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Abstract
Genetic diseases known as ciliopathies have recently entered the limelight, placing new importance
on a previously mysterious organelle: the primary cilium. Mutations affecting the primary cilium in
both humans and animal models can lead to a plethora of distinct phenotypes including retinal
degeneration, kidney cysts, and brain malformations. New findings are quickly lending insight into
the functions of this cellular extension that seems to be especially important in modulation of
subcellular signaling cascades at various stages of development and adult homeostasis.

Introduction
The terms ‘cilia’ and ‘flagella’ often evoke images of microscopic algae gliding through pond
water, shifting about with incredible deftness, much as Leeuwenhoek first observed in 1675.
Or perhaps instead, images emerge of millions of tiny sperm with lengthy whips projecting
toward their destination: the ovum. But cilia and flagella are not only pistons of unicellular
locomotion. From the ciliated epithelium of the oviduct, pushing the ovum toward the uterus,
to the epithelial cells of the lung with their millions of tiny bristles brushing fluid and debris
along like tiny broom-bearing maids, cilia are ubiquitous. From cleaning up our inside messes
to their recently recognized signaling functions, cilia are involved in a myriad of biological
processes, and research is beginning to reveal the importance of these tiny hair-like projections
in a variety of disorders known as ‘ciliopathies’ [1].

It has been a long road to recognizing the importance of cilia in disease pathogenesis and
vertebrate physiology. Until recently, vertebrate cilia were mainly recognized for their roles
in clearing mucus from the lungs and generating flow. True, cilia had been described
ubiquitously in other organs but they were viewed as ‘vestigial’ organelles, nothing more than
a mere oddity. These cilia, known as primary cilia, are unlike their motile cousins that line the
trachea. Primary cilia instead are generally nonmotile (with the exception of nodal cilia) and
are normally present as a single cilium per cell. The primary cilium is made up of nine outer
microtubule doublets with a modified centrosome at its base, known as the basal body (Figure
1) [2]. Primary cilia have been described on a multitude of cell types, from kidney tubules to
neurons to the modified cilium of the retinal photoreceptor. The role of motile epithelial cilia
has always been fairly intuitive: to help direct fluid and debris. But what could be the function
of the more ubiquitous yet far more mysterious nonmotile cilium? That is precisely the question
that has recently captivated the attention of multiple fields of biomedical research.

Corresponding author: Gleeson, Joseph G (jogleeson@ucsd.edu).

NIH Public Access
Author Manuscript
Curr Opin Genet Dev. Author manuscript; available in PMC 2010 October 13.

Published in final edited form as:
Curr Opin Genet Dev. 2009 June ; 19(3): 220–229. doi:10.1016/j.gde.2009.04.008.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The list of disorders categorized as ciliopathies is constantly expanding as borders are blurred
between what were previously considered distinct disorders. Overlapping phenotypes and
genetic causes have revealed a continuum of disorders that all have one crucial thing in
common: evidence to suggest a defect of the primary cilium. The primary cilium is at the heart
of these disorders and its ubiquity can be blamed for the diversity of phenotypes. The
ciliopathies therefore encompass a variety of seemingly distinct disorders depending upon the
organs most severely affected (Table 1) [3]. For example, nephronophthisis (NPHP) and
polycystic kidney disease (PKD) are both ciliopathies defined by cystic kidney pathologies,
whereas Leber congenital amaurosis (LCA) is defined by its early onset retinal degeneration
phenotype similar to retinitis pigmentosa (RP). Bardet– Biedl syndrome (BBS) is a compound
phenotype disorder exhibiting obesity, cystic kidneys, and RP while Meckel–Gruber (MKS)
and Joubert syndromes (JS) both exhibit brain malformations. These are some of the examples
of cilium-associated phenotypes that can be associated with a plethora of other defects in a
variety of affected organs. However, genetic and phenotypic overlap between these disorders
has revealed that they are not as distinct as was once suspected. CEP290, for example, is
mutated in several previously distinct disorders: NPHP, LCA, JS, and MKS. Additionally, an
individual may present with several related disorders such as occurs between JS, NPHP, and
RP leading to new classifications (cerebello-oculo-renal syndrome, CORS) and a new
appreciation for potential similar molecular mechanisms.

