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Abstract Ciliary dysfunction has emerged as a common
factor underlying the pathogenesis of both syndromic and
isolated kidney cystic disease, an observation that has
contributed to the unification of human genetic disorders of
the cilium, the ciliopathies. Such grouping is underscored
by two major observations: the fact that genes encoding
ciliary proteins can contribute causal and modifying
mutations across several clinically discrete ciliopathies,
and the emerging realization that an understanding of the
clinical pathology of one ciliopathy can provide valuable
insight into the pathomechanism of renal cyst formation
elsewhere in the ciliopathy spectrum. In this review, we
discuss and attempt to stratify the different lines of
proposed cilia-driven mechanisms for cystogenesis, ranging
from mechano- and chemo-sensation, to cell shape and
polarization, to the transduction of a variety of signaling
cascades. We evaluate both common trends and differences
across the models and discuss how each proposed mecha-
nism can contribute to the development of novel therapeutic
paradigms.
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Introduction

Cystic diseases of the kidney are a significant contributor to
renal malformations and a common cause of end stage renal
disease (ESRD). This classification encompasses a number
of human disorders that range from conditions in which
cyst formation is either the sole or the main clinical
manifestation, to pleiotropic syndromes where cyst forma-
tion is but one of the observed pathologies, exhibits
variable penetrance, and can sometimes be undetectable
until later in life or upon necropsy (Table 1; [1]).
Importantly, although the different cystic kidney disorders
are clinically discrete entities, an extensive body of data
fueled by a combination of mutation identification in
humans and studies in animal models suggests a common
thread, where virtually all known renal cystic disease-
associated genes encode proteins necessary for aspects of
ciliary function [2, 3]. Expanding from that observation, it
is now becoming apparent that most—if not all—disorders
of the cilium have a cystogenic component, which has in
turn placed kidney cyst formation as a hallmark feature of
the ciliopathies [4, 5].

Primary cilia, motile cilia, and flagella are evolutionary
conserved organelles that extend from the apical plasma
membrane. Although cilia and flagella do demonstrate
underappreciated structural and architectural diversity
across phyla and tissue types [6], their fundamental
organization is rigorously conserved and defined by a
microtubule core (axoneme) that is organized from a basal
body, which is a structure composed of nine microtubule
triplets derived from the mother centriole of the centro-
some. Along this microtubule core, multiprotein complexes
and molecular motors are organized for transporting, both
in (anterograde) and out (retrograde) of the cilium, the
different components needed for the formation, mainte-
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nance, and function of this complex organelle (Fig. 1). This
process is known as intraflagellar transport (IFT) and was
described originally in the unicellular algae Chlamydomo-
nas reinhardtii (for extensive reviews on the topic see, for
example [7, 8]). Given its key role in maintaining ciliary
function, it is therefore not surprising that alterations in
different components of the IFT machinery have been
shown to cause the renal phenotype observed in different
human conditions and animal models of kidney cystic
disease [4, 5, 9].

A flurry of observations during the past decade have
expanded our appreciation of cilia; transitioning from the
classical models of motile cilia and their necessity for fluid
movement or cellular propulsion, we now recognize that
primary, sensory cilia are critical for cell–environment

interactions. Discoveries driven primarily by phenotypic
observations in both invertebrates and vertebrates (includ-
ing humans) have shown that primary cilia are important
for mechano- and chemo-sensation as well as for the signal
transduction of short- and long-range paracrine signals,
such as Wnt, Sonic Hedgehog (Shh), and platelet-derived
growth factor receptor alpha (PDGFRα) [9–13]. Moreover,
a number of additional receptors have been localized to
subsets of both sensory and motile cilia, suggesting that
additional signaling mechanisms will likely be assigned to
these organelles. For example, it has been shown that the
somatostatin receptor type 3 (Sstr3) and the melanin-
concentrating hormone receptor 1 (Mchr1) do localize to
cilia in neurons, thus providing an important insight into the
feeding behavioral defects and obesity that characterize a

Table 1 Cystic diseases of the kidney: their causal genes, encoded proteins, localization, and proposed function

Disease Main features Genes involved Corresponding protein Protein
localization

Postulated functions

Autosomal
recessive PKD
(ARPKD)

Renal cyst, enlarged
kidneys, hepatic fibrosis

PKHD1 Fibrocystin/polyductin (FPC) Cilia and
secreted

Calcium response;
proliferation/
differentiation

Autosomal
dominant PKD
(ADPKD)

Renal, hepatic, pancreatic
and brain cysts

PKD1, PKD2 Polycystin 1 (PC1) Polycystin
2 (PC2)

Cilia, Golgi
apparatus,
focal
adhesions

Calcium response;
proliferation/
differentiation

Nephronophthisis
(NPHP) and
Senior Løken
Syndrome
(SNLS)

Renal fibrosis, renal cysts,
tubular atrophy, retinal
dystrophy (in SNLS)

NPHP1–NPHP11 Nephrocystin-1, 2/inversin, 3,
4, 5, 6/CEP290, 7/GLIS2,
8/RPGRIP1L, 9/NEK8,
11/Meckelin

Cilia, basal
bodies,
centrosomes,
focal
adhesions.

