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Cystic kidney diseases can cause end stage renal disease,
affecting millions of individuals worldwide. They may arise
early or later in life, are characterized by a spectrum of symp-
toms and can be caused by diverse genetic defects. The pri-
mary cilium, a microtubule-based organelle that can serve
as a signaling antenna, has been demonstrated to have a
significant role in ensuring correct kidney development and
function. In the kidney, one of the signaling pathways that
requires the cilium for normal development is Wnt signaling.
In this review, the roles of primary cilia in relation to canonical
and non-canonical Wnt/PCP signaling in cystic renal disease
are described. The evidence of the associations between cilia,
Whnt signaling and cystic renal disease is discussed and the sig-
nificance of planar cell polarity-related mechanisms in cystic
kidney disease is presented. Although defective Wnt signaling
is not the only cause of renal disease, research is increasingly
highlighting its importance, encouraging the development of
Whnt-associated diagnostic and prognostic tools for cystic renal
disease.

Kidney Morphogenesis

The kidney, an organ of a characteristic shape composed
of endothelial and epithelial cells that are contained within a
stroma, is important for the maintenance of blood chemistry
and fluid homeostasis. Kidney development is well conserved
between mouse and human, with metanephric kidney develop-
ment initiating at E10 in mouse and resulting in the distinctly
branched kidney with the many nephron segments.

The process of metanephric kidney morphogenesis initiates
with the branching of the ureteric bud within the metaneph-
ric mesenchyme (Fig. 1). While the ureteric bud is branching,
nephron progenitors within the metanephric mesenchyme are
triggered to proliferate, undergoing a mesenchymal to epithelial
transition and forming renal vesicles.! Continuous mesenchyme
signaling enables further branching of the ureteric bud, even-
tually giving rise to the collecting duct and ureter. Once renal
vesicles have formed, they arrange into distinct shapes, first the
comma- and later the S-shaped bodies (Fig. 1). Specific cell
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populations of these structures will give rise to the renal corpus-
cles, the proximal, distal and connecting tubules and the loops
of Henle. At the same time, the ureteric bud develops into the
collecting duct, renal pelvis and ureter.!

Cellular proliferation within the epithelial cell populations is
critical for the lengthening of the tubule structures and an impor-
tant aspect of kidney morphogenesis is that although tubules
increase in length, their diameter remains constant. During kid-
ney tubule elongation, cells divide in such a way that the mitotic
spindle is within the plane or parallel to the proximal-distal axis
of the epithelium. This process, known as oriented cell division
(OCD), allows the elongation of kidney tubules without increas-
ing tubule diameter. Kidney epithelial cells have also been shown
to have planar polarity, such that when they elongate, their axis
of elongation is vertical to the proximal-distal axis of the tubule.?
These directed cell movements, cited as convergent extension,
permit the kidney tubule to increase its length but maintain
an appropriate diameter, crucial for kidney morphogenesis and
function. The significance of OCD and convergent extension
in the kidney is further highlighted by the fact that disruption
of OCD resulted in dilated tubules and/or cystic kidneys in a
number of animal models,?> while defects in convergent exten-
sion have been shown to give rise to abnormal kidneys.® Both
processes are regulated by the non-canonical Wnt/Planar Cell
Polarity (PCP) pathway, whose signaling has been associated
with a cellular organelle called the cilium.

Ciliogenesis

Cilia are evolutionarily-conserved, microtubule-based api-
cal cellular protrusions that have been shown to form in almost
all cell types. They are categorised as motile or immotile (pri-
mary) cilia, depending on whether their function is associated
with movement or not. Cilia form in the GO or G1 phases of the
cell cycle, extending their axoneme from the centrosome at the
cell surface into the ciliary lumen. The role of the mother centri-
ole, a component of the centrosome and microtubule organizing
center is crucial for ciliogenesis, as in order to nucleate a cilium,
the mother centriole must differentiate into a basal body.” In the
early stages of ciliogenesis, basal bodies associate with membrane
compartments so as to permit the initiation of axonemal growth,
emphasizing that basal bodies are the structures from which
cilia arise. Ciliogenesis is an active process, with cilia being con-
stantly formed and resorbed during the cell cycle. It depends on
anterograde and retrograde motor proteins (kinesins and dyneins
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Figure 1. Metanephric ureteric bud branching and nephron formation. Metanephric kidney development initiates upon invasion of the ureteric bud
(black lines) in the metanephric mesenchyme (dark blue cells). Signals from the ureteric bud induce differentiation of the nephron progenitors to form
the renal vesicles, while further ureteric bud branching is taking place. Renal vesicles will re-arrange into the distinct comma- and S-shaped bodies (dark
blue cells). Specific cell populations of these structures will give rise to the glomeruli, the proximal and distal tubules and the loops of Henle, while the
ureteric bud develops into the collecting duct. Cilia are present in the renal vesicles, comma-shaped and S-shaped bodies and nephrons (blue lines) and

respectively) and a microtubule based transport system known as
intraflagellar transport (IFT; Fig. 2). Disturbance of IFT results
in defective cilia formation and function.