In light of recent genetic findings it is now somewhat puzzling that these disorders have any
phenotypic distinctions at all given their mutual underlying causes. Possible explanations for
the variable phenotypes seen may be due to genetic background or differences in expression
profiles as well as the complexity of the organelle involved: the cilia proteome database at
present contains over 2500 entries! Thus, depending on the genetic makeup of an affected
individual, some phenotypes may be more prominent, defining a unique syndromic entity. With
recent advances we can now focus on understanding the commonalities of the molecular
mechanisms of pathogenesis of the ciliopathies and the normal functions of primary cilia in
the various organs affected. With that said, this review will focus on the recent advances in our
understanding of this perplexing organelle particularly in three major organs affected in the
ciliopathies. Recent findings of the functions of ciliopathy proteins will be examined in this
context.

The retinal connecting cilium
The modified cilium of the photoreceptor is not a typical example of a vertebrate primary cilium
for it is the only known primary cilium with membrane-enclosed vesicles, perhaps making it
seem an odd place to begin our examination. However, the outer segment of the rods and cones
of the eye make up a majority of the cell’s surface area and consume more energy than any
other region of the eye. This modified structure is therefore especially sensitive to disruptions
of cilia function particularly in terms of basic architecture and transport. Without an intact
connecting cilium, the photoreceptor is prone to apoptosis leading to retinal degeneration. Such
degeneration is known as retinitis pigmentosa (RP) [4].

RP can manifest through various mechanisms since it is defined by photoreceptor cell death,
a process that may occur because of any number of defects. The congenital form of RP, defined
as LCA, currently has 14 known causative genes, 4 of which are localized to the connecting
cilium and/or basal body [5]. These are TULP1, CEP290, RPGRIP1, and LCA5. Autosomal
dominant RP can be caused by mutations in the cilia associated gene RP1 while the majority
of X-linked RP cases are caused by mutations in a gene known as RPGR, also localized to the
connecting cilium. Thus, subtypes of LCA and RP can be considered ciliopathies. Similar RP
phenotypes have been identified in several related ciliopathies that include but are not limited
to NPHP, Usher syndrome, BBS, and CORS.
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Insights into the role of the primary cilium in RP can be gained from understanding the normal
functions of the cilium-associated causative genes within the photoreceptor. The strongest
findings have come from various protein interaction studies that have identified complexes
between several of the proteins involved in RP. RPGR and RPGRIP1 directly interact [6,7],
and this interaction is disrupted with certain disease associated missense mutations suggesting
it is relevant to disease pathogenesis [6]. Studies from mutant mice indicate a potential
scaffolding role for RPGRIP1 at the connecting cilium whereby RPGR localization depends
upon the presence of RPGRIP1 [8]. In addition, CEP290 has been identified to interact with
RPGR and RPGRIP1 [9] supporting the presence of a multi-protein complex at the connecting
cilium. Further interaction studies have revealed a variety of other proteins associated with this
complex including NPHP genes 4 [10] and 5 [59] both of which are associated with RP in
conjunction with NPHP (known as Senior-Loken syndrome, SLSN). Thus, the ‘interactome’
of the cilium probably consists of large multi-subunit complexes each mainly constituted by
proteins clustered based upon the disease they share in common.