Cell–cell and cell–matrix
adhesion; actin
cytoskeleton; cell
division; Wnt and Shh
signaling

Joubert syndrome
(JS)

NPHP and cerebellar
ataxia

AHI1, NPHP1, CEP290,
JBTS6/TMEM67, RPGRIP1L,
ARL13B, CC2D2A, INPP5E,
JBTS2/TMEM216

Jouberin, Nephrocystin,
CEP290, Meckelin,
RPGRIP1L, ARL13B,
CC2D2A, INPP5E,
TMEM216

Cilia, basal
bodies,
centrosomes,
cell junctions

Ciliogenesis, Sonic
Hedgehog signaling

Bardet–Biedl
syndrome (BBS)

Renal cysts, obesity,
polydactyly, retinal
dystrophy, mental
retardation

BBS1-12, MKS1, CEP290,
FRITZ, SDCCAG8

BBS1-12, MKS1, CEP290,
FRITZ, SDCCAG8

Centrosomes,
basal bodies

Pericentriolar organization,
ciliogenesis, Wnt
signaling

Meckel–Gruber
syndrome (MKS)

Occipital
meningoencephalocele,
cystic kidneys, liver
fibrosis, polydactyly

MKS1, MKS3/TMEM67,
NPHP3, CEP290,
RPGRIP1L, CC2D2A, MKS2/
TMEM216

MKS1, meckelin,
nephrocystin 3, CEP290,
RPGRIP1L, CC2D2A,
TMEM216

Centrosomes,
cilia,
plasma
membrane

Basal body localization,
ciliogenesis, Hedgehog
signaling

Oral–facial–digital
syndrome 1
(OFD1)

Malformations of face, oral
cavity and digits, renal
cysts, polydactyly

OFD1 OFD1 Cilia, basal
bodies,
centrosomes,
nucleus

Ciliogenesis, L-R
asymmetry, possibly
gene regulation

Short-Rib
Polydactily
(incl. Jeune
Asphyxiating
Thoracic
Dystrophy)

Renal cysts, shortened
bones, polydactyly, situs
inversus

DYN2CH1, IFT80 Cytoplasmic dynein 2 heavy
chain, IFT80

Chondrocyte
cilia, basal
bodies

Intraflagelar transport,
Hedgehog signaling

Uromodulin-
associated kidney
diseases
(MCKD2, FJHN,
GCKD)

Renal cysts, fibrosis,
hypertension,
hypoeruricemia,

UMOD, MCKD1, MCKD2 Uromodulin Cilia, basal
bodies,
centrosomes,
secreted

Unknown ciliary role

PKD, Polycystic kidney disease; MCKD2, medullary cystic kidney disease type 2; FJHN, familial juvenile hyperuricemic nephropathy; GCKD,
glomerulocystic kidney disease
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number of ciliopathies [14]. Consequently, our deeper
understanding of the complex nature of this organelle is
contributing towards a better understanding of the mecha-
nisms involved in the pathogenesis of ciliopathies, including
the cystogenic process. In this review, we highlight how cilia
have been linked to a number of renal cystic disorders and
describe how our deeper understanding of the etiology of
this group of disorders is impacting their genetic dissection.
Finally, we discuss how such knowledge might help the
development of successful therapeutic interventions, high-
lighted by some early successes and new possibilities.

Cystic diseases of the kidney and the link to primary
cilia

Polycystic kidney disease

Polycystic kidney disease (PKD) is a heterogeneous group
of disorders characterized by the abnormal proliferation and
differentiation of epithelial cells in the kidney, resulting in
the formation of fluid-filled cysts that can affect both the
structure and function of the organ, often leading to ESRD
[15]. PKD is divided in two major forms according to the
pattern of inheritance and disease presentation. Autosomal
dominant PKD (ADPKD) is the most common form of
hereditary cystic kidney disease, with an estimated preva-
lence of between 1:400 and 1:1000 individuals irrespective
of ethnicity, and is caused by mutations in PKD1 and
PKD2, which encode polycystin 1 (PC1) and 2 (PC2),
respectively [16–18]. Autosomal recessive PKD (ARPKD)
presents in early childhood, is characterized by liver
fibrosis and renal cysts, and affects 1:20,000 live births; it
is caused by mutations in PKHD1, encoding the protein
polyductin or fibrocystin [19, 20].

The first links between the pathogenesis of PKD and
ciliary dysfunction were provided by the observation that

lov-1, the closest Caenorhabditis elegans homolog of
PKD1, localizes to primary cilia in sensory neurons in the
nematode and by the characterization of the Oak Ridge
polycystic kidney (orpk) mouse model of ARPKD, in
which a hypomorphic mutation in Tg737 results in bilateral
polycystic kidneys and liver lesions [21, 22]. A key
observation arose when Tg737, which encodes the protein
termed polaris, was found to encode the mouse ortholog of
the Chlamydomonas IFT88, a protein that localizes to both
basal bodies and cilia and which is necessary for cilio-
genesis [23, 24]. In agreement with a postulated causal role
of defective ciliary function in the tg737/Ift88 mutant, it
was shown that both motile and primary cilia in orpk mice
are shorter than normal. Furthermore, complete Tg737/Ift88
nulls lack cilia and present with a lethal phenotype that
includes defective establishment of the left–right axis of
symmetry, neural tube defects, and growth arrest during
embryogenesis [25]. Importantly, all of these defects have
been associated with other ciliary mutants (for extensive
reviews, see [4–6, 9]). The protein product of PKHD1,
polyductin/fibrocystin, localizes to primary cilia and basal
bodies and has been postulated to be a receptor mediating
the differentiation of collecting duct cells [20, 26].
Furthermore, it has been shown that polyductin/fibrocystin
physically interacts with PC2 and is able to regulate renal
tubular formation by affecting PC2 expression and function
[27, 28]. More recently, it has been shown that mutant
Pkhd1 mice present biliary duct cilia that are significantly
shorter than those of the controls and that mutant animals
present with liver and pancreatic cysts and renal tubular
dilation [29].