Primary cilia bear a characteristic 9+0 microtubule arrange-
ment, with 9 pairs of microtubules arranged in a circular pat-
tern.® In the developing human kidney, they appear on the
surfaces of non-proliferating cells.” Cilia have been found to
gradually increase in mean length from 0.59 pwm in renal vesicles
to 0.81 pwm in the S-shaped nephrons (Fig. 1), ultimately reach-
ing 3.04 wm in length in mature fetal and post-natal nephrons.
Some mechanistic insight on their role in kidney development
and disease has been obtained by the discovery that many pro-
teins important for the correct formation and function of kidney
structures localize to the cilium or can be fully functional only
if renal cilia are present and functional. Loss of cilia, malformed
cilia or mutations in IFT genes can cause proliferative defects,
affect fluid secretion and result in cystic renal disease.'®'! In the
kidney in particular, the cilium is required for the timely regu-
lation of Wnt signaling.'? It has indeed been suggested that an
active cilium acts as a repressor of the canonical Wnt pathway,
permitting signaling from the non-canonical Wnt pathway and
thus acting as a switch between the two.

Dissecting the Wnt Signaling Pathways

One of the signaling pathways that has been shown to require
the primary cilium for correct development of the kidney is the
Whnt signaling pathway, a highly conserved pathway involved
in a variety of biological processes in various species. Wnts are
small, secreted glycoproteins whose binding to a receptor can
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activate a signaling cascade. There are three signaling cascades,
one P-catenin-dependent (the canonical Wnt pathway) and
two [-catenin-independent (the non-canonical Wnt/planar cell
polarity [PCP] pathway and the calcium signaling pathway).
The two Whnt signaling cascades that have been most thoroughly
studied in kidney development and disease are the canonical and
non-canonical/PCP Wnt signaling pathways.

The canonical Wnt signaling pathway initiates when a canon-
ical Wnt ligand binds to a Frizzled (Fz) receptor in the presence
of lipoprotein receptor-related protein 5 or 6 (LRP5 or 6). This
results in the activation of Dishevelled (Dvl) that inhibits the
destruction complex, consisting of the glycogen synthase kinase
3B (GSK3pB), adenomatous polyposis coli (APC), Axin and
casein kinase 1 (CK1) proteins. All these proteins are inhibi-
tors of B-catenin. When this pathway is inactive, 3-catenin is
targeted through phosphorylation for proteosomal degradation.
When the pathway is active, such destruction is inhibited, result-
ing in the accumulation of B-catenin in the cytosol and the sub-
sequent transcriptional activation of War target genes (Fig. 2).

Besides the canonical Wnt signaling pathway, the other widely
studied downstream Wnt signaling pathway in the kidney is the
PCP pathway, also referred to as the non-canonical Wnt/PCP
pathway. In the kidney, the interaction of inversin (Inv/NPHP2)
with Dvl is key for the activation of the non-canonical Wnt/PCP
pathway. The binding of a non-canonical Wnt ligand will result
in the activation of Fz and Dvl. This will lead to the activation
of a signaling cascade, resulting in downstream cytoskeletal rear-
rangements or transcriptional activation through the activation
of RhoA or Racl (Fig. 2).
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Figure 2. Ciliogenesis and Wnt signaling in the kidney. Ciliogenesis depends on anterograde and retrograde transport involving kinesin Il, dynein 2 and
IFT proteins. The canonical Wnt signaling pathway (left side of figure) initiates when a Wnt ligand binds to a Frizzled receptor in the presence of LRP. This
activates Dishevelled that inhibits the B-catenin destruction complex (GSK3B, APC, Axin). In the active pathway, 3-catenin accumulates in the cytosol
and causes the transcriptional activation of Wnt target genes. In the non-canonical Wnt/PCP signaling pathway in the kidney (right side of figure), the
binding of a Wnt ligand will result in the activation of Frizzled and Dishevelled, leading to downstream cytoskeletal rearrangements or transcriptional
activation through the activation of RhoA or Racl. Core molecules (Vangl, Celsr, Scribble) are important for non-canonical Wnt/PCP signaling, while

effector PCP molecules (Fuzzy, Fat4, Ptk7) are significant for kidney morphogenesis. A number of Wnt signaling proteins localize to the basal body
(Dishevelled, B-catenin, Fat4) or base (Inversin, Dishevelled,

Frizzled, Vangl) of kidney primary cilia.