So what might be the role of this cilia-associated multi-protein complex? One attractive
possibility that is gaining momentum suggests that RP proteins are necessary for transport of
photoreceptor components into the outer segment (OS) through the connecting cilium.
Transport within the primary cilium, known as intraflagellar transport (IFT), utilizes a specific
set of motor proteins to move cargo up and down the cilium (Figure 1). The unicellular flagellate
Chlamydomonas reinhardtii has been particularly instrumental in identifying the underlying
mechanisms of IFT and the specific proteins involved [2]. Many of the IFT components
identified in C. reinhardtii have mammalian orthologs that similarly function in IFT, indicating
the high level of conservation of this process in general. Disruption of IFT components can
perturb cilium architecture, from a complete loss of the cilium or flagellum to defects in length
and overall shape. RPGR and CEP290 have both been found to interact with various
microtubule transport proteins and IFT components including IFT88 [11] and the anterograde
transport motor Kif3A [9], supporting a trafficking role for RP proteins. In fact, we and others
have recently identified a role for CEP290 in cilia localization of Rab8 [12,13], a protein
involved in docking vesicles to the base of cilia. Additionally, evidence from TULP1 mutant
mice has revealed abnormal rhodopsin trafficking into the OS [14], and TULP1 has recently
been shown to interact with dynamin-1, a GTPase that functions in vesicle trafficking [15].
This process is necessary for transport of membraneassociated proteins, like rhodopsin, into
the OS.

These results are particularly intriguing given the strong support for roles of other ciliopathy
proteins in IFT and vesicle transport. Many BBS proteins have been shown to interact as a
large multi-protein complex termed the BBsome [16•], much like that between RPGR and
RPGRIP1, which may serve as a scaffold for IFT components. Moreover, BBS4 mutant mice
exhibit defects in opsin vesicle transport with mislocalization of rhodopsin [17]. These results
increasingly point to pathological mechanisms involving disrupted IFT and defective
localization of OS components.

Renal cilia in NPHP and PKD
NPHP and PKD are related cystic kidney disorders defined as ciliopathies given that nearly all
of the known causative genes localize to the primary cilium [1]. Importantly, cystic kidney
phenotypes have also been identified in several other related ciliopathies including BBS, oral-
facial-digital syndrome (OFD) and CORS. NPHP can be caused by mutations in any of the
NPHP1–9 genes, while PKD occurs with mutations in PKD1 or 2 (encoding polycystin-1, PC1,
or polycystin-2, PC2) or PKHD1 (Table 1). Although the precise mechanisms of cystogenesis
are not well understood, cysts seem to arise owing to a combination of abnormal proliferation,
apoptosis, cell polarity, and cell fate disruptions.
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Much as described in the retinal connecting cilium, there is some indication that basic cilium
architecture or transport may be partly to blame for pathogenesis of cystic kidney disorders.
NPHP1 and 4 have both been identified as necessary for precise formation of axoneme
architecture in C. elegans [18] and, as described above, NPHP6 (alternatively known as
CEP290) is required for Rab8 targeting and ciliogenesis [12,13]. Results from IFT animal
mutants, such as IFT88 and Kif3A mouse mutants, underscore the importance of the cilium in
pathogenesis of cystic kidney defects [19,20]. Despite this, however, none of the intrinsic IFT
components have been identified as mutated in the human ciliopathies. This is probably owing
to their central roles in overall cilia function and therefore may result in more severe phenotypes
than NPHP and PKD.

With this in mind, emphasis has recently been placed on the function of ciliopathy proteins as
potential key modulators of specific signaling cascades, which may depend upon the presence
of the primary cilium. In fact, increasing evidence accentuates the role for the primary cilium
in at least five different signaling cascades (Figure 2). The primary cilium has been most well
characterized in Shh signaling in which Smo translocates into the cilium and activates Gli
transcription factors within the cilium [21]. PDGFRα similarly translocates into the primary
cilium to allow for its activation [22]. Additionally, increasing evidence is suggesting that the
primary cilium is necessary for noncanonical Wnt signaling [23,24•], while in contrast to this
positive regulatory role, it is instead inhibitory to the canonical Wnt pathway [25•,26]. In the
kidney, calcium signaling, the Shh pathway and both canonical and noncanonical Wnt
signaling have been implicated in cystic kidney pathogenesis (Table 1).