The characterization of the proteins altered in ADPKD
further support the central role of the cilium in the
pathogenesis of PKD (reviewed in [30]). Briefly, PC1 is
thought to be a G protein-coupled receptor (GPCR), while
PC2 is a cation ion channel. These two proteins have been
shown to interact, forming a Ca2+ channel that localizes to

Fig. 1 The cilium: basic struc-
ture and function. Cilia are
formed by a microtubule core
(axoneme) that is organized
from a basal body. Along the
axoneme, intraflagellar transport
(IFT) particles are transported in
(anterograde) and out (retro-
grade) of the cilium. The cilium
concentrates and organizes a
number of channels, receptors,
and effectors, therefore playing
a critical role in, for example,
Ca2+ and paracrine signaling,
ultimately regulating cellular,
tissue, and organ homeostasis
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the primary cilium in renal epithelial cells [31–36].
Importantly, the ciliary localization of the polycystins
appears to be necessary for their proposed role in Ca2+

signaling in response to mechanical cues in the lumen of
the renal tubules (see section on Mechanosensation, shear
stress and cystogenesis).

Nephronophthisis and Joubert syndrome

Nephronophthisis (NPHP) (OMIM256100) is characterized by
corticomedullary cysts and interstitial fibrosis and is the most
frequent cause of ESRD in children and young adults. To date,
ten genes (NPHP1–9, NPHP11/TMEM67) have been shown
to cause NPHP, while mutations in XPNPEP3 cause an
NPHP-like nephropathy ([37–39] and references within).
Importantly, the characterization of the different NPHP
proteins has been instrumental in developing the unifying
theory of cystogenesis based on ciliary dysfunction. One of
the first observations supporting this concept came from the
characterization of nephrocystin 1 and inversin, the protein
products of NPHP1 and NPHP2, respectively, in which the
two proteins were shown to interact and colocalize with β-
tubulin at the primary cilium of renal epithelial cells [40]. In
all studies carried out since, the characterizations of all NPHP-
related proteins have further supported the critical role of the
cilium in the pathogenesis of this condition, providing
important insight into the role of this organelle during
cystogenesis (reviewed in [38]). For example, studies on
inversin have not only made significant contributions to a
unified concept of the ciliary-driven cystogenic mechanisms,
but they have also provided some of the early clues that have
linked ciliary function with paracrine signaling and, in
particular, with the transduction of canonical and non-
canonical (planar cell polarity) Wnt signaling, pathways that
are critical for renal development and maintenance (see the
Kidney morphogenesis/maintenance and cystogenesis: Wnt
signaling section). Likewise, the characterization of NPHP7
implicated Shh signaling in the pathogenesis of cystic kidney
disease, given that the gene encodes the transcription factor
Gli-similar protein 2 (GLIS2) [41] (see the Hedgehog
signaling in the pathogenesis of cystic kidney disease section).

A related disorder is Joubert syndrome (JS) (OMIM
213300), a recessive disease characterized by cerebellar
vermis hypoplasia, hypotonia, mental retardation, irregular
breathing, and eye movement abnormalities. In addition, JS
patients might present additional clinical features, such as
retinal dystrophy, cystic dysplasia, and nephronophthisis,
encompassing what is known as Joubert syndrome and
related disorders (JSRD). Nine genes have been causally
linked to JS (INPP5E, AHI1, NPHP1, CEP290, TMEM67,
RPGRIP1L, ARL13B, CC2D2A, and TMEM216), all of
which encode basal body/ciliary proteins ([42–44] and
references within).

Bardet–Biedl and Meckel–Gruber syndromes

Ciliary dysfunction can also cause highly pleiotropic
syndromes where cystic kidney disease is a characteristic
feature. Bardet–Biedl syndrome (BBS) (OMIM 209900) is
characterized by obesity, polydactyly, retinal degeneration,
mental retardation, and renal malformations that include the
formation of cysts [45]. A total of 16 BBS genes have been
identified to date (BBS1–12, MKS1, NPHP6/CEP290,
FRITZ/C2ORF86, SDCCAG8) ([46–49] and references
within). Importantly, the vast majority of BBS proteins
tested to date localize to centrosomes and basal bodies,
while some have also been observed in the cilium and play
a role during ciliogenesis [50–56].

At the severe end of the phenotypic spectrum of the cystic
diseases of the kidney lies Meckel–Gruber syndrome (MKS)
(OMIM 249000), a perinatal lethal condition characterized by
occipital encephalocoele, hepatic fibrosis, polydactyly, cleft
palate, neural tube defects, and kidney cysts [57]. To date,
seven MKS genes (MKS1, MKS3/TMEM67, CEP290,
RPGRIP1L, MKS6/CC2D2A, NPHP3, and TMEM216/
MKS2) have been identified [44, 58–63]. It has been shown
that MKS1, MKS3/TMEM67, CEP290, and RPGRIP1L/
MKS5 localize to the basal body of cilia [59, 64, 65]. MKS1
and MKS3/TMEM67 have been proposed to be important for
correctly positioning the basal body underneath the cellular
membrane—albeit this has been shown only in cell-based
models—and are required for ciliogenesis both in vitro and in
vivo [64, 66]. Also, mutations in MKS6/CC2D2A lead to the
absence of cilia in fibroblasts from affected patients [62].
Interestingly, these observations in MKS, together with the
lethality of the complete Tg737 nulls described earlier,
support the notion that the complete lack of these organelles
is incompatible with life, an observation that is not surprising
given the plethora of biological functions in which they
participate and the ubiquitous presence of these organelles in
the vast majority of cell types of the human body (for a list of
ciliated cell types, see http://www.bowserlab.org/primarycilia/
ciliumpage2.htm).

A common cellular defect and a shared genetic basis

As described above, defects in different genes affecting the
same cellular organelle can result in a spectrum of human
conditions that share, to a different degree, a given set of
phenotypes. Consequently, the same or similar phenotypes
can be caused by mutations in more than one gene. At the
level of individual syndromes, this phenomenon is ob-
served in the form of genetic heterogeneity, a characteristic
of most ciliopathies (Table 1), and is usually considered to
be a major contributor of inter-familial phenotypic variabil-
ity. Interestingly, not only can different genes cause the
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same phenotype, but mutations in different loci can also
collaborate to modulate disease presentation. Importantly,
several human disorders, including the ciliopathies, are also
characterized by a significant intra-familial variability
regarding disease presentation and progression. Although
the impact of the environment and other stochastic factors
cannot be ignored, oligogenicity and the interaction
between different alleles are likely determinant factors of
the final phenotypic outcome, thus further complicating our
ability to predict disease presentation from genotype. In
BBS, it has been demonstrated that although the disease
segregates in the majority of families in a seemingly
autosomal recessive fashion, in some cases mutations in
more than one BBS gene, or second site modifiers, appear
to collaborate to affect both the penetrance and expressivity
of the disease [51, 67–69]. Furthermore, NPHP has also
been found to behave as an oligogenic trait since mutations
in more than one gene have been identified segregating in a
given family [70].

Interestingly, the genetic interactions described above are
not restricted to individual disorders but appear to span
ciliopathies in general (Table 2). One example involves
BBS and MKS, where it has been reported that mutations in
BBS2, BBS4, and BBS6 were found in MKS-like fetuses
[71]. More recently, it has been shown that mutations in
three MKS genes, MKS1, MKS3/TMEM67, and CEP290
can either cause or modulate the severity of the BBS
phenotype [47]. CEP290 has not only been identified as a
causal gene in MKS, but it has also been shown to cause
NPHP (NPHP6), JS, and BBS ([47, 58, 65, 72, 73]; for
other examples, see Table 2 and [9, 74]). Moreover,
mutations in the ciliary gene AHI1, which causes JS, can
act as second site modifier to increase the risk of retinal
degeneration in NPHP patients [75]. In addition, alleles in
ciliary genes can have a modifier effect across a range of
ciliopathies, further complicating the genetic dissection of
this group of disorders. It was recently shown that a
polymorphic A229T coding variant of RPGRIP1L, a gene
mutated in MKS, is associated with photoreceptor loss and,
hence, with the retinal phenotype in multiple ciliopathies
[76].

Why can defects in a given gene result in more than one
disease? In the case of BBS–MKS, important sources of
insight have come from the in vivo analysis of the
pathogenic effect of MKS mutations associated with BBS.
Interestingly, it has been shown that these mutations are
likely hypomorphs, whereas the mutations causing MKS
are complete nulls [47]. Similarly, hypomorphic mutations
in MKS3/TMEM67 can cause an NPHP-like phenotype and
have been reported in NPHP patients [39, 63]. Therefore, it
is not only the mutated gene, but also the number of genes
and the combination of mutant alleles that appears to
determine the final phenotype and, thus, its “classification”

into one or other clinical entity. Importantly, dissecting
these complex genetic interactions and evaluating the effect
of the different mutant alleles that participate in them will
likely be a necessary step towards generating accurate
genotype–phenotype correlations that could be used for
diagnostic and prognostic purposes in the clinic.

Cystogenic mechanisms

Primary cilia have been implicated in a number of
biological processes that range from mechano- and
chemo-sensation to the transduction of several paracrine
signaling pathways. Therefore, the realization that ciliary
dysfunction is intimately related to the pathogenesis of
cystic kidney disease provides an entry point to understand
the pathomechanisms underlying cyst formation. Driven by
an improved understanding of the role(s) of cilia in the
development and tissue maintenance, defects in several
physiological processes have been put forth as plausible
cystogenic candidates.

