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Nephronophthisis (NPHP) is an autosomal recessive cystic kidney disease and a leading genetic cause of established renal
failure (ERF) in children and young adults. Early presenting symptoms in children with NPHP include polyuria, nocturia, or
secondary enuresis, pointing to a urinary concentrating defect. Renal ultrasound typically shows normal kidney size with increased
echogenicity and corticomedullary cysts. Importantly, NPHP is associated with extra renal manifestations in 10-15% of patients.
The most frequent extrarenal association is retinal degeneration, leading to blindness. Increasingly, molecular genetic testing is
being utilised to diagnose NPHP and avoid the need for a renal biopsy. In this paper, we discuss the latest understanding in the
molecular and cellular pathogenesis of NPHP. We suggest an appropriate clinical management plan and screening programme for

individuals with NPHP and their families.

1. Introduction

Nephronophthisis (NPHP) is an autosomal recessive cystic
kidney disease and a leading genetic cause of established
renal failure (ERF) in children and young adults [1]. NPHP
literally means “disappearance of nephrons,” which alludes
to its histopathology, with interstitial fibrosis and corti-
comedullary cysts replacing normal renal tissue. The median
age of an affected child with ERF is 13 years [2]. The inci-
dence of NPHP varies worldwide; it was previously identified
to range from 1 in 50,000 to 1 in 900,000 [3-5]; however,
these figures are likely to underrepresent the true frequency,
since molecular testing has diagnosed NPHP in adults pre-
senting with advanced chronic kidney disease (CKD) [6, 7].
The prevalence of NPHP amongst the paediatric population
with ERF is 5% in the USA [2] and 6.5% in the UK [8, 9].

Early presenting symptoms in children with NPHP
usually develop at around 6 years of age and include polyuria,
nocturia or secondary enuresis, polydipsia, and lethargy (sec-
ondary to anaemia) [10]. These features are a consequence
of salt wasting and an inability to concentrate urine

(<400 mosm/kg early morning urine), implicating dysfun-
ction of the renal cortical collecting duct [11]. Renal ultra-
sound identifies normal or reduced kidney size, with in-
creased echogenicity and corticomedullary cysts [2]. There
is a less common infantile variant of NPHP in which
children reach ERF by 3 years of age and have enlarged
cystic kidneys on renal ultrasound [12]. Infantile NPHP is
distinct from autosomal recessive polycystic kidney disease
(ARPKD). There is a diffuse distribution of cysts within
the kidneys of children with ARPKD, and it is more often
associated with liver cysts and fibrosis [13]. A diagnostic
renal biopsy of NPHP reveals a characteristic triad of
tubular basement membrane disruption, tubulointerstitial
nephropathy/fibrosis, and corticomedullary cysts [4, 14].
Increasingly, molecular genetic testing [15] is being utilised
to diagnose NPHP and avoid the need for a renal biopsy [16].

NPHP is associated with extra renal manifestations in
10-15% of patients [1]. The most frequent anomaly is
retinal degeneration; other associated features and disorders
include cerebellar vermis hypoplasia (Joubert Syndrome
(JS)), occipital encephalocele (Meckel-Gruber syndrome
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(MKS)), hepatic fibrosis, situs inversus, bronchiectasis, and
skeletal defects [1]. In addition to this apparent variability in
the spectrum and severity of phenotype, NPHP is genetically
heterogenous. To date mutations have been identified in 13
genes (Table 1) which collectively account for approximately
30% of patients [17]. The protein products of all of these
genes localise on primary cilia and related structures (basal
bodies, centrosomes), resulting in a unifying hypothesis that
cystic kidney diseases are ciliopathies [18]. In this paper, we
will discuss the latest understanding in the molecular and
cellular pathogenesis of NPHP and suggest an appropriate
management plan/screening programme for individuals and
their families, particularly in view of the considerable clinical
heterogeneity.

2. Molecular and Genetic Pathogenesis

NPHP is a recessive monogenic disorder [19], meaning that
two mutations (homozygous or compound heterozygous)
in a single gene are sufficient to cause disease [20]. Thir-
teen genes have been identified in affected families with
NPHP (Table 1), and these genes currently allow 30% of
patients with NPHP to be “solved” in terms of a molecular
diagnosis. These genes have been identified using positional
cloning strategies and homozygosity mapping in consan-
guineous families [20]. Subsequent localisation of all these
encoded proteins, termed “nephrocystins,” to the primary
cilium/basal body led to recognition of NPHP as a ciliopathy
[17]. Primary cilia are highly conserved, microtubule-based
hair-like structures which extend from the apical surface of
almost every epithelial cell. They function in order to detect
extracellular cues and mediate cellular signalling pathways
(discussed below) [13]. Ciliary genes are currently recognised
as attractive candidates to evaluate when attempting to define
the molecular cause of NPHP in the presently undiagnosed
70% of patients. With this in mind, combined homozy-
gosity mapping, ciliopathy candidate exome capture, and
parallel sequencing have recently been performed resulting
in the successful identification of pathological mutations
in the gene, serologically defined colon cancer antigen 8
(SDCCAGS), in families with NPHP [21]. SDCCAGS is
synonymous with NPHP10. Also recently, the targeted screen
of the ciliary gene TTC21B revealed that its protein product,
IFT139, is essential for retrograde intraflagellar transport.
IFT139 interacts with ciliopathy proteins BBS4 and BBSS,
and pathogenic mutations in TTC2IB were identified in
patients with NPHP and more severe related ciliopathies
[22].

Although the majority of currently known NPHP genes
produce proteins which localise to primary cilia/basal bod-
ies/centrosomes, recent identification of an NPHP-like locus
in two affected families suggests that NPHP genes may
not be exclusively ciliary [35]. Genome-wide homozygos-
ity mapping identified pathogenic mutations in X-prolyl
aminopeptidase 3 (XPNPEP3), or NPHPLI (NPHP like 1
gene), of which the protein product localises to mitochondria
[35]. Although not currently identified in the primary
cilium, XPNPEP3 may influence cilia function through
enzymatic cleavage of associated ciliary proteins [35].
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Whilst homozygous mutations in the NPHP genes can
cause isolated NPHP, mutations in the same gene can
be pleiotropic inducing a spectrum and variable severity
of phenotypes. Similarly, it would appear logical that
the type of mutation may influence the phenotype. For
example, a missense mutation may cause isolated NPHP or
Senior-Loken syndrome (SLS, retinitis pigmentosa), whilst a
truncating mutation could cause MKS. Recently the effect
of different mutations in NPHP6 on clinical presentation
has been eloquently reviewed [36]. Furthermore, some
NPHP genes are more likely to be associated with certain
extrarenal features. The concept of “modifier genes” has been
recognised in patients with the related ciliopathy, Bardet-
Biedl syndrome (BBS), where pathogenic mutations in more
than one gene have been detected, implicating a role for
oligogenicity [37]. Oligogenicity or triallelism, whereby a
mutation in a third allele may exert an epistatic effect and
modify the phenotype, has been described in NPHP [38]. A
brief description of each of the NPHP genes, their encoded
nephrocystin proteins, and any interacting protein partners
is given below.