88

Organogenesis Volume 10 Issue 1




It has become apparent that disruption of the non-canonical
Wnt/PCP signaling pathway is detrimental for correct orienta-
tion of cells along the epithelium plane of a tissue. PCP is the
uniform organization of cells within the epithelial plane across
a tissue, parallel to the basement membrane and perpendicular
to apical-basal polarity. It is most easily observed in the arrange-
ment of the hair follicles, the position of the stereocilia within
the cochlea, the patterning of wing hairs in Drosophila and it
has also been increasingly associated with normal morphogen-
esis in the kidney. Defects in non-canonical Wnt/PCP signal-
ing cause abnormal planar cell polarization. Since the balance
between canonical Wnt and non-canonical Wnt/PCP signaling
is thought to be important for cyst formation and renal disease
in mouse models, by its association with Wnt signaling pathways,
the primary cilium is implicated as a key player in regulating this
balance.

In an attempt to understand the mechanisms behind the acti-
vation of canonical Wnt vs. non-canonical Wnt/PCP signaling
in kidney development and disease, the role of a number of Wnt
ligands and their interacting molecules has been carefully inves-
tigated. Although it was initially thought that a single Wnt ligand
could activate only the canonical or the non-canonical Wnt/PCP
signaling pathway, it is now becoming obvious that most Wnt
ligands are able to activate both pathways. The choice of down-
stream pathway activation is dependent on as yet unknown fac-
tors. Wnt4, a ligand important for canonical Whnt signaling, is
a key regulator of the mesenchymal to epithelial transition as it
controls the transition of pre-tubular aggregates into renal vesi-
cles.”® Treatment of mouse and human podocytes with Wnt5a, a
non-canonical Wnt ligand, resulted in the recruitment of DvI2
to the plasma membrane and the movement of the Dishevelled-
associated activator of morphogenesis 1 (Daaml) to actin-based
stress fibers, showing that PCP signaling affects podocyte shape
and motility."* Wnt5a was also required so as to enable DvI2 to
recruit B-arr2, resulting in the internalisation of Fz4 in a human
embryonic kidney cell line.® Nevertheless, in other systems
Wnt5a has been shown to be required for the canonical Wnt sig-
naling pathway, affecting the activation of B-catenin.'*'®

Wnt9b, a very important Wnt ligand in kidney morphogene-
sis, acts upstream of Wnt4 and is required for the development of
mesonephric and metanephric tubules and the caudal extension
of the Mullerian duct.”” Depletion of Wnt9b resulted in abnor-
mal PCP of the kidney epithelium and an increased diameter
of tubules.? Cell divisions were also randomly oriented, impli-
cating Wnt9b in the convergent extension and OCD processes.
It was subsequently shown that Wnt9b signaling can cause the
mesenchymal-to-epithelial progenitors to differentiate or prolif-
erate, depending on the activity of the transcription factor Six2.%°
Although Wnt9b appears to be an important ligand for non-
canonical Wnt/PCP signaling, it has also been associated with
canonical Wnt signaling, as mis-expression of Wnt9b disrupted
kidney function by activating canonical Wnt signaling in mouse
embryos.”

Experiments in zebrafish and Xenopus suggested that Wntll
signals through the non-canonical Wnt/PCP pathway to regu-

late convergent extension movements during gastrulation.?>%
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During metanephric mouse kidney development, Wntll regu-
lates ureteric branching morphogenesis in a signaling pathway
that is reciprocally dependent upon Ret/Gdnf signaling.?* Wntll
was recently shown to be regulated by TGF-f through Smad3 in
primary and immortalised renal epithelial cells.”” This resulted
in the activation of mesenchymal gene expression through the
c-Jun N-terminal kinase (JNK) pathway. Wnt signaling is thus
emerging as a major player for kidney development and function
and the study of Wnt ligands and their receptors has enabled a
better understanding of their exact role in kidney morphogen-
esis. So far, Wntl1 is the only ligand that has been demonstrated
to exclusively activate non-canonical Wnt/PCP signaling in the

kidney.

The Overlap Between Canonical Wnt
and Non-Canonical Wnt/PCP Signaling Pathways

Although the canonical Wnt and the non-canonical Wnt/PCP
pathways trigger different downstream cascades and have diverse
transcriptional targets, many of their upstream components (Fz,
Dvl) are identical. Fzs are the principal receptors for the Whnt
.26

ligands;*® a number of Fz receptors exist and it appears that their
function might be tissue-dependent. In kidney development, Fz4
functions redundantly with Fz8 with double homozygote mouse
embryos exhibiting renal hypoplasia.”” When studied in a cell
culture system, Fz4 was able to activate both the canonical and
non-canonical Wnt/PCP pathway, although another study dem-
onstrated that while Fz4 and Fz5 may be capable of activating
the PCP signaling pathway, Fz3 and Fz6 were important for PCP
signaling.?® Fz3 was subsequently shown to localize to primary
cilia in mouse embryonic fibroblasts,” indicating that the activa-
tion of Fz receptors in cilia might be important for the regulation
of Wnt signaling.

The effect of Dvl proteins in both Wnt signaling pathways is
also complicated. Three highly conserved mammalian Dvl genes
exist that demonstrate wide spatial and temporal expression dur-
ing development and in adult tissues.*® In mouse kidneys, DvI2
was recently shown to interact with Dapper3 and cause DvI2
downregulation,® while mutations in the PDZ domains of DvI2
downregulated non-canonical Wnt/PCP signaling in Xenopus.>*
At the same time, the interaction of Dvl with NPHP4 and Inv
regulated subcellular amounts of Dvl; in the absence of NPHP4,
an increase in Dvl amounts in the cytoplasm of renal epithelial
cells was detected, suggesting the favoring of the canonical Wnt
signaling pathway.®® In multi-ciliated, non-renal mucosal epi-
thelial cells, Dvl regulates apical docking and planar polariza-
tion of basal bodies and controls polarized ciliary beating.** This
demonstrates a requirement for components of the Wnt signal-
ing cascade for correct cilium function and provides a link with
planar polarization. It should be noted however, that the cilia
that are present on mucosal surfaces are motile and hence their
function and potentially regulatory mechanisms can be differ-
ent to the immotile, sensory cilia that are present in the kidney.
Nevertheless, Dvll localizes to the bottom part of primary cilia
and Dvl3 is present at the basal body of cilia in mouse embry-
onic fibroblasts.”” This localization is lost in inv'~ cells and it
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correlates with the disappearance of phosphorylated -catenin
from the basal body of the cilium. So although the Dvl proteins
have been shown to localize to cilia, it is not yet fully understood
what their roles in ciliogenesis and kidney function are, nor is it
clear how the interaction of Dvl with components of the cascade
can trigger either the canonical or the non-canonical Wnt/PCP
pathway.

The Significance of Core and Effector PCP
Proteins for Kidney Development and Function

Besides the Wnt ligands that are required to activate the non-
canonical Wnt/PCP signaling pathway and its upstream com-
ponents such as Fz and Dvl, a number of core and effector PCP
proteins play significant roles in the kidney. Core PCP proteins
such as Vangl and Celsr have been shown to be required for kid-
ney morphogenesis and function. Although the exact mecha-
nisms by which altered expression or absence of the core PCP
proteins could lead to cyst formation have not yet been fully
explained, it is becoming clear that their expression is important
for kidney development.

Vangl2 has been shown to be important for normal morpho-
genesis of the ureteric bud and metanephric mesenchyme-derived
structures® and it localizes to the base of the cilium in kidney
cells.*® Furthermore, in zebrafish, the WT-1 interacting protein
(Wtip) localized to the basal body of cilia and its knockdown
resulted in pronephric cysts and mis-oriented cell division in
anterior and middle pronephros. This phenotype was suggestive
of a potential interaction between Wtip and Vangl2 proteins.?’

Celsrl belongs to the family of atypical cadherins with impor-
tant roles in PCP during brain and epithelia development and
it was found to be expressed in the distal tubule and proneph-
ric duct in Xenopus embryos.*® Another PCP associated protein,
Scribble, on the other hand, is a cytoplasmic scaffold protein that
is expressed in the adherens junctions and the lateral membrane
of polarized renal epithelial cells in a E-cadherin-dependent
manner.”” The vertebrate Scribble protein was shown to control
spatial cellular orientation through PCP signaling in zebrafish.’
Nevertheless, although important for pronephros development,
Scribble seems to be dispensable for podocyte function and devel-
opment, since podocyte-specific Scribble knockout mice do not
manifest any podocyte-related abnormalities.*!

The inversion of embryonic turning (#zv) mutation producing
mice with situs inversus and cystic kidneys* has provided a fur-
ther link between cysts, cilia and Wnt signaling. The Inv protein
(also known as NPHP2) displayed high expression in the liver
and kidneys; its human homolog was later found to cause neph-
ronophthisis type 2.* Inv localizes to the base of primary cilia
and is required for the localization of NPHP3 and Nek8/NPHP9
at the base of the cilium.* Knockdown of Inv in Xenopus affected
pronephros extension and distal tubule differentiation and Inv
was shown to be required for the recruitment of Dvl in response
to Fz8 and to be important in pronephros morphogenesis. It
was thus assumed that Inv inhibited canonical Wnt signaling.
However, no change in canonical Wnt signaling was recorded in
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mouse inv/inv kidneys, raising the possibility that Inv functions
in non-canonical Wnt/PCP signaling.*®

Furthermore, the non-canonical Wnt/PCP signaling pathway
contains many other proteins that are equally important for the
correct establishment of PCP and are known as effector proteins.
Dishevelled-associated activators of morphogenesis (DAAM)
belong to the family of formin proteins, the actin assembly fac-
tors with roles in cell motility, division and adhesion.” Two
eukaryotic Daam proteins are known, Daam1 and Daam2. Both
are considered important for PCP. Daaml depletion in zebraf-
ish resulted in the reduction of kidney tubulogenesis and altered
kidney morphogenesis.” Daam1 was shown to be expressed in
human podocytes," but the function and expression pattern of
Daam?2 in the kidney remains largely unknown.

A second group of effector PCP molecules that mostly func-
tion downstream of Dvl and could play potentially important
roles in correct kidney formation have been characterized in some
detail. The exact mode of operation of these components is not
clear; they are believed to either function upstream of the core
PCP proteins and confer global polarity or they could be regu-
lating PCP by operating on a separate, parallel pathway. Fuzzy,
an effector molecule of the PCP pathway was recently shown to
be required for the recruitment of DvI2 to the cilium in Rab8-
associated vesicles.” Loss of Fuzzy resulted in loss of Dvll from
the basal body of the cilium in kidney cell lines and hyperactiva-
tion of the canonical Wnt pathway, suggesting that besides its
role in PCP, Fuzzy is required for Dvl recruitment to the cilium
and canonical Wnt signaling activity.

Another PCP-associated gene, fat4, is required for OCD and
tubule elongation during kidney development; its loss results
in cystic kidneys in mice.> Fat4 localizes to primary cilia and
it is hypothesized to act in a partially redundant fashion with
Vangl2 during cyst formation. It is proposed that the role of Fat4
in murine kidney development is enabled via its receptor-ligand
interaction with the myosin-related protein, Dchs1.”® Similarly,
protein tyrosine kinase-7 (PTK-7) is a conserved transmembrane
protein with a characteristic role in convergent extension and
cell motility”* Both canonical and non-canonical Wnt signaling
defects were observed in Xenopus, zebrafish and Drosophila when
Ptk7 expression was perturbed.’>%? Although PTK7 demonstrated
high mRNA expression levels in the human kidney,* its exact
role in kidney development and function remains unknown.

The studies of the core and effector PCP molecules have thus
demonstrated their significance in both embryonic and adult
kidneys. Core PCP proteins are also expressed in podocytes, the
highly polarized glomerular epithelial cells.”> PCP signaling was
shown to be important for nephrin endocytosis and glomerular
maturation” and Wnt signaling overactivation in adult kidneys
contributed to podocyte dysfunction. Dysfunctional podocytes
2057 The relationship
between Wt signaling and podocyte dysfunction was validated

have been associated with proteinuria.

by the recent discovery that inappropriate stimulation of Wnt5a
might lead to proteinuria® and it highlights the significance of
balanced, regulated Wnt signaling for correct tissue formation
and function.
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The Links Between Wnt Signaling,
Cilia and Cystic Renal Disease

Cystic renal diseases are characterized by the formation of
cysts in the nephron and collecting duct with most patients
requiring dialysis and potentially a kidney transplant.’® A num-
ber of diverse mechanisms have been associated with cystic renal
diseases and it has recently emerged that defects in primary cilia
and inappropriate Wnt signaling may contribute to the forma-
tion of cysts. Autosomal dominant polycystic kidney disease
(ADPKD) is the most common form of polycystic kidney disease
with an incidence of 1 in 800 live births. There are two types of
ADPKD: type I accounts for more than 80% of ADPKD cases
and is caused by mutations in the PkdI gene and type II accounts
for the remaining cases and results from mutations in the Pkd2
gene.”” The Pkdl gene encodes the protein polycystin-1 (PC-1).
PC-1 is a membrane receptor that localizes to the primary cilium

in renal epithelial cells®

and it interacts with many signaling
proteins, such as B-catenin.®®* The relationship between defec-
tive Wnt signaling and ADPKD is emphasized by the fact that
frizzled-related protein 4 was upregulated in human ADPKD
and mouse models,”* while DKK3, a B-catenin antagonist, was
subsequently identified as a potential modifier of disease severity
in ADPKD.% Polycystin-2 (PC-2), the product of the Pkd2 gene
is on the other hand a calcium-permeable channel protein® that
also localizes to the primary cilium and interacts with PC-1.°
The localization of the PC-1/PC-2 complex in the primary cil-
ium is proposed to be crucial for its function as a mechanosensory
antenna of fluid flow in the kidney. It has indeed been shown
that PC-2 expression in nodal cilia is important for sensing nodal
flow and thus establishing left-right asymmetry.®

Autosomal recessive polycystic kidney disease (ARPKD) is
the recessive form of PKD that has an incidence of 1 in 20000
and is associated with perinatal and early infantile death. It
manifests as extreme bilateral enlargement of cystic kidneys
in utero associated with hepatic ductal plate abnormalities and
pulmonary hypoplasia.” ARPKD patients display a great range
of disease severity, with the most severe cases resulting in death
in utero or after birth and the milder cases surviving into their
30s. The disease is caused by mutation in the Pkhdl gene, which
encodes a large, modular membrane protein, known as fibrocys-
tin (polyductin). Fibrocystin is required for normal ureteric bud
and liver ductal plate branching morphogenesis and its expression
leads to appropriate organ differentiation and development.®®
Although the exact function of fibrocystin remains unknown,
it interacts with other cystic proteins (PC-1 and PC-2) at the
cell and ciliary membranes, to form a multiprotein complex that
is thought to act as a mechanosensory receptor.”” The oak ridge
polycystic kidney (o7pk) mouse that resembles human ARPKD
is caused by a mutation in the intraflagellar transport 88 (//288)
gene, which is known to be crucial for ciliogenesis, as it forms
part of the IFT complex. These mice have a complex phenotype
that includes polycystic kidneys with shortened cilia on renal epi-
thelial cells and represent a clear association between polycys-
tic kidney disease and cilia malformation and malfunction.”®”!
Furthermore, IFT88 is required for correct convergent extension
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of the cochlear duct and the establishment of epithelial PCP; lack
of IFT88 expression results in incorrect basal body positioning in
mice.”? Another ARPKD mouse model, the congenital polycystic
kidney (¢pk) mouse, has a mutation in Cystin, a gene whose pro-
tein product localizes to the primary cilium. Cpk mice manifest

defective ciliogenesis and develop renal cysts,”>”

providing fur-
ther links between this cellular organelle and cystic renal disease.

Another disease that is classified under the umbrella of cystic
renal diseases and has drawn the interest of many researchers is
familial nephronophthisis (NPHP). NPHP is a recessive disorder
that can be distinguished into juvenile, infantile and adolescent
and it is mainly caused by mutations in the Nphpl, Nphp2, and
Nphp3 genes, respectively. Nevertheless, at least 13 genes have
been associated with the NPHP phenotype.”” Most NPHP pro-
teins localize to the cilium or the basal body and mutations in
these genes affect ciliary function in both kidney and other cell
types.”® The Nphp2 (Inv) gene in particular, has provided evi-
dence for the association between cilia, Wnt signaling and kidney
disease, as it localizes to the basal body of the cilium and, as
described above, its lack of expression results in the disruption of
apical-basal polarity in renal epithelia and the prevalence of the
canonical Wnt signaling pathway.””

Medullary cystic kidney disease on the other hand is less exten-
sively studied. It is caused by mutations in the medullary cystic
kidney disease 1 (Mckdl) or medullary cystic kidney disease 2
(Mckd?2) genes and is characterized by bilaterally smaller kidneys.
It is a rare autosomal dominant condition that eventually leads
to end stage renal disease.”® The uromodulin protein that when
mutated gives rise to MCKD2, is expressed in the primary cilia
of renal tubules, where it co-localizes with Kif3a and NPHP1.”
Furthermore, the hepatocyte nuclear factor 1- (HNF13) muta-
tions are accountable for various renal abnormalities including
cystic renal disease. HNFI is a transcription factor that acts as
the master regulator of many cystic genes, such as Pkhdl, Pkd?2,
Mckd2, and Ift88.%° Its expression in multiple organs could pro-
vide an explanation for the pleiotropic phenotypes of HNFIP
mutations. In the kidney, HNFI3 acts upstream of Wnz9b and is
involved in the mesenchymal to epithelial transition in nephro-
genesis.®! Increased B-catenin expression was observed in fetuses
with ANFIf3 mutations,** showing that ANFIf can regulate
Wt signaling, though it is not understood precisely how.

It is clear that there are a number of other genes and factors
that contribute to cystic renal diseases and affect their manifes-
tation and severity. Studies on a number of genes important for
IFT trafficking and correct cilium signaling have emphasized the
links between cilia, Wnt signaling and renal cysts. Inactivation of
an IFT component, IFT20, resulted in postnatal cystic kidneys
lacking cilia; mis-oriented cell division and increased canoni-
cal Wnt signaling were also observed.®? Deletion of another IFT
gene, [ft140, also led to renal cyst formation and disruption of
several genes important for the canonical Wnt and Hedgehog
(Hbh) signaling pathways."

Besides IFT genes, the kidney-specific inactivation of ki34,
an anterograde motor protein critical for ciliogenesis, resulted
in viable offspring that developed cystic kidneys and displayed
increased B catenin expression.** The Bardet-Biedl syndrome
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(BBS) proteins that together form the BBSome complex at the
basal body of the cilium also have roles in kidney disease. BBS2
was shown to be important for both ciliogenesis and normal kid-
ney formation.®*¢ BBS3 localizes to the basal body of cilia and
modulates Wnt signaling in cell culture,*” while BBS1, BBS4,
and BBS6 genetically interact with Vangl2, providing an associa-
tion between BBS proteins and PCP.* Intriguingly, BBS1, BBS4,
and BBS6 also affect B-catenin expression in zebrafish.% Further
associations between cilia and PCP have been provided by the
discovery that mutation of the Of#I gene gives rise to polycystic
kidneys and results in convergent extension defects and shorter
cilia.¥” These defects were worsened by the loss of Wntll and
Vangl2. Finally, the juvenile cystic kidney (jck) mouse carrying a
missense mutation in Nek8/NPHP9 manifested cysts in multiple
nephron segments, with the Nek8 protein localizing along the

entire length of renal cilia.”®

%! In these mice, overall repression of
canonical Wnt signaling was observed in osteocytes;”? whether
this holds true for kidney cells remains to be seen.

It is thus becoming apparent that disturbance of normal cili-
ary architecture and function is associated with the formation of
renal cysts. This means that correct cilia formation is imperative
for normal kidney development and function. At the same time,
the signaling pathways that operate through the cilia should also
be working so as to enable complete cascade activation and avoid
defects in proliferation and fluid flow. Many different genes have
been shown to play a role in the formation, maintenance and
correct signaling of cilia and have been shown to affect canoni-
cal Wnt and non-canonical Wnt/PCP signaling. Indeed, ciliary
genes could act in a parallel pathway or downstream of the classi-
cal PCP proteins, in a manner that allows them to be categorised
as kidney-specific effectors of PCP. Since many of the mutated
proteins that give rise to the disease are expressed in the cilium or
the basal body, some of the cystic renal diseases such as PKD and
NPHP are now being classified as Ciliopathies.