Mechanosensation, shear stress, and cystogenesis

Primary cilia can act as mechano-sensory structures,
sensing shear stress and signaling into the interior of the
cell to regulate proliferation and differentiation through
Ca2+ (Fig. 2a). It has been shown that the bending of
primary cilia by an extracellular fluid flow causes an
increase in the intracellular Ca2+ concentration through the
activation of ion channels located on the axonemal
membrane. The initial Ca2+ influx induces Ca2+ release
from intracellular stores, and the signal is spread to adjacent
cells through gap junctions [77]. Interestingly, PC1 and
PC2, the proteins mutated in ADPKD, have been shown to
heterodimerize and to be required in this process: the
extracellular domain of PC1 has been postulated to sense
mechanical forces, such as fluid flow, thus changing its

Table 2 Genetic interaction between cystic diseases of the kidney

Mutatied gene NPHP MKS JS BBS SLSN

AHl1 ✓ ✓

NPHP1 ✓ ✓ ✓

NPHP3 ✓ ✓

NPHP4 ✓ ✓

NPHP5 ✓ ✓

NPHP6 ✓ ✓ ✓ ✓

NPHP8 ✓ ✓ ✓

MKS1 ✓ ✓

CC2D2A ✓ ✓

TMEM67 ✓ ✓ ✓ ✓

TMEM216 ✓ ✓
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Fig. 2 Primary cilia: mechano-sensors and Wnt transducers. a PC1,
PC2, and TRPV4 form a Ca2+ channel that localizes to the primary
cilium and which upon a mechanical stimulus, such as fluid flow,
initiate a Ca2+ signaling cascade that regulates cell proliferation.
Functional cilia are also needed to maintain the tight balance between
canonical and noncanonical [planar cell polarity (PCP)] Wnt
signaling. In the presence of a functional cilium, and upon PCP
stimulation and Ca2+ signaling, basal bodies proteins, such as the
BBSs and inversin (Inv)/NPHP2, mediate the degradation and/or re-
localization of Disheveled (Dvl) to the cellular membrane. In this
scenario, Dvl is no longer able to suppress the β-catenin destruction
complex, and β-catenin is therefore degraded by the proteasome and

is unable to act as a transcriptional activator. b When cilia and/or basal
body function is compromised, canonical Wnt signals (for example,
Wnt 3a) are not antagonized, Dvl is able to repress the β-catenin
destruction complex, and β-catenin accumulates in the nucleus and
drives the expression of TCF–LEF responsive genes. c The non-
canonical PCP Wnt pathway is required for providing positional
information to cells allowing the correct alignment of their mitotic
spindles with respect to the lumen of the renal tubule. Upon ciliary
dysfunction, the PCP signal is defective, and cell division orients
randomly. Therefore, under normal ciliary function, cell division in the
renal tubules results in tubular elongation, while ciliary dysfunction
results in tubule dilation, facilitating cystogenesis
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conformation to activate PC2 and, thereby, allowing for
Ca2+ entry [13, 32, 35]. Importantly, cilia-mediated Ca2+

signaling is not restricted to the renal epithelium. In the
embryonic node, the left–right axis of symmetry is
established through the activity of a group of ciliated cells
generating a leftward fluid flow (nodal flow) that is sensed
and transduced into an asymmetric Ca2+ signal in a process
that requires PC2 [78, 79]. The flow hypothesis also links
fluid flow sensing with the regulation of cilia-dependent
signal transduction, given that inversin is upregulated by
fluid flow, leading to the down-regulation of the canonical
Wnt signaling and the upregulation of the non-canonical
planar cell polarity pathway, thus favoring cell differentia-
tion over proliferation, a balance clearly lost during cysto-
genesis [80] (Fig. 2a; see following section). However, a
model based exclusively on fluid flow cannot fully
reconcile different lines of evidence from both in vitro
and in vivo experiments.

PC2 interacts not only with PC1 but also with TRPV4
and TRPC1, where the association of PC2 with TRPV4
appears to be required to form a mechano- and thermo-
sensitive channel [35, 81–83]. Depletion of TRPV4 in mice
does not lead to cystic kidney disease although it does
abolish flow-induced Ca2+ signaling in renal epithelial
cells, suggesting that flow sensing might not be sufficient to
fully explain cystogenesis [81]. Likewise, cilia-independent
factors might also be important during cystogenesis. For
example, trans-epithelial pressure can result in Ca2+ release
independently from the presence of cilia in Madin–Darby
canine kidney (MDCK) cells [84]. Further levels of
complexity regarding the physiology of the kidney and
the role of the polycystins, both in normal tissue as well as
during cystogenesis, has come from two independent
studies demonstrating that cystogenesis is influenced
significantly by the time of inactivation [85, 86]. Condi-
tional mutants of Ift88, or of the anterograde IFT molecular
motor protein Kif3A, in which the gene is ablated in adult
animals, present with a mild cystic phenotype by 6 months
after inactivation and progress to a more severe phenotype
after 1 year. In contrast, ablation of these genes on
embryonic day 17.5 (E17.5) results in cyst formation in
the first 2 weeks of life [86]. Similarly, using a conditional
Pkd1 mouse model, it has been shown that inactivation of
the gene before postnatal day 13 (P13) results in rapid
progression of the disease, with animals showing severe
cystic kidneys within 3 weeks. However, ablating Pkd1 at
P14 or later results in the formation of cysts only 5 months
after the inactivation event [85]. Therefore, the renal tissue
appears to have different requirements for the activity of the
cilium during development and adulthood, and cilia-
mediated sensing of fluid flow might not be the sole driver
of cystogenesis [85, 86]. Interestingly, PC1 expression
appears to accompany changes in proliferation rates in

young versus older kidneys, with high levels of PC1
observed at around E15.5, subsequently decreasing by 2
weeks after birth; these changes accompany the rapid
growth, high tubulogenesis rate, and ongoing tissue
morphogenesis characteristic of developing kidneys [87].

Kidney morphogenesis/maintenance and cystogenesis:
Wnt signaling

The Wnt signaling pathway plays an important role
regulating both the development and maintenance of the
kidney. During organogenesis, activated Wnt signaling is
required for the induction of the metanephric mesenchyme
to develop the proximal portion of the nephron, regulating
cell proliferation and differentiation [88–91]. The Wnts are
secreted proteins which, upon binding to the Frizzled
receptor, can activate different signaling cascades with
different consequences for cell homeostasis. The final
outcome depends largely on the specific Wnt molecule
but also on the activity of Disheveled (Dvl), a protein that
represses the degradation of β-catenin, the major effector of
the canonical Wnt pathway.

It has been shown that the cellular localization of Dvl is a
major factor in determining which Wnt cascade is activated.
To activate the canonical pathway, Dvl represses theβ-catenin
destruction complex (composed of GSK3β, axin, and APC),
leading to the accumulation of nuclearβ-catenin and allowing
the expression of TCF–LEF1 responsive genes that control
cell proliferation and differentiation [11, 92]. However, when
Dvl is localized to the plasma membrane, it is no longer able
to prevent β-catenin degradation, and noncanonical Wnt
signaling pathways, particularly the planar cell polarity
(PCP) pathway, can therefore be activated [11, 93]. PCP is
required to provide positional information that allows cells to
properly polarize, migrate, and orient themselves in the plane
of the epithelium. Consequently, this signaling pathway
plays an important role in maintaining the correct organiza-
tion of tissues and organs [93].

NPHP2 encodes for the basal body protein inversin,
which is mutated in the inv/inv mouse model of cystic
kidney disease and has been shown to target Dvl for
degradation [80, 94]. Therefore, in the absence of inversin,
Dvl is free to repress the β-catenin destruction complex,
thus leading to an upregulation of canonical Wnt signaling
and also defective PCP [80]. Importantly, the different Wnt
signaling cascades are tightly controlled and balanced
between each other. Similarly, studies in BBS have shown
that the depletion of different BBS proteins leads to
defective PCP with the concomitant stabilization of β-
catenin and thus upregulation of canonical signaling [95,
96], although in the context of that disorder, targeting of β-
catenin to the proteasome has been proposed as a possible
biochemical cause of this phenotype.
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In a simplistic model, the canonical pathway can be
visualized acting mostly in favor of cell proliferation, whereas
the noncanonical cascades, and particularly PCP, appear to
have the converse effect, leading to cell differentiation.
During cystogenesis, there is a clear loss of balance between
opposing, but non-equal forces. In this context, the presence
of functional cilia appears to be necessary to suppress
canonical Wnt signaling while favoring the PCP pathway
(Fig. 2a). Mutations in Kif3a in both cells and mice lead to
increased Wnt canonical signaling, while a kidney condi-
tional mutation in Pkd2 resulted in a cystic phenotype and
upregulated β-catenin [95, 97, 98]. Transgenic mice in
which an oncogenic form of β-catenin is over-expressed
develop kidney cysts in all parts of the nephron [99].
Interestingly, in vitro experiments using kidney cells in a
chamber showed that the expression of inversin is upregu-
lated by fluid flow, whereas β-catenin levels were mildly
decreased [80]. It has been speculated that the beginning of
fluid flow during early embryogenesis might trigger a switch
in Wnt signaling in the kidney that both terminates the pro-
proliferation canonical pathway and favors the pro-
differentiation PCP cascade, thereby allowing terminal
differentiation of epithelial cells and the correct morphogen-
esis of the organ [91]. However, this view of cystogenesis
being driven by over-activation of canonical Wnt signaling is
likely a simplification. For example, it has been shown
recently that midgestation embryos and mouse embryonic
fibroblasts bearing mutations in different components of the
IFT machinery retain normal canonical Wnt activity and the
ability to switch to noncanonical signaling [100], perhaps
intimating that the requirement for cilia-mediated processes
likely changes at different time-points during development
and adult life. Additional evidence supporting this notion has
come from studies by Lancaster and colleagues in mice
bearing homozygous null mutations in Ahi1, a gene mutated
in JS which encodes the protein Jouberin (Jbn). These
authors showed that Jbn is a basal body/ciliary protein that
regulates and promotes canonical Wnt signaling in the adult
kidney by facilitating the nuclear translocation of β-catenin
[101]. Furthermore, Ahi1-/- mice, which present with an
NPHP-like phenotype, show impaired renal injury repair, a
process that has been shown to trigger cystogenesis [102]
and which relies on intact canonical Wnt signaling. Based on
these data, the authors suggested that a tight regulation of
Wnt signaling is needed for maintaining kidney homeostasis
and the balance between proliferation and differentiation
during tubular regeneration after injury. In this model, it is
the loss of this fine regulation—rather than a simple over-
activation of canonical Wnt signaling or a down-regulation
of PCP—that leads to cyst formation [101].

In addition to misregulation of canonical Wnt signaling,
the loss of PCP provides an attractive mechanistic expla-
nation to cyst formation. During cell division, epithelial

cells in the renal tubules have been shown to orient their
mitotic spindles parallel to the axis of the tubule; this
arrangement is lost in different models of PKD, such as
kidney-specific HNF1β deficient mice and pck rats where
Pkhd1 is mutated. According to this model, under normal
PCP signaling, the net result of cell division is tubular
elongation, whereas ciliary dysfunction and aberrant PCP
result in tubular dilation (Fig. 2c; [103]). Supporting the
role of PCP in this phenomenon, mouse mutants for the
PCP gene Fat4 display neural tube defects and defective
organization in the inner ear but also perturbed oriented cell
divisions in the renal epithelium, resulting in dilated tubules
and cystic kidney disease. Moreover, further perturbation of
the pathway through the introduction of additional muta-
tions in core PCP genes, such as Vangl2 and Fjx1, resulted
in a more severe presentation of the cystic phenotype [104].

More recently, it has been shown that homozygous mice
for a hypomorphic allele of Wnt9b, which is required for
PCP in the collecting ducts and proximal tubules of the
kidney, present with perturbed PCP, random mitotic spindle
orientation, and tubule dilation [105]. Interestingly, an
analysis of the cell shape in the renal tubules revealed that
normally these epithelial cells appear elongated in the axis
perpendicular to the lumen, suggesting that they are
subjected to organized cell migration, such as convergent
and extension, which is yet another PCP-dependent process
[93, 105, 106]. It has also been shown recently that whereas
conditional inactivation of Pkd1 or Pkd2 in the kidney does
affect oriented cell division in dilated but not in pre-cystic
tubules, mutations in Pkhd1 result in defective cell division
orientation but no cyst formation. These data support the
notion that although the loss of oriented cell division is
altered during cyst formation, this event might not be
sufficient or even required to initiate cystogenesis [107].

Hedgehog signaling in the pathogenesis of cystic kidney
disease

Another important signaling pathway that has been shown
to depend heavily on a functioning cilium is sonic
hedgehog (Shh) (see [108–113]). Shh binds and inactivates
the Patched 1 receptor (Ptc1), which in turn releases
Smoothened (Smo), enabling it to block the processing of
the transcription factor Gli3 into its repressor form GliR.
Consequently, Shh binding enables Gli3-mediated gene
regulation (reviewed in [114]). It has been shown that
ciliary localization of different cascade components is
required for the correct processing of Gli. Shh activation
leads to the relocation of Smo into the cilium, and this is
required for its activity [108, 109]. Ptc1 also localizes to the
ciliary membrane and appears to inhibit Smo by impeding
its accumulation in the ciliary compartment, and Gli1, Gli2,
and Gli3 also localize to the cilium (Fig. 3; [110, 113]).
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Shh signaling plays an important role during morpho-
genesis, patterning, and growth of different tissues and
organs, and thus defects in this cascade can readily explain
several phenotypes characteristic of the ciliopathies, such as
neural tube defects, polydactyly, and craniofacial defects
(for some reviews see [6, 9, 74, 115]). In addition, different
lines of evidence are implicating Shh signaling to the cystic
phenotype. For example, ARL13b, a gene mutated in JS, a
ciliopathy characterized by brain malformations but also the
formation of cysts in the kidney, among other features, was
originally identified as a cystogenic zebrafish mutant,
scorpion (sco) and was shown to play a role in ciliogenesis
[43, 116, 117]. A null mutation in Arl13b has been reported
in the mouse hennin (hnn) mutant, which presents defects
in cilia structure and perturbed Shh signaling [118]. It has
also recently been shown that Mks1 is required for
ciliogenesis and Shh signaling in the mouse [66], while
the identification of NPHP7 further supports the role of Shh
in the etiology of cystic kidney disease since the gene
encodes for the transcription factor Gli-similar protein 2
(GLIS2) [41].

Despite these associative observations, the role of Shh
during cystogenesis is not well understood. Shh signaling,
together with Wnt, epidermal growth factor (EGF), fibro-
blast growth factor (FGF), and TGFβ, have been implicated
in several morphogenetic processes, such as the epidermal
to mesenchymal transition (EMT) ([119] and references
therein). Notably, the kidney phenotype in, for example,
NPHP and BBS is characterized by increased fibrosis, a
feature that might be explained—at least in part—by
deregulated EMT as a consequence of defective Shh
signaling. Supporting this possibility, differential gene

expression analysis of NPHP7/Glis2 mutants shows an
upregulation of genes favoring EMT [41].

Cell proliferation and cystic kidney disease

The formation of cysts is characterized by the deregulation
of the balance between cell proliferation and differentiation,
and cilia appear to play a role in maintaining this balance
through sensing the extracellular milieu, responding to
mechanical cues, and modulating different signaling cas-
cades. In addition to Wnt and Shh, platelet-derived growth
factor receptor alpha (PDGFRα), a pathway intimately
linked to cell cycle regulation, has also been shown to
depend on the cilium (reviewed in [10]). Also, the cilium
and different ciliary proteins appear to have an active role
in cell cycle regulation. Cilia are postmitotic structures, and
thus both ciliogenesis and ciliary disassembly are tightly
regulated with cell division (reviewed in [120]). For
example, mutations in Nek1 and Nek8/NPHP9, members
of the family of NIMA-related protein kinases postulated to
coordinate ciliary function with the cell cycle, result in
cystic kidney disease [121–123].

Importantly, several ciliary proteins appear to control cell
proliferation, likely through cilia-independent mechanisms.
While polaris is required for the formation and maintenance
of cilia, it has also been demonstrated that this protein can
remain associated with the centrosome throughout the cell
cycle, even in the absence of cilia, and regulate the G1–S
transition. Over-expression of polaris in non-ciliated cells
leads to cell cycle arrest through a mechanism that involves
the inhibition of Che1, which normally counteracts the
activity of the negative cell cycle regulator retinoblastoma
(Rb) [124]. As mentioned earlier, the polycystins also play
an important role during cilia-mediated mechanosensation
and Ca2+ signaling and can modulate cell proliferation and
differentiation. In addition, PC1 is subjected to proteolytic
cleavage, releasing its cytoplasmic C-terminal tail, which is
then translocated into the nucleus to regulate gene
transcription mediated by the signal transducer and activa-
tor of transcription protein 6 (STAT6), a process that is
inhibited by mechanical stimuli and appears to be mis-
regulated due to ciliary dysfunction [125, 126]. Also, PC1
can regulate the expression of p21, a tumor suppressor that
inhibits cyclin-dependent kinases, leading to cell cycle
arrest, whereas depletion of PC1 results in the acceleration
of the G1–S transition, leading to increased cell prolifera-
tion [127, 128]. Additionally, it has also been shown that
PC1 can regulate the mTOR (mammalian target of
rapamycin) pathway, providing yet another mechanism by
which to regulate cell proliferation and differentiation [129,
130]. Therefore, the polycystins represent a clear example
of the complexity underlying the biological role(s) of the
cilium and the proteins that compose it and highlight the

Fig. 3 Primary cilia and sonic hedgehog (Shh) transduction. Binding
of Shh to Patched 1 receptor (PTC1) results in the re-localization of
Smoothened (Smo) into the ciliary compartment, thus inhibiting the
formation of GliR (repressor) and favoring the processing of Gli into
GliA, the activator that drives the expression of different target genes
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need for further work to fully understand their biological
role(s) in the context of cystic kidney disease.

Although cilia are post-mitotic structures, it is not clear
whether re-absorption of cilia precede cycling or whether it
is a consequence of cells engaging in the cell cycle. To start
understanding this issue, mutations that unlink the ciliary
and mitotic spindle roles of a given ciliary protein will be
extremely useful. One example of such mutations has
recently been reported for BBS4, where a leucine to proline
substitution at position 327 of BBS4 (L327P) leads to the
mislocalization of BBS4 from the pericentriolar region in
postmitotic cells while retaining the centriolar localization
to the mitotic spindles of dividing cells. Interestingly, this
mutant behaves as a dominant negative in an in vivo rescue
assay, interfering with the correct transduction of the Wnt
signaling pathway in a manner that is similar to the
inhibition of wild-type BBS4, suggesting that its main
effect is a consequence of its absence from the basal body
of cilia in post-mitotic cells [131]. Further studies will be
required to address the behavior of this type of mutant with
regards to cell cycle regulation.

Concluding remarks

Remarkable progress has been made towards gaining an
understanding of the genetic, cellular, and molecular basis
of the ciliopathies/cystic diseases of the kidney. These data
highlight the complexity of the cilium, an organelle that not
only participates in multiple biological processes but also
likely acts as a relaying center in which different signals
and pathways are integrated to correctly process and
interpret the different stimuli to which cells are subjected.
In this context, it is not surprising that a single mechanism
is likely not sufficient to explain the different types of
disease presentation, progression, and outcome that charac-
terize the different renal cystic disorders. However, and
despite current limitations, this increased body of knowl-
edge is already translating into different examples of
successful therapeutic interventions in different animal
models of cystic disease. For example, rapamycin, a drug
that inhibits mTOR signaling, has been used to slow cyst
progression and rescue renal function in different mouse,
rat, and zebrafish models of cystic kidney disease [130,
132–134]. Furthermore, treatment with rapamycin for
immune suppression after renal transplantation in ADPKD
patients has shown promising results in reducing renal
volume [130]. However, mTOR signaling is not only
involved in cyst formation but is required for a number of
biological processes and, therefore, its inhibition is likely to
produce undesired secondary effects that need to be
carefully evaluated (for an in-depth review on the topic,
see [135]). In another example and due to the characteristic

misregulation in cell proliferation during cystogenesis,
Bukanov and colleagues decided to test the cyclin-
dependent kinase inhibitor roscovitine in two animal
models of PKD, the jck and the cpk mouse [136].
Importantly, administration of roscovitine does ameliorate
the cystic phenotype in these animals as well as in zebrafish
models [133, 136]. More recently, the Src inhibitor SKI-
606 has also been use to treat renal cyst formation in mouse
and rat models of ARPKD [137]. Despite these advances,
however, the challenge ahead is to fully dissect the
biological role(s) of cilia and ciliary proteins in the
pathogenesis of the different phenotypes that characterize
the ciliopathies, including but also extending beyond the
kidney. Undoubtedly, this will be necessary to continue
exploring novel therapeutic venues with an increasing level
of efficacy and specificity.
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