2.1. NPHP1 and Nephrocystin-1. NPHPI was the first NPHP
gene identified and accounts for the majority (20-25%) of
known cases of isolated NPHP [23, 24]. Recently adults
presenting with signs of NPHP and ERF in two generations
of a Turkish family with no known consanguinity suggested
a diagnosis of a dominant cystic kidney disease such as
medullary cystic kidney disease (MCKD) or perhaps a
novel variant of dominant NPHP [7]. However, identifi-
cation of homozygous mutations in NPHPI in all affected
family members revealed a pseudodominant inheritance of
unknown cause as a consequence of unidentified consan-
guineous relationships. The increased age at presentation
with ERF is atypical and is hypothesised to be a consequence
of currently unknown modifier genes [7]. NPHPI mutations
can also cause retinal and cerebellar phenotypes leading
to SLS and JS. Oligogenicity has been reported in families
with NPHP, where mutations in both NPHPI and NPHP3,
NPHPI and NPHP4 [38], and NPHPI and the ciliopathy
gene Abelson helper integration site-1 (AHII, the most
frequently mutated gene in JS [39]) have been detected [40].
Mutations in both NPHPI and NPHP6 have been identified
in patients with NPHP-related ciliopathies including SLS
and JS [41]. This evidence of genetic interaction, known
protein-protein interactions between various nephrocystins,
combined with an awareness of other ciliary proteins
such as BBSome functioning as a complex [13], makes
it highly likely that several of the nephrocystins form a
functional supramolecular complex within cells [17, 20].
Nephrocystin-1 localises at cell-cell contacts including tight
junctions, adherens junctions, and focal adhesions [42, 43].
Nephrocystin-1 has also been identified at the transition
zone/base of the primary cilium [44]. Nephrocystin-1 inter-
acts with various other proteins important in maintaining
the cellular scaffolding or cytoskeleton including jouberin
[45], ackl [46], filamin A and B, tensin (actin binding), -
tubulin (microtubule structure), and protein tyrosine kinase
2B (PTK2B) [20].
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TaBLE 1: Mutated genes in nephronophthisis and associated extrarenal manifestations.
: Mutation
Locus Gene Chromosome  Protein Extrarenal features Ref.
frequency [20]
NPHPI NPHPI 2ql13 Nephrocystin-1 23% SLS, JS, [23, 24]
NPHP2 INV 9g31 Inversin 1-2% SLS, HE VSD, situs [25]
inversus
NPHP3 NPHP3 3q22.1 Nephrocystin-3 <1% SLS, HE MKS, situs [26]
inversus
Nephrocystin-4 or
NPHP4 NPHP4 1p36.22 .. 2-3% SLS [27, 28]
nephroretinin
NPHP5 IQCBI 3q21.1 Nephrocystin-5 or IQ motif 3-4% SLS [29]
containing B1
NPHP6 CEP290 12q21.32 Centrosomal protein 290 1% Ié%?’ SLS,JS, MKS, [30]
NPHP7 GLIS2 16p13.3 GLI similar 2 <0.5% [31]
NPHPS RPGRIPIL 16q12.2 RPGRIP1-like 0.5% SLS, JS, MKS [32]
NPHP9 NEK8 17q11.1 NIMA-related kinase 8 <0.5% SLS [33]
NPHPI0 SDCCAGS 1q44 Serologically defined colon <0.5% SLS, BBS-like [21]
cancer antigen 8
NPHPI1 TMEM67 8q22.1 Transmembrane protein 67 <0.5% JS, HE, MKS [34]
NPHPLI XPNPEP3 22q13 X-prolyl aminopeptidase 3 <0.5% ;:irii;);lyopathy, [35]
Intraflagellar transport
TTC21B 2q24.3 <1% JS, MKS, BBS, JATD [22]

protein 139

BBS: Bardet-Biedl syndrome; HF: hepatic fibrosis; JATD: Jeune asphyxiating thoracic dystrophy; JS: Joubert syndrome; LCA: Leber’s congenital amaurosis;
MKS: Meckel-Gruber syndrome; SLS: Senior-Loken syndrome; VSD: ventricular septal defect.

2.2. NPHP2/INVS and Inversin. Mutations in NPHP2 are
distinct because they cause infantile NPHP, characterised
by an earlier presentation of ERF (at approximately 3 years
of age), with enlarged kidneys on ultrasound. Additional
clinical features include cardiac anomalies (situs inversus
and ventricular septal defects (VSD)) [47]. Although NPHP2
mutations are a rare cause of NPHP compared to NPHPI,
there has been intense research regarding the molecu-
lar/cellular pathogenesis of inversin. Inversin is located in
the primary cilium and other subcellular sites in a cell-
cycle dependent manner [48]. A previous work has suggested
that inversin acts as a switch between canonical and non-
canonical (planar cell polarity) Wnt signalling [49]. When
inversin is lost after NPHP2 mutation, it was proposed that
sustained canonical Wnt signalling led to cell proliferation
and random oriented cell division [49]. However, recent
experiments in the inv mutant mouse model of NPHP
showed no difference in canonical Wnt signalling compared
to controls [50]. In addition to nephrocystin-1, inversin
interacts with calmodulin, catenins, S-tubulin [25], and
anaphase-promoting complex 2 [48, 51].

2.3. NPHP3 and Nephrocystin-3. Mutations in NPHP3 are
again a rare cause of isolated NPHP; however, they can
cause a broad spectrum of phenotypes as shown in Table 1.
Nephrocystin-3 colocalises with nephrocystin-1 [26] and
inversin [52] in primary cilia, adherens junctions, and focal
adhesions [20]. The pcy mouse model of NPHP displays

cystic kidneys and responded to treatment with aquaretic
agents/vasopressin-2-receptor antagonists [53].