The Story So Far and the Future

The primary cilium and, in particular, its basal body are
essential organelles governing the activity of various signaling
pathways, one of which is Wnt signaling. The interconnections
between Whnt signaling, vesicle trafficking and ciliogenesis have
been described for a number of proteins in variable experimental
settings. Based on the fact that proteins crucial for renal cystic
disease (PC-1, PC-2, fibrocystin) have been shown to localize
to the basal body or within the cilium, cilia are considered to be
important for kidney morphogenesis and function. The primary
cilium is proposed to act as a mechanosensor in kidney tubules,
regulating the homeostasis of renal epithelial cells. At the same
time, many signaling components crucial for the canonical Wnt
and the non-canonical Wnt/PCP signaling pathways (Vangl, Fz,
Dvl) have been found to also localize to cilia, besides their pri-
mary localization to cell membranes. It should be noted however
that although malformed or malfunctioning cilia have been asso-
ciated with renal cystic formation, vertebrates lacking functional
polycystins do not have abnormal cilia.”® It was recently demon-
strated that loss of cilia following the inactivation of polycystins
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suppresses cyst growth, with the severity of cystic renal disease
related to the length of time between loss of polycystin proteins
and loss of cilia.”® It thus remains possible that polycystins might
play a role in the signaling or sensory role of renal cilia but the
series of events and the associations with signaling pathways
remain unclear. At the same time, polycystins are also expressed
in the basolateral membrane and other cystogenic proteins dis-
play non-ciliary expression, hence there could be ciliary and non-
ciliary pathways involved in the pathogenesis of renal cysts.

It has been hypothesized that cilia regulate the balance
between canonical Wnt and non-canonical Wnt/PCP signaling,
possibly through the regulation of Dvl. The exact mechanisms
which lead to Dvl and Fz activating either the canonical or non-
canonical Wnt signaling haven’t yet been clarified but they are
thought to be tissue and time dependent. Although core PCP
molecules have been shown to be important for kidney develop-
ment, the precise role of effector PCP proteins remains elusive.
It is clear though that many of the proteins that can give rise to
cystic renal disease have a role in Wnt signaling. PC-1 has been
shown to modulate Wnt signaling,®*”> while the NPHP2 and
NPHP3 proteins negatively regulate canonical Wnt signaling.”®"”
The BBS proteins have also been demonstrated to regulate the
canonical Wnt pathway.®”# Furthermore, over-activation of
canonical Wnt signaling results in a cystic kidney phenotype’”
but loss of Wnt signaling can also give rise to renal cysts.!'°>!*! In
addition, Wnt4 was upregulated in mouse models of Adriamycin

¢ and mutations in Wnz4 were detected in renal

nephropathy
hypodysplasia patients.’®? It is thus obvious that the canonical
Wnt pathway must be finely balanced in the kidney, as unbal-
anced Wnt signaling will result in cystogenesis.

A number of genes that are known to give rise to cystic kidneys
have also been shown to cause defects in cilia and PCP signaling;
such genes include PkdI, Bbs4, Bbs6 and Ofdl. PCP signaling
was also found to be required for nephrin endocytosis and glo-
merular maturation,” further highlighting the significance of
correct PCP for normal kidney function. It should however be
noted that although mouse models of cystic renal disease have
provided an association between cilia, cysts and Wnt signaling,
not all of the ciliary genes demonstrated to cause kidney defects
in animal models, have been shown to be causative of cystic renal
disease in humans. This could be because of species differences
between human and mouse or perhaps more detailed screening
of these genes in the cystic renal disease patient population is
required. It is obvious though that the mechanisms of renal cyst
formation and kidney morphogenesis entail a number of poten-
tially interlinked biological processes, with ciliogenesis playing a
significant role in correct kidney function. As cilia are found in
many cell types, mutations in ciliary or cilia-related genes could
affect a number of tissues, resulting in a wide variety of pheno-
types and diseases extending beyond the kidney.

Extensive research over the past decade has demonstrated
that the signaling pathways that are transmitted through cilia
are crucial for kidney morphogenesis and renal disease. Strides
in live imaging and gene knockout techniques have very con-
vincingly demonstrated that disturbance of either the canonical
Wnt or non-canonical Wnt/PCP signaling pathways will have
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detrimental effects in both pediatric and adult renal disease.
Nevertheless, most of the work has been performed on animal
models and the demonstration of the importance of Wnt signal-

ing for human renal function is only now emerging. Future work

will hopefully dissect the mechanisms of activation of canonical
Wnt vs. non-canonical Wnt/PCP signaling and determine the

significance of primary cilia. Although cilia and defective Wnt

signaling are not the only mechanism associated with renal cyst

formation, they clearly play an important role. The development
of better animal models and more detailed human studies will

allow both a greater understanding of the mechanisms of cystic
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