The primary cilium is a particularly unique organelle because of its position extending away
from the cell body, into the renal tubule lumen. This affords it the distinct ability to sense
extracellular molecules as well as mechanostimulation such as fluid flow within the tubule
lumen. Bending of the cilium in response to flow has been shown to generate a transient calcium
influx [27] that depends upon the formation of a PC1/PC2 cation permeable channel within
the primary cilium [28]. Disruption of either of these components or the related PKHD1
interrupts calcium signaling [29] potentially leading to a multitude of defects, from apoptosis
to proliferation. Thus, a prevailing model has emerged known as the flow hypothesis of cystic
kidney disease that suggests that abnormal response to tubular lumen fluid flow leads to
pathogenesis of PKD and NPHP.

A similar flow hypothesis has been suggested by Simons et al. in regard to Wnt signaling in
renal cystic disease [30]. NPHP2 as well as NPHP3 [31] have been shown to downregulate
canonical Wnt signaling and upregulate noncanonical Wnt signaling, potentially in a flow-
dependent manner. In support of a role for Wnt signaling, several noncanonical Wnt factors
have recently been shown to lead to cystogenesis when mutated in animal models [32,33],
while abnormal activation of the canonical pathway seems to lead to cystogenesis [34,35].
While the data seem to point to abnormal flow response in cystic kidney disease, it is not yet
clear whether disrupted mechanosensation is sufficient to lead to cysts.

Recently, adult conditional mutant studies of Kif3a and Pkd1 mutant mice revealed that loss
of the cilium or its mechanosensing components does not trigger cyst pathology [36•,37•], at
least not for several months, suggesting that abnormal flow sensing is not sufficient to cause
disease pathology. Additionally, Kottgen et al. recently identified a necessary component of
the mechanosensation machinery, known as TRPV4, which when disrupted abolished flow
triggered calcium transients, yet its loss did not lead to cystic kidney pathology [38]. These
results suggest cilium-mediated flow sensing may not represent the primary pathogenic
mechanism of cyst formation in PKD and NPHP.
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Wnt signaling in cystic kidney disease likewise seems to be more complex than the initial
switch mechanism model proposed by Simons et al. Although not as well appreciated, cysts
have been documented both in mutants associated with reduced canonical Wnt signaling [39]
as well as those that lead to hyperactivation of the pathway. Finally, BBS10 and BBS12 have
recently been shown to be required for GSK3β inhibition and β-catenin cytosolic accumulation
in the Wnt pathway [40]. Overall, cystic phenotypes seem to occur with disruption of canonical
Wnt signaling in either direction or with disrupted noncanonical/PCP signaling.

Although these results at first seem contradictory, there have been several reports of similar
canonical Wnt and PCP roles in developing renal tubules [41]. Thus, one possible model is
that cystogenesis represents disruption of similar developmental processes. In line with this,
Patel et al. described a particularly key set of experiments in which Kif3a conditional mutant
mice were subjected to acute renal injury [42••]. Although loss of the cilium alone in this model
is not sufficient to trigger cystic kidney disease in the adult, cyst pathology was evident with
a specific time course following injury. Although not directly tested yet, this supports a model
in which cilium-mediated developmental pathways may be reactivated upon injury. Disruption
of any cilia signaling components or the cilium itself would be expected to disturb the processes
of proliferation and differentiation of new tubules, potentially leading to cystogenesis.
According to this model, it is developmental signaling rather than basal flow sensing that is
involved in cystogenesis, although one cannot exclude the likely possibility that flow sensing
may also occur in the context of these reactivated developmental pathways.

The neuronal primary cilium
Although cilia were identified throughout mammalian brain as early as the 1960s, their function
is only just beginning to be understood. Neuronal cilia are ubiquitous, and are especially
abundant in the hippocampus, developing cerebellum, olfactory bulb, and hypothalamus [43].
The largely accepted idea of the primary cilium as an antenna acting to bend in response to
flow and receive external signals may apply to a subset of neurons in the ventricles, but the
larger majority of ciliated neurons lie buried in a sea of dendrites and other cell bodies. In this
context, the cilium does not extend nearly as far as other processes such as dendrites and axons.
So what might be the function of this relatively tiny neuronal extension?

Several recent findings have begun to pinpoint specific roles for these mysterious organelles
in the nervous system. Han et al. and Breunig et al. identified roles for primary cilia in stem
cell maintenance of the hippocampus [44,45••] while Spassky et al. and Chizhikov et al. [46,
47•] defined a similar role in cerebellar granule neuron proliferation, both in response to Shh.
These findings point to a key role in signaling and a model in which the primary cilium may
act as a signaling hub capable of concentrating signaling components in order to integrate or
amplify specific cascades (Figure 3). Although this model of a concentrator remains to be
specifically tested, it may explain the necessity for such an organelle on a cell that otherwise
has thousands of longer extensions potentially capable themselves of acting as ‘antennae.’

The findings by Spassky et al. and Chizhikov et al. that primary cilia of the developing
cerebellum are required for CGN proliferation is particularly notable in light of the cerebellar
phenotypes associated with MKS and JS, which are reminiscent of potentially similar
proliferation defects. Additional insight into the roles of neuronal cilia has also come from
Davenport et al. who described a striking obesity in mice with hypothalamic cilia disruption
[37•] that is particularly applicable to the obesity phenotype seen in BBS. Although increasing
evidence from IFT mutants reveals a vital role for the neuronal primary cilium in brain
development, the adult neuronal functions of the ciliopathy proteins themselves are less well
understood. Perhaps, as in the kidney, ciliopathy genes play more specific roles in neuronal
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cilium-based signaling. If the past is any judge, there may be many more well established
signaling pathways influenced by the primary cilium.

We are still far from understanding the full complexity of the neuronal primary cilium, but
these recent findings point to roles for the primary cilium and ciliopathy proteins in processes
long thought to depend upon more traditional neuronal cell architecture. For example, AHI1
has now been identified as associated with both autism and schizophrenia [48,49], pointing to
potential involvement of ciliopathy genes and the cilium itself in behavior. Finally, mental
retardation is a fairly common component of several ciliopathies suggesting a role in learning
and memory. Thus, cilia in regions of the brain involved in learning and behavior such as the
cerebral cortex and hippocampus may play vital roles in neuronal function and these will need
to be examined further.

Conclusion
We have focused on the role of ciliopathy genes within the context of ciliary function, yet other
subcellular functions seem likely as well. For example, the polycystins and NPHP1 have been
localized to cell–cell and cell–matrix contacts and PC1, in particular, is necessary for cell–
matrix interactions [50]. The BBS proteins additionally seem to exhibit extra-ciliary functions
such as potential chaperonin roles (BBS6, 10, 12) while BBS11 seems to be an E3 ubiquitin
ligase [51]. Even integral IFT components such as Kif3a exhibit alternate subcellular roles:
Kif3a also functions in axonal transport [52]. Thus, although the ciliopathies appear to share
in common a localization to the primary cilium, there are additional possibilities that must be
considered.

This review has focused on the primary cilium in the eye, kidney, and brain, but increasingly
more pathologies are also being associated with the function of primary cilia. For example,
liver cysts and fibrosis are also associated phenotypes within the ciliopathy spectrum and
cystogenesis within the context of the liver may exhibit potentially similar pathologic
mechanisms as seen in the kidney [1]. Other phenotypes include bone malformations,
pancreatic cysts, Polydactyly, and vascular abnormalities suggesting unique roles for primary
cilia within these organs. One exciting possibility is that cilia within the vasculature may
function to measure flow similar to within the renal tubule, and calcium signaling in response
to cilium bending in this context seems to lead to NO production [53•]. Thus, cilia may be vital
for cardiovascular regulation. Finally, cilia may even play a role in cancer biology given their
fundamental function in several developmental signaling pathways that are often misregulated
in cancer. Indeed, HEF1 and Aurora A, two proteins involved in cancer cell proliferation and
metastasis, have been found to regulate cilia stability [54]. The primary cilium is increasingly
being identified as a novel regulator of a variety of cell biological processes, from development
to homeostasis to cancer progression. This previously ‘vestigial’ organelle, it seems, does a lot
more than we initially guessed.
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Figure 1.
Intraflagellar transport within the primary cilium. Kinesin 2 (with its major component Kif3a)
transports cargo in an anterograde direction toward the tip of the cilium, while dynein heavy
chain 2 (Dnchc2) travels in the retrograde direction toward the base of the cilium. Membrane
cargo, like rhodopsin, is first loaded into a vesicle and transported to the basal body from the
golgi by dynein 1. Vesicles then fuse with the cilia membrane and membrane bound cargo is
transported along the ciliary length by Kif3a and dynein 2. Major components of this process
include Rab8 as well as several ciliopathy genes, particularly the BBS proteins. Inset: schematic
of a primary cilium cross-section revealing 9+0 architecture.
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Figure 2.
Various signaling cascades converge at the cilium. (a) Sonic hedgehog (Shh) signaling depends
upon translocation of smoothened (Smo) into the primary cilium (a process involving β-
arrestins [55]) following binding of Shh to its receptor patched (Ptch) in order to activate Gli
transcription factors from the repressor form (GliR) to the activator form (GliA). (b) PDGF
signaling through PDGFRαα requires localization of the receptor within the primary cilium to
activate MEK/ERK signaling. MEK itself is also localized to the primary cilium. (c) Although
not well understood, noncanonical Wnt signaling (planar cell polarity, PCP) also requires the
primary cilium and the basal body. Dishevelled (Dvl) activation through Frizzled 3 or 6
(Fzd3/6) leads to cell polarity determination as well as cytoskeletal rearrangements associated
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with PCP through interaction with Inversin (Inv, NPHP2) and the PCP component Vangl2.
Vangl2 itself has also been localized to the primary cilium. (d) Canonical Wnt signaling is
inhibited by the primary cilium through regulation of Dvl by CK1δ as well as proteasomal
regulation of β-catenin at the basal body. Additional potential regulatory mechanisms are likely
to exist as well. (e) Calcium signaling is activated by bending of the cilium in response to fluid
flow through mechanosensation by polycystin-1 (PC1) and TRPV4 that form a complex with
the calcium ion channel polycystin-2 (PC2). Calcium influx leads to further stimulation of
calcium release from intracellular pools and activation of downstream signaling including
cAMP-dependent MEK/ERK signaling [56]. (f) Additional signaling cascades implicated at
the cilium include G-protein-coupled receptor (GPCR) signaling [57] and extra-cellular matrix
(ECM) receptors [58].
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Figure 3.
The primary cilium as a signaling hub. (a) Cilia projecting into fluid-filled luminal spaces are
positioned to respond to signals and fluid flow within the tubule lumen in order to activate
signaling cascades such as calcium signaling, as shown in the inset. (b) The neuronal cilium
however appears buried among the dendrites and axons of surrounding neurons implicating an
alternative rationale for its presence. One model is that the cilium is positioned next to the
nucleus such that components of signaling cascades like the Shh pathway (inset) may be
concentrated within the cilium in order to faithfully relay messages. Thus, the cilium acts as a
concentrator of signaling components, or a signaling hub. Background images are
immunostaining within renal tubules or cultured hippocampal neurons.
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Table 1

Ciliopathy genes and their subcellular functions.

Primary phenotypes Gene/protein Localization Putative subcellular functions

Kartagener’s/primary ciliary diskinesia (PCD)

Situs inversus, chronic
    sinusitis, bronchiectasis

DNAH5 Outer dynein arms Cilia motility

DNAL1 Outer dynein arms Cilia motility

DNAH11/LRD Axonemal Cilia motility

KTU Cytoplasm Dynein arm preassembly,
cilia motility

DNAI2 Outer dynein arms Cilia motility

RSPH9 Radial spokes Central pair/motility

RSPH4A Radial spokes Central pair/motility

Bardet–Biedl syndrome (BBS)

Obesity, cystic kidneys,
    retinal degeneration

BBS1 Basal bodies BBsome, Wnt/PCP,
IFT/trafficking

BBS2 Basal bodies BBsome, IFT/trafficking

BBS3; ARL6 Basal bodies Vesicle trafficking

BBS4 Basal body, primary cilia BBsome, Wnt/PCP, IFT/
trafficking

BBS5 Basal bodies BBsome, IFT/trafficking

BBS6; MKKS Basal bodies IFT/trafficking, Wnt/PCP,
cytokinesis, chaperonin

BBS7 Basal bodies BBsome, IFT/trafficking

BBS8; TTC8 Basal body, primary cilia BBsome, IFT/trafficking

BBS9; PTHB1 Basal bodies BBsome

BBS10 Basal bodies Ciliogenesis, Wnt, chaperonin

BBS11; TRIM32 Basal bodies E3 ubiquitin ligase

BBS12 Basal bodies Ciliogenesis, Wnt, chaperonin

Alstrom syndrome

Obesity, retinal degeneration,
    hearing loss

ALMS1 Basal bodies Cilia maintenance

Leber congenital amaurosis (LCA)

Congenital retinal blindness TULP1 Connecting cilia Rhodopsin trafficking

LCA5 Connecting cilia Unknown

CEP290; NPHP6 Basal bodies RPGR complex, trafficking

RPGRIP1 Connecting cilia RPGR complex

Retinitis pigmentosa

Retinal degeneration RPGR Connecting cilia IFT/trafficking, Disc morphogenesis

RP1 Connecting cilia IFT/trafficking, Disc morphogenesis

Polycystic kidney disease (PKD)

Cystic kidneys PKD1/PC1 Primary cilia, cell–cell junction Mechanosensation,
Wnt, cell adhesion

PKD2/PC2 Primary cilia, cell–cell junction Calcium channel

PKHD1/FPC Primary cilia PC2 modulation

Nephronophthisis
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Primary phenotypes Gene/protein Localization Putative subcellular functions

Fibrocystic kidneys NPHP1/Nephrocystin Basal bodies, primary cilia,
cell–cell contacts

Cilia structure

NPHP2; INVS Basal bodies, primary cilia Wnt/PCP

NPHP3 Undetermined Wnt/PCP

NPHP4/Nephroretinin Basal bodies, primary cilia Cilia structure, IFT

NPHP5; IQCB1 Primary cilia RPGR/calmodulin complex

NPHP6; CEP290 Basal bodies RPGR complex, trafficking

NPHP7; GLIS2 Nucleus Transcription factor, Wnt

NPHP8; RPGRIP1L Basal bodies Shh signaling

NPHP9; NEK8 Basal bodies, primary cilia Modulation of PC1 and PC2

Meckel–Gruber syndrome (MKS)

Brain malformation, cystic
    kidneys, polydactyly

MKS1 Basal bodies Ciliogenesis

MKS3; TMEM67 Primary cilia, membrane Ciliogenesis

CEP290; NPHP6 Basal bodies RPGR complex, trafficking

CC2D2A Basal bodies Unknown

Joubert syndrome (JS)

Brain malformation AHI1/Jbn Basal bodies, primary cilia Wnt signaling, oncogene

NPHP1/Nephrocystin Basal bodies, primary cilia,
cell–cell contacts

Cilia structure

CEP290; NPHP6 Basal bodies RPGR complex, trafficking

MKS3; TMEM67 Primary cilia, membrane Ciliogenesis

RPGRIP1L Basal bodies Shh signaling

ARL13B Primary cilia Cilia structure

CC2D2A Basal bodies Unknown

INPP5E Primary cilia PI signaling, cilia stability

Oral-facial-digital syndrome

Craniofacial abnormalities,
    polydactyly, cystic kidneys

OFD1 Basal bodies, nucleus Ciliogenesis, Wnt/PCP

Information available on OMIM (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM).
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