function or
organ development. For example, while lower eukaryotes, such as
C. elegans or Chlamydomonas, provide simple genetic systems to
study cilia structure and organization, Xenopus and zebrafish act
as vertebrate models for both motile and immotile cilia function,
as well as ciliary signaling and organ development. Xenopus larvae
are particularly useful for studying basal body distribution and
mechanisms involved in generating polarized beating cilia, while
zebrafish are fast becoming a system of choice for monitoring
organogenesis due to the beautiful imaging that can be applied
447 The advantages
of C. elegans to explore primary cilium organization, and its

to the transparent developing embryos.

compartmentalization into specific sub-domains, is reviewed in
detail by Blacque and Sanders in this issue.*®

Notall animals and plants form primary cilia. Most obviously,
yeast do not have cilia and therefore cannot be used as model
systems. In this regard, it is worth noting that yeast also do not
have bona fide centrioles or basal bodies, rather using a layered
structure known as the spindle pole body as their primary
microtubule organizing center. On the whole, organisms that
form cilia have a basal body or centriole-like structure as their
microtubule-organizing center, whereas those that do not use
morphologically distinct structures for organization of their
microtubule cytoskeleton. Higher plants are another example of
organisms that lack cilia. It was on this basis, that Dutcher and
colleagues undertook an elegant comparative genomics study
a few years ago aimed at identifying novel disease-related cilia
genes.” Their approach was to look for genes shared between
distantly related organisms that had cilia, namely humans
and Chlamydomonas, but were missing from the higher plant
Arabidopsis, that lacks a cilium. Strikingly, using this approach
they identified a novel gene, BBS5, which upon screening of
patients was found to be mutated in the recessive BBS ciliopathy.

Mouse models of human disease have long been a vital resource
to the scientific community and cloning of the genes involved
has often preceded identification of mutations in the homologous
human genes in patients. This is certainly the case for inherited
ciliopathies, where causative genes have been identified in mouse
models for most of the syndromic recessive ciliopathies described
above, as well as non-syndromic cilia-related disorders, such
as polycystic kidney diseases and degenerative retinopathies.’
Study of these relevant models, both in terms of whole animals
and derived cells, has allowed a much deeper understanding of
the cell biology that underlies the different progressive stages and
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manifestations of the disease, as well as providing a key resource
for the testing of novel therapeutic approaches.

Future Perspectives

The importance of the primary cilium as a sensory organelle
is now clear with outputs from ciliary signaling influencing cell
fate in many diverse ways. It is therefore to be expected that
primary cilia will have a major impact not just on the monogenic
inherited disorders classified as ciliopathies, but on the many
complex human diseases that affect the large proportion of
society, including heart disease, cancer and diabetes. Indeed,
it is becoming apparent that the primary cilium may have an
important role to play in specific aspects of cancer progression,
such as in epithelial-mesenchymal transitions or metastasis.” >

Particularly exciting have been recent studies shedding light
on a crucial link between the disease pathogenesis of ciliopathies
and the DNA damage response (DDR). Specifically, it has
been found that proteins whose mutation is known to cause
ciliopathies have roles in G2/M checkpoint pathways and the
replication stress response.”™® These include Mrell, Cepl64,
ZNF423, ATR, and Nek8/NPHP9. Many of these proteins
show localization to both primary cilia and nuclei, with specific
association in some cases with DNA damage foci. While the
underlying mechanisms require further study, the hypothesis
here would be that excessive levels of DNA damage during organ
development lead to dysplasia, while failure to repair damage
can lead to the degenerative aspects of organ disease. Particularly
intriguing is the fact that kidney epithelia is subject to significant
DNA damage due to its constant exposure to toxic agents in
urine, potentially explaining the high level of renal involvement
in these diseases. However, it should be emphasized that the
role of the primary cilium itself in the DDR and whether ciliary
signaling pathways are distinct from or somehow integrated with
DNA damage signaling are important issues yet to be resolved.
Indeed, these studies raise the possibility that some pathological
consequences of these mutations may relate specifically to
abrogation of DDR pathways and have little to do with cilia.
Furthermore, we should be careful not to get carried away and
ascribe all membrane-derived signaling events to this organelle,
as many signaling components found within cilia are also
distributed elsewhere in the cell. For example, there is quite some
debate at the moment about how important the primary cilium
is in Wnt signaling with reports that neither canonical nor non-
canonical Wnt signaling is perturbed in mouse embryos lacking
cilia.*® Hence, it will be crucially important moving forward to
determine the real and precise importance of primary cilia in
these pathways and diseases.

Nevertheless, one can expect our increased mechanistic
knowledge of primary cilia biology to have a major impact on
diagnosis, prognosis, and treatment of cilia-based diseases.
The better understanding of clinical symptoms associated with
ciliopathy syndromes, the increasing number of genes known
to be linked to these diseases, and the rapid, high-throughput

exome sequencing technologies now available to screen for
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mutations means that the underlying molecular defect in affected
patients should be much more quickly identified. As for finding
new and effective therapies, this will remain a major challenge.
Preventing the dysplastic development that underlies the most
severe diseases will certainly be extremely difficult and rely
very much on predictive diagnosis and very early intervention.
However, treatment of degenerative conditions should be
possible in the near future, although the small number of cases
for most recessive ciliopathies makes clinical trials difficult to
organize. Gene therapy may well be the long-term goal for the
loss-of-function genetic diseases.”” But in the short term the more
realistic aim is to identify effective small molecule therapeutics
that may block defective ciliary signaling or, perhaps, aberrant
cell proliferation. For example, roscovitine and rapamycin,
inhibitors of the Cdk and mTor kinases respectively, are examples
of targeted agents that have shown potential benefit in animal
ciliopathy models.®*“" Anti-apoptotic agents may also prove
useful in degenerative diseases, as it is the induction of apoptosis
upon accumulation of cellular defects and DNA damage that
generally initiates the degenerative process.

Although the recessive ciliopathy syndromes are generally
rare, other cilia-based diseases, such as ADPKD, are very

common and a major health burden to society. Yet ADPKD
shares many clinical aspects with recessive ciliopathy syndromes,
such as interstitial fibrosis and inflammation within the kidney,
meaning that treatments for one may be applicable to the others.
Hence, finding new and better treatments to these diseases could
be of enormous benefit if they led, for example, to replacement
of the current and very costly kidney replacement treatments of
dialysis and transplantation. It is clearly early days, but it is a
reasonable aspiration that a detailed molecular understanding
of how the primary cilium contributes to organ generation and
maintenance will eventually allow development of personalized
therapies for individual patients with defined mutations.
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