2.4. NPHP4 and Nephrocystin-4/Nephroretinin. Individuals
with mutations in NPHP4 most frequently have an associ-
ated retinal phenotype [54]. Nephrocystin-4 colocalises and
interacts with nephrocystins 1, 3 and inversin in primary
cilia and associated appendages, adherens junctions, and
focal adhesions [20, 27]. Nephrocystin-4 also interacts with
nephrocystin-8 [55, 56], a-tubulin, breast cancer antioe-
strogen resistance 1 (BCAR1), PTK2B [20], and the tight
junction proteins PALS1/PAT]/Crb3 which are required for
epithelial morphogenesis [57].

2.5. NPHP5/IQCBI and Nephrocystin-5. NPHP5 mutations
are associated with early onset retinal degeneration, SLS [29].
Nephrocystin-5 contains two IQ calmodulin binding sites;
the significance of its interaction with calmodulin is unclear.
It colocalises with nephrocystin-1 and nehrocystin-4 in the
primary cilium, adherens junctions, and focal adhesions [29]
and interacts with nephrocystin-6 [30, 58]. Nephrocystin-
5 also complexes with the retinal ciliopathy gene retinitis
pigmentosa GTPase regulator (RPGR) [29], explaining the
frequent retinal phenotype.

2.6. NPHP6/CEP290 and Nephrocystin-6. Mutations in
NPHP6 cause a full spectrum of extrarenal features with no



apparent genotype-phenotype correlation [36]. It is the
commonest genetic cause (21%) of isolated congenital retinal
degeneration, Leber’s congenital amaurosis (LCA) [59]. It
was suggested that oligogenicity and the effect of modifier
genes may account for some of the pleiotropy. Oligogenicity
has been described in patients with homozygous NPHP6
mutations and an additional heterozygous mutation in:
NPHP4 resulting in NPHP [36] or SLS [54], NPHPII
causing BBS or MKS [60], and AHII causing JS [41].
Oligogenicity has also been identified in patients with SLS
and JS as a consequence of a homozygous mutation in
NPHPI and heterozygous mutation in NPHP6 [41]. NPHP6
interacts with and modulates the transcription factor ATF4,
involved in cAMP-dependent renal cyst formation [30]. In
addition to nephrocystin-5 [58], another protein interaction
partner of nephrocystin-6 is coiled-coil and C2 domain
protein (CC2D2A) [61]. In zebrafish models of combined
NPHP6 and CC2D2A knockdown, there is synergy of the
renal cystic phenotype, suggesting an epistatic, disease-
modifying effect [61]. CC2D2A mutations cause JS and MKS
[62]; however, they have not been identified in patients with
isolated NPHP [15, 61].

2.7. NPHP7/GLIS2 and GLIS2. NPHP7 is a rare cause of
isolated NPHP [31]; its protein product is a Kruppel-
like zinc-finger transcription factor, Gli-similar protein 2,
which localises to the primary cilium and nucleus [31].
Interestingly, a Glis2 knockout mouse model showed an
upregulation of genes promoting epithelial-to-mesenchymal
transition and histological features of NPHP including
fibrosis [31]. This correlation of nephrocystin-7 with GLI
transcription factors links the pathogenesis of NPHP to the
Hedgehog (Hh) signalling pathway, which is essential for
controlling tissue maintenance [63].

2.8. NPHP8/RPGRIPIL and RPGRIPIL. NPHP8 mutations
more frequently cause extrarenal manifestations such as
cerebello-oculo-renal syndromes, JS [32, 56], and MKS [56]
than isolated NPHP. There appears to be some genotype-
phenotype correlation with missense mutations causing LCA
[64], whilst truncating mutations cause the more severe dis-
order MKS [56]. RPGRIPIL colocalises with nephrocystin-
4 and nephrocystin-6 at basal bodies and centrosomes [56].
RPGRIPIL interacts with nephrocystin-1 and nephrocystin-
4 [20].

2.9. NPHPY9/NEK8 and NEK8. NPHP9 mutations are a
rare cause of both infantile and noninfantile NPHP [33].
Oligogenicity has been identified with a pathogenic homozy-
gous mutation in NPHP5 and heterozygous NPHP9 muta-
tion, which may behave as a modifying gene, in an indi-
vidual with SLS [33]. In some patients with heterozygous
NPHP9 mutations, a second recessive mutation has not been
identified. Its protein product, never in mitosis A-related
kinase 8 (NEKS), colocalises with various nephrocystins in
primary cilia, basal bodies, and centrosomes and appears
to be important in regulating the cell cycle [20]. NEKS8
has been shown to interact with polycystin-2 (autosomal
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dominant polycystic kidney disease (ADPKD) protein), to
regulate its expression and phosphorylation [65]. NEKS8
may thus function in a protein complex with polycystin 1
and 2.

2.10. NPHP10/SDCCAGS8 and SDCCAG8. SDCCAGS was
recently identified as NPHPI10 by homozygosity mapping,
ciliopathy candidate exome capture, and parallel sequencing
[21]. Twelve mutations were identified in ten families
with NPHP-related ciliopathies, in particular SLS and BBS.
Homozygous SDCCAG8 mutations account for 3.3% of
cases of SLS. Its protein product, serologically defined colon
cancer antigen 8 (SDCCAGS), colocalises at centrosomes
and cell-cell junctions with nephrocystin-5. SDCCAGS8 and
nephrocystin-5 colocalise in the transition zone of pho-
toreceptors which is likely of functional significance and
correlates with the phenotype of SLS. SDCCAGS also colo-
calises with the retinal ciliopathy proteins RPGRIP and RP1.
SDCCAGS interacts directly with the protein oral-facial-
digital syndrome 1 (OFD1) [21], although the functional
significance of this is currently not clear, it is clearly of
interest, as recessive mutations in OFDI are an X-linked
cause of the NPHP-related ciliopathy JS [66].

2.11. NPHP11/TMEM67/MKS3 and TMEMG67. Mutations
in NPHPII1 are pleiotropic, having been identified in
patients with NPHP and liver fibrosis, extending to patients
with related ciliopathies including JS, MKS [34], and
COACH syndrome (cerebellar vermis hypoplasia, oligophre-
nia (developmental delay), ataxia, coloboma, and hypotonia)
[67]. Whilst oligogenicitiy has not been described, a patient
with JS and an isolated heterozygous NPHP11 mutation has
been identified [68], suggesting that triallelism and the role
of NPHPI1 as a modifier gene is possible. Transmembrane
protein 67 (TMEM67) or meckelin localises to the mem-
brane of primary cilia and diffusely at basal and basolateral
cell surfaces [69]. TMEMG67 interacts with several proteins
including nesprin 2 [70], MKS1 [69], and TMEM216 [71]
which are important in maintaining cellular structure and
mitigating centrosome migration, which is essential for
ciliogenesis.

2.12. NPHPLI1/XPNPEP3 and XPNPEP3. NPHP-like 1 gene
(NPHPLI) was recently identified in two consanguineous
families with NPHP by genome-wide homozygosity map-
ping [35]. Additional extrarenal manifestations include
cardiomyopathy and seizures. This is a novel discovery
because it is the first NPHP gene identified whose protein
product, X-propyl aminopeptidase 3 (XPNPEP3), does not
localise to primary cilia, basal bodies, or centrosomes [35].
Instead, XPNPEP3 localises in mitochondria; however, it
has been hypothesised that this enzyme may be able to
interfere with cilia function by cleaving certain cilial proteins
(17, 35].

2.13. TTC21B and IFT139. Mutations in TTC2IB have
recently been identified in families with isolated NPHP
and extrarenal manifestations including the ciliopathy, Jeune
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asphyxiating thoracic dystrophy (JATD) [22]. Interestingly,
both causal mutations (homozygous or compound heterozy-
gous) and modifier mutations (heterozygous) in TTC21B
were identified in affected individuals. Oligogenicity was
identified between TTC2IB and several other ciliopathy
genes. With regard to NPHP, triallelism was identified in a
Turkish family with mutations in both TTC21B and NPHP4.
The protein product of TTC21B is a retrograde intraflagellar
transport protein IFT139, found in the primary cilium, and
is essential for ciliary function.

3. Oligogenicity and Modifier Genes

Oligogenicity has been described above for NPHP1, NPHP5,
NPHP6, NPHP8, NPHP9, NPHP11, and TTC21B. It has been
hypothesised that oligogenicity may help to account for the
intrafamilial variation in age of onset of ERF and severity of
clinical features [38]. Current evidence fails to consistently
identify a correlation between genotype and phenotype
[17], therefore mutation analysis is required to identify
the molecular cause. Making a molecular diagnosis often
involves expensive and time-consuming mutation analysis.
However, the results may be important when managing
patients, to guide appropriate screening for potentially
associated complications of the retina, cerebellum, liver and
lungs. Understanding the natural history of NPHP and
associated complications will hopefully improve following
completion of the current clinical trial ongoing in France,
which is evaluating the evolution of NPHP and related
extrarenal manifestations in children (over 7 years of age)
with a confirmed diagnosis of NPHP1-8 (excluding NPHP?7)
(see http://clinicaltrials.gov/ct2/show/NCT010229572term=

nephronophthisis&rank=1). The results of this study may
facilitate understanding in characterising genotype/pheno-
type associations. Although NPHP-related ciliopathies are
heterogenic disorders, the true frequency of oligogenicity
remains uncertain. It is however interesting that mutation
analysis of 18 NPHP associated ciliopathy disease genes
(including 12 NPHP genes, SDCCAG8 was not included) in
120 patients with NPHP and related ciliopathies, using DNA
pooling and next generation sequencing, recently failed to
identify any evidence of oligogenicity [15]. Remarkably, in
75% of patients in this cohort, no mutations were detected
in the known candidate NPHP genes [15].

Since the molecular cause of NPHP remains unidentified
in 70-75% of cases, it is anticipated that additional NPHP
genes will be discovered. Whilst genes involved in the struc-
ture and function of the primary cilium are logical candidates
to consider, indeed this approach has resulted in the recent
successful identification of TTC21B [22], it is interesting that
“noncilial” causal genes such as XPNPEP3 [35] are now being
identified. Additionally, genes implicated in maintaining the
cell cytoskeleton and cellular junctions are likely involved.
Whilst identifying causal genes is fundamental to determine
the pathogenesis of NPHP, it is the tip of the iceberg
and we need to understand the functional consequences of
such mutations within tissues. We will now discuss current
hypotheses for the cellular pathophysiology of NPHP.

4. Cystic Kidney Disease as a Ciliopathy

In 2005, realisation that polycystin-1 and polycystin-2 (pro-
tein products of ADPKD genes PCI and PC2) and the
discovered nephrocystins (NPHP1-5) were all expressed
in the primary cilium, basal body, and centrosomes led
to consideration of the term “ciliopathy” as a unifying
theory for cystic kidney disease [18]. A few years earlier,
the concept of a ciliopathy, a disorder in which abnormal
structure or function of cilia/centrosomes is associated with
defective proteins encoded by mutated genes, was attributed
to the multisystem disorder BBS [72]. In the intervening
years, the primary cilium [73] had been extensively studied.
Primary cilia are composed of an axoneme containing
nine microtubular doublets which extend by a process of
intraflagellar transport (IFT) and mediate the trafficking of
signals between the extra- and intracellular environments
[73]. Cilia are considered to be involved in mechanosensa-
tion of urinary flow in the renal tubules [74].

Normally, in healthy kidneys, the renal cortical col-
lecting duct (CCD) concentrates urine by responding to
vasopressin, which binds to vasopressin-2 receptors (V,R).
V:R are coupled to adenylyl cyclase resulting in increased
intracellular cyclic AMP (cAMP), leading to phosphorylation
of aquaporin-2 water channels (AQP2), which mediate water
reabsorption [11]. In NPHP, inability to concentrate urine
is the earliest clinical feature and is unresponsive to desmo-
pressin therapy [10]. In animal models of NPHP, vasopressin
levels are elevated and thought to contribute to cystogenesis
by upregulating cell proliferation [75]. Identification of
V2R in the primary cilium of renal epithelial cells [76]
is consistent with the theory of cystic kidney diseases as
ciliopathies. This also emphasises the importance of the
primary cilium in water reabsorption which has recently
been eloquently investigated in patients and renal epithelial
cell culture models of the related ciliopathy BBS [77].
Understanding the pathogenesis of this urine concentration
defect should help explain the success of vasopressin receptor
antagonists in animal models of NPHP, where they induced
a reduction in cAMP levels and caused regression of cysts
[53].

In NPHP, in response to urinary flow, cilia are considered
to alter expression of inversin and potentially influence
Wnt signalling pathways and planar cell polarity [17, 78].
Originally, observations in mouse models established the link
between primary cilia and cystic kidney disease: the orpk
mouse model of ARPKD with a Tg737 mutation (disrupting
the protein polaris) has impaired ciliogenesis and renal cysts
[79].

The extrarenal manifestations of NPHP including retinal
degeneration and SLS, usually associated with NPHP5 and
NPHP6 mutations, can be explained by ciliary dysfunc-
tion. Retinal photoreceptors contain a connecting cilium
through which rhodopsin traffics along, mediating photo-
sensation [18]. Both nephrocystin-5 and -6 are expressed
in the connecting cilia of retinal photoreceptors and dis-
rupted structure or function of these proteins interferes
with rhodopsin transport, leading to retinal degeneration
(17, 20).
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Through their involvement in various cellular signalling
pathways including Hh, calcium, and Wnt, cilia mediate sev-
eral fundamental processes including cell cycle, proliferation,
differentiation, and polarity [73]. Proposed mechanisms
for renal cystogenesis include abnormal cell proliferation,
fluid secretion, and disorientated cell division leading to
cystic expansion rather than longitudinal tubular growth
[78]. However, aberrations in the signalling pathways link-
ing cilia to cystogenesis remain incompletely understood,
complicated by sometimes contradictory evidence. A recent
helpfulreview of mechanisms of NPHP discusses each gene
[17]. Here we provide an overview, concentrating on the Wnt
signalling pathway.

5. Wnt Signalling and NPHP

Wnt signalling involves several ciliary proteins including
PC1, PC2, inversin, nephrocystin-3, jouberin, BBS1, BBS4,
BBS6, OFD1, and HNF1p, to regulate cell proliferation and
differentiation [80]. It is composed of two pathways: canon-
ical (fB-catenin dependent) and noncanonical (or planar
cell polarity (PCP)); the functional branch appears to be
determined in part by inversin acting as a switch at the base
of the primary cilium [49]. Interestingly, both over activation
[49, 81] and underactivation [82] of the canonical Wnt
pathway have been identified in animal models of NPHP
and JS, suggesting that unbalanced canonical Wnt signalling
is damaging and mediates cystogenesis [80]. However, this
theory has recently been refuted by studies in the inv
mouse model of NPHP, where no change in canonical Wnt
signalling was identified between cystic inv mutants and
controls [50].

PCP describes the normal intrinsic organisation of cells
in a tissue plane perpendicular to their apicobasal polarity
[83]. PCP regulates kidney tubule development or recovery
from injury by convergent extension and orientated cell
division [78, 84], meaning that cells are spatially orientated
and divide along an axis to maintain a constant tubule
diameter whilst elongating [78, 85]. Several mouse models
of cystic kidney disease provide evidence of aberrant PCP
signalling [83, 86]. An excellent, comprehensive review of
the role of Wnt signalling in cystic kidney disease has been
published recently [80].

The other signalling pathway with particular relevance
to understanding the pathophysiology of NPHP is the Hh
pathway. An association with NPHP was realised when Hh
effector proteins, GLI transcription factors, were noted to
be related to GLIS2, the protein product of NPHP7. Loss
of GLIS2 promotes epithelial to mesenchymal translation
(EMT), fibrosis and apoptosis, and histological hallmarks of
NPHP [31]. Thus although NPHP?7 is a rare cause of NPHP,
its discovery has contributed important understanding to the
signalling pathways involved.

6. Clinical Management of NPHP

6.1. Diagnosis and Investigations. In order to establish a
clinical diagnosis of NPHP, a detailed history, clinical
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TABLE 2: NPHP genes available for testing via UK and European
gene testing networks.

Gene Laboratory

NPHPI NE Thames, London
NPHPI Glasgow, Scotland
NPHPI Utrecht, Netherlands
NPHPI Helsinki and Tampere, Finland
NPHPI Malaga, Spain

NPHPI Granada, Spain
NPHPI,2 Gosselies, Belgium
NPHPI,2 Brussels, Belgium
NPHP1-3 Aachen, Germany
NPHP1-4 Paris, France
NPHP1-4 Weiflwasser, Germany
NPHP1-4 Tubingen, Germany
NPHP1-4, 7 Rostock, Germany

NPHP1—4, -9, NPHPLI
NPHP1—4, -9, NPHPLI
NPHPI1-4, -9, NPHPLI
NPHP1-4, 6-9

Barcelona, Spain
Oviedo, Spain
Leuven, Belgium

Ingelheim, Germany

examination, including looking for extrarenal associations
(abnormal eye movements, retinopathy, ataxia, polydactyly,
and cardiac malformations) is required. A detailed family
history must be taken both to facilitate diagnosis and
to highlight other individuals who should be invited for
review. Appropriate investigations include renal and liver
function tests; urine concentration ability, renal and hepatic
ultrasound, cerebral imaging if clinically indicated, and
referral to an ophthalmologist (Figure 1) [16]. After genetic
counselling, blood may be sent for genetic testing (Table 2) to
genetic testing organisations (e.g., http://www.ukgtn.nhs.uk/
or http://www.eurogentest.org/) to seek a molecular diag-
nosis. Regular review is required to appropriately manage
CKD/ERFE, and individuals with extrarenal manifestations
should be referred to appropriate colleagues and are ideally
best managed in specialist clinics.

6.2. Treatment. Presently there is no cure for NPHP and
related ciliopathies. Clinicians must focus on optimising
the delivery of renal replacement therapy, ideally with renal
transplantation where possible. However with a growing
understanding of the pathophysiology of NPHP, the future
is more hopeful. In recent years various drugs including
vasopressin receptor antagonists [53], mTOR inhibitors
(mammalian target of rapamycin) [87], triptolide [88] and
roscovitine (cyclin-dependent kinase inhibitor) [89] have
been shown to be effective in reducing renal cysts in animal
models of NPHP and ADPKD. Many of these drugs are
currently or have recently been involved in clinical trials in
adult patients. Furthermore, large numbers of compounds
which could be potential therapies are being screened in
zebrafish [90] models of ciliopathies.


http://www.ukgtn.nhs.uk/
http://www.eurogentest.org/
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Presentation suggestive of NPHP
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N

Urine concentration defect: Renal ultrasound: normal or Family history of consaguinuity
polydipsia, polyuria, enuresis, small kidney size, hyperechogenic, | | or autosomal recessive pattern of
salt wasting corticomedullary cysts inheritance of ERF
Examination
(evaluate for associated extra renal
manifestations)
Blood pressure, assess fluid Neurological: eye movements, Cardiovascular| | Skeletal: accessory
balance, abdominal (palpate liver, fundoscopy, cerebellar assessment /respiratory digits
kidneys) l /
Investigations
(if indicated and not already performed)
Blood tests: FBC, Urinalysis: Ultrasound: Cerebral Renal biopsy: Consider
Coag, Iron, UE, bone blood, protein, kidneys, liver imaging: MRI rarely ophthalmology referral
profile, Mg, urate osmolality

\\

/

Differenti
NPHP, ARPKD, JS, BBS

ial diagnosis

|

Genetic counselling and testing
for molecular diagnosis

/

] T~

Management of Regular review for Invite further family
CKD /wofku for RRT associated extra renal members for review if
b manifestations appropriate

FiGurg 1: Diagnostic algorithm for suspected cases of NPHP. ARPKD: autosomal recessive polycystic kidney disease; BBS: Bardet-Biedl

syndrome; CKD: chronic kidney disease; Coag: coagulation; ERF:

established renal failure; FBC: full blood count; JS: Joubert syndrome;

LFT: liver function tests; Mg: magnesium; MRI: magnetic resonance imaging; NPHP: nephronophthisis; RRT: renal replacement therapy;

UE: urea and electrolytes.

7. Conclusion

Understanding of the molecular genetics of NPHP has
advanced considerably over the last few years. We are increas-
ingly aware of the heterogeneity, the pleiotropic nature of
mutations, and oligogenicity, all of which contribute to the
complexity of NPHP. Identification of further NPHP genes,
many of which may be “ciliary,” is warranted to provide fur-
ther clues to its pathogenesis. This will require international
multidisciplinary collaboration to sequence patient cohorts
with no current molecular diagnosis and to screen candidate
genes in animal and cell models. Acknowledgement that the
genetic cause is unknown in 70% of NPHP cases, combined
with awareness that a mitochondrial gene, XPNPEP3, has
recently been identified to cause an NPHP-like phenotype,
may encourage us to consider other nonciliary candidates,
such as genes involved in cell-cell contacts and the cytoskele-
ton. Ultimately understanding the physiological outcomes at
a protein and cellular level should facilitate identifying and
developing novel therapeutic targets for affected patients.

Acknowledgments

The authors are extremely grateful to Kidney Research UK
and the Medical Research Council (Training Fellowship to R.
J. Simms). They also acknowledge support from Newcastle
Hospitals Healthcare Charity (support for A. M. Hynes), the
Kids Kidney Research Fund (support for L. Eley), and Glax-
oSmithKline (Clinician Scientist Fellowship to J. A. Sayer).

References

[1] E Hildebrandt and W. Zhou, “Nephronophthisis-associated
ciliopathies,” Journal of the American Society of Nephrology, vol.
18, no. 6, pp. 1855-1871, 2007.

[2] E Hildebrandt, M. Attanasio, and E. Otto, “Nephronophthisis:
disease mechanisms of a ciliopathy,” Journal of the American
Society of Nephrology, vol. 20, no. 1, pp. 23-35, 2009.

[3] D. E. Potter, M. A. Holliday, C. E Piel, N. J. Feduska, E O.
Belzer, and O. Salvatierra Jr., “Treatment of end-stage renal
disease in children: a 15-year experience,” Kidney Interna-
tional, vol. 18, no. 1, pp. 103-109, 1980.



[4] R. Waldherr, T. Lennert, H. P. Weber, H. J. Fédisch, and K.
Schirer, “The nephronophthisis complex. A clinicopathologic
study in children,” Virchows Archiv A Pathological Anatomy
and Histology, vol. 394, no. 3, pp. 235-254, 1982.

[5] S. Ala-Mello, O. Koskimies, J. Rapola, and H. Kéairidinen,
“Nephronophthisis in Finland: epidemiology and compari-
son of genetically classified subgroups,” European Journal of
Human Genetics, vol. 7, no. 2, pp. 205-211, 1999.

[6] G. Bollée, F. Fakhouri, A. Karras et al., “Nephronophthisis
related to homozygous NPHP1 gene deletion as a cause of
chronic renal failure in adults,” Nephrology Dialysis Transplan-
tation, vol. 21, no. 9, pp. 2660-2663, 2006.

[7] J. Hoefele, A. Nayir, M. Chaki et al., “Pseudodominant
inheritance of nephronophthisis caused by a homozygous
NPHPI1 deletion,” Pediatric Nephrology, vol. 26, no. 6, pp. 967—
971, 2011.

[8] M. Lewis, J. Shaw, C. Reid, J. Evans, N. Webb, and K. Verrier-
Jones, “Demography and management of childhood estab-
lished renal failure in the UK,” Nephrology, Dialysis, Transplan-
tation, vol. 22, supplement 7, pp. viil65-viil75, 2007.

[9] M. A. Lewis, J. Shaw, M. Sinha, S. Adalat, F. Hussain, and C.

Inward, “UK renal registry 11th annual report (December

2008): chapter 13 demography of the UK paediatric renal

replacement therapy population,” Nephron—Clinical Practice,

vol. 111, supplement 1, pp. c257—¢267, 2009.

S. Ala-Mello, S. M. Kivivuori, K. A. R. Ronnholm, O.

Koskimies, and M. A. Siimes, “Mechanism underlying early

anaemia in children with familial juvenile nephronophthisis,”

Pediatric Nephrology, vol. 10, no. 5, pp. 578-581, 1996.

[11] R. Krishnan, L. Eley, and J. A. Sayer, “Urinary concentration
defects and mechanisms underlying nephronophthisis,”
Kidney and Blood Pressure Research, vol. 31, no. 3, pp.
152-162, 2008.

[12] R. Salomon, S. Saunier, and P. Niaudet, “Nephronophthisis,”
Pediatric Nephrology, vol. 24, no. 12, pp. 2333-2344, 2009.

[13] A. M. Waters and P. L. Beales, “Ciliopathies: an expanding
disease spectrum,” Pediatric Nephrology. In press.

[14] H. U. Zollinger, M. J. Mihatsch, and A. Edefonti,
“Nephronophthisis (medullary cystic disease of the kidney).
A study using electron microscopy, immunofluorescence, and
a review of the morphological findings,” Helvetica Paediatrica
Acta, vol. 35, no. 6, pp. 509-530, 1980.

[15] E.A.Otto, G. Ramaswami, S. Janssen et al., “Mutation analysis
of 18 nephronophthisis associated ciliopathy disease genes
using a DNA pooling and next generation sequencing strat-
egy, Journal of Medical Genetics, vol. 48, pp. 105-116, 2011.

[16] R. J. Simms, L. Eley, and J. A. Sayer, “Nephronophthisis,”
European Journal of Human Genetics, vol. 17, no. 4, pp.
406—416, 2009.

[17] T. W. Hurd and F. Hildebrandt, “Mechanisms of nephrono-
phthisis and related ciliopathies,” Nephron Experimental
Nephrology, vol. 118, pp. e9—el14, 2011.

[18] E Hildebrandt and E. Otto, “Cilia and centrosomes: a unifying
pathogenic concept for cystic kidney disease?” Nature Reviews
Genetics, vol. 6, no. 12, pp. 928-940, 2005.

[19] E Hildebrandt, “Genetic kidney diseases,” The Lancet, vol.
375, no. 9722, pp. 1287-1295, 2010.

[20] M. T. Wolf and F. Hildebrandt, “Nephronophthisis,” Pediatric
Nephrology, vol. 26, pp. 181-194, 2011.

[21] E. A. Otto, T. W. Hurd, R. Airik et al., “Candidate exome cap-
ture identifies mutation of SDCCAGS as the cause of a retinal-
renal ciliopathy,” Nature Genetics, vol. 42, pp. 840-850, 2010.

(10

International Journal of Nephrology

[22] E. E. Davis, Q. Zhang, Q. Liu et al., “TTC21B contributes both
causal and modifying alleles across the ciliopathy spectrum,”
Nature Genetics, vol. 43, no. 3, pp. 189-196, 2011.

[23] E Hildebrandt, E. Otto, C. Rensing et al., “A novel gene encod-
ing an SH3 domain protein is mutated in nephronophthisis
type 1,” Nature Genetics, vol. 17, no. 2, pp. 149-153, 1997.

[24] S. Saunier, J. Calado, R. Heilig et al.,, “A novel gene that
encodes a protein with a putative src homology 3 domain
is a candidate gene for familial juvenile nephronophthisis,”
Human Molecular Genetics, vol. 6, no. 13, pp. 2317-2323,1997.

[25] E. A. Otto, B. Schermer, T. Obara et al., “Mutations in INVS
encoding inversin cause nephronophthisis type 2, linking
renal cystic disease to the function of primary cilia and
left-right axis determination,” Nature Genetics, vol. 34, no. 4,
pp. 413-420, 2003.

[26] H. Olbrich, M. Fliegauf, J. Hoefele et al., “Mutations in a novel
gene, NPHP3, cause adolescent nephronophthisis, tapeto-
retinal degeneration and hepatic fibrosis,” Nature Genetics,
vol. 34, no. 4, pp. 455-459, 2003.

[27] G. Mollet, R. Salomon, O. Gribouval et al., “The gene mutated
in juvenile nephronophthisis type 4 encodes a novel protein
that interacts with nephrocystin,” Nature Genetics, vol. 32, no.
2, pp. 300-305, 2002.

[28] E. Otto, J. Hoefele, R. Ruf et al., “A gene mutated in nephrono-
phthisis and retinitis pigmentosa encodes a novel protein,
nephroretinin, conserved in evolution,” American Journal of
Human Genetics, vol. 71, no. 5, pp. 1161-1167, 2002.

[29] E. A. Otto, B. Loeys, H. Khanna et al., “Nephrocystin-5,
a ciliary IQ domain protein, is mutated in Senior-Loken
syndrome and interacts with RPGR and calmodulin,” Nature
Genetics, vol. 37, no. 3, pp. 282-288, 2005.

[30] J. A. Sayer, E. A. Otto, J. E O’'Toole et al., “The centrosomal
protein nephrocystin-6 is mutated in Joubert syndrome and
activates transcription factor ATF4,” Nature Genetics, vol. 38,
no. 6, pp. 674681, 2006.

[31] M. Attanasio, N. H. Uhlenhaut, V. H. Sousa et al., “Loss
of GLIS2 causes nephronophthisis in humans and mice by
increased apoptosis and fibrosis,” Nature Genetics, vol. 39, no.
8, pp. 1018-1024, 2007.

[32] M. T. E. Wolf, S. Saunier, J. E O’Toole et al., “Mutational
analysis of the RPGRIPIL gene in patients with Joubert
syndrome and nephronophthisis,” Kidney International, vol.
72, no. 12, pp. 1520-1526, 2007.

[33] E. A. Otto, M. L. Trapp, U. T. Schultheiss, J. Helou, L. M.
Quarmby, and E. Hildebrandt, “NEK8 mutations affect ciliary
and centrosomal localization and may cause nephrono-
phthisis,” Journal of the American Society of Nephrology, vol.
19, no. 3, pp. 587592, 2008.

[34] E. A. Otto, K. Tory, M. Attanasio et al., “Hypomorphic
mutations in meckelin (MKS3/TMEM67) cause nephrono-
phthisis with liver fibrosis (NPHP11),” Journal of Medical
Genetics, vol. 46, no. 10, pp. 663—670, 2009.

[35] J. E. O’Toole, Y. Liu, E. E. Davis et al., “Individuals with muta-
tions in XPNPEP3, which encodes a mitochondrial protein,
develop a nephronophthisis-like nephropathy,” Journal of
Clinical Investigation, vol. 120, no. 3, pp. 791-802, 2010.

[36] E. Coppieters, S. Lefever, B. P. Leroy et al., “CEP290, a gene
with many faces: mutation overview and presentation of
CEP290base,” Human Mutation, vol. 31, pp. 1097-1108, 2010.

[37] J. L. Bandano, J. C. Kim, B. E. Hoskins et al., “Heterozygous
mutations in BBS1, BBS2 and BBS6 have a potential epistatic
effect on Bardet-Beidl patients with two mutations at a second
BBS locus,” Human Molecular Genetics, vol. 12, no. 14, pp.
1651-1659, 2003.



International Journal of Nephrology

(38]

[39

[40]

(41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

J. Hoefele, M. T. F. Wolf, J. E. O’Toole et al., “Evidence of oli-
gogenic inheritance in nephronophthisis,” Journal of the Amer-
ican Society of Nephrology, vol. 18, no. 10, pp. 2789-2795, 2007.
B. Utsch, J. A. Sayer, M. Attanasio et al., “Identification of
the first AHI1 gene mutations in nephronophthisis-associated
Joubert syndrome,” Pediatric Nephrology, vol. 21, no. 1, pp.
32-35, 2006.

M. A. Parisi, C. L. Bennett, M. L. Eckert et al., “The NPHPI
gene deletion associated with juvenile nephronophthisis is
present in a subset of individuals with Joubert syndrome,”
American Journal of Human Genetics, vol. 75, no. 1, pp. 82-91,
2004.

K. Tory, T. Lacoste, L. Burglen et al., “High NPHP1 and
NPHP6 mutation rate in patients with Joubert syndrome
and nephronophthisis: potential epistatic effect of NPHP6
and AHI1 mutations in patients with NPHP1 mutations,”
Journal of the American Society of Nephrology, vol. 18, no. 5,
pp. 1566-1575, 2007.

J. C. Donaldson, P. J. Dempsey, S. Reddy, A. H. Bouton, R. J.
Coffey, and S. K. Hanks, “Crk-associated substrate p130(Cas)
interacts with nephrocystin and both proteins localize to
cell-cell contacts of polarized epithelial cells,” Experimental
Cell Research, vol. 256, no. 1, pp. 168—178, 2000.

T. Benzing, P. Gerke, K. Hopker, F. Hildebrandt, E. Kim, and
G. Walz, “Nephrocystin interacts with Pyk2, p130, and tensin
and triggers phosphorylation of Pyk2,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 98, no. 17, pp. 9784-9789, 2001.

M. Fliegauf, J. Horvath, C. Von Schnakenburg et al,
“Nephrocystin specifically localizes to the transition zone
of renal and respiratory cilia and photoreceptor connecting
cilia,” Journal of the American Society of Nephrology, vol. 17,
no. 9, pp. 2424-2433, 2006.

L. Eley, C. Gabrielides, M. Adams, C. A. Johnson, F. Hilde-
brandt, and J. A. Sayer, “Jouberin localizes to collecting ducts
and interacts with nephrocystin-1,” Kidney International, vol.
74, no. 9, pp. 1139-1149, 2008.

L. Eley, S. H. Moochhala, R. Simms, E Hildebrandt, and J.
A. Sayer, “Nephrocystin-1 interacts directly with Ackl and
is expressed in human collecting duct,” Biochemical and
Biophysical Research Communications, vol. 371, no. 4, pp.
877-882, 2008.

M. FE Gagnadoux, J. L. Bacri, M. Broyer, and R. Habib,
“Infantile chronic tubulo-interstitial nephritis with cortical
microcysts: variant of nephronophthisis or new disease
entity?” Pediatric Nephrology, vol. 3, no. 1, pp. 50-55, 1989.

D. Morgan, L. Eley, J. Sayer et al., “Expression analyses
and interaction with the anaphase promoting complex
protein Apc2 suggest a role for inversin in primary cilia and
involvement in the cell cycle,” Human Molecular Genetics, vol.
11, no. 26, pp. 3345-3350, 2002.

M. Simons, J. Gloy, A. Ganner et al., “Inversin, the gene
product mutated in nephronophthisis type II, functions as a
molecular switch between Wnt signaling pathways,” Nature
Genetics, vol. 37, no. 5, pp. 537-543, 2005.

N. Sugiyama, T. Tsukiyama, T. P. Yamaguchi et al., “The
canonical Wnt signaling pathway is not involved in renal
cyst development in the kidneys of inv mutant mice,” Kidney
International, vol. 79, no. 9, pp. 957-965, 2011.

L. Eley, L. Turnpenny, L. M. Yates et al., “A perspective
on inversin,” Cell Biology International, vol. 28, no. 2, pp.
119-124, 2004.

[52] C. Bergmann, M. Fliegauf, N. O. Briichle et al., “Loss of
nephrocystin-3 function can cause embryonic lethality,
meckel-gruber-like syndrome, situs inversus, and renal-
hepatic-pancreatic dysplasia,” American Journal of Human
Genetics, vol. 82, no. 4, pp. 959-970, 2008.

[53] V. H. Gattone II, X. Wang, P. C. Harris, and V. E. Torres,
“Inhibition of renal cystic disease development and pro-
gression by a vasopressin V2 receptor antagonist,” Nature
Medicine, vol. 9, no. 10, pp. 1323-1326, 2003.

[54] J. Hoefele, R. Sudbrak, R. Reinhardt et al., “Mutational analysis
of the NPHP4 gene in 250 patients with nephronophthisis,”
Human Mutation, vol. 25, no. 4, p. 411, 2005.

[55] H.H. Arts, D. Doherty, S. E. C. Van Beersum et al., “Mutations
in the gene encoding the basal body protein RPGRIP1L, a
nephrocystin-4 interactor, cause Joubert syndrome,” Nature
Genetics, vol. 39, no. 7, pp. 882888, 2007.

[56] M. Delous, L. Baala, R. Salomon et al., “The ciliary gene
RPGRIPIL is mutated in cerebello-oculo-renal syndrome
(Joubert syndrome type B) and Meckel syndrome,” Nature
Genetics, vol. 39, no. 7, pp. 875-881, 2007.

[57] M. Delous, N. E. Hellman, H. M. Gaudé et al., “Nephrocystin-
1 and nephrocystin-4 are required for epithelial morpho-
genesis and associate with PALS1/PAT] and Par6,” Human
Molecular Genetics, vol. 18, no. 24, pp. 4711-4723, 2009.

[58] T. Schifer, M. Piitz, S. Lienkamp et al., “Genetic and physical
interaction between the NPHP5 and NPHP6 gene products,”
Human Molecular Genetics, vol. 17, no. 23, pp. 3655-3662,
2008.

[59] A. 1. Den Hollander, R. K. Koenekoop, S. Yzer et al.,
“Mutations in the CEP290 (NPHP6) gene are a frequent cause
of leber congenital amaurosis,” American Journal of Human
Genetics, vol. 79, no. 3, pp. 556-561, 2006.

[60] C. C. Leitch, N. A. Zaghloul, E. E. Davis et al., “Hypomorphic
mutations in syndromic encephalocele genes are associated
with Bardet-Biedl syndrome,” Nature Genetics, vol. 40, no. 4,
pp. 443448, 2008.

[61] N. T. Gorden, H. H. Arts, M. A. Parisi et al., “CC2D2A
is mutated in joubert syndrome and interacts with the
ciliopathy-associated Basal Body Protein CEP290,” American
Journal of Human Genetics, vol. 83, no. 5, pp. 559-571, 2008.

[62] S. Mougou-Zerelli, S. Thomas, E. Szenker et al., “CC2D2A
mutations in Meckel and Joubert syndromes indicate a
genotype-phenotype correlation,” Human Mutation, vol. 30,
no. 11, pp. 1574-1582, 2009.

[63] D. Huangfu, A. Liu, A. S. Rakeman, N. S. Murcia, L.
Niswander, and K. V. Anderson, “Hedgehog signalling in the
mouse requires intraflagellar transport proteins,” Nature, vol.
426, no. 6962, pp. 83-87, 2003.

[64] H. Khanna, E. E. Davis, C. A. Murga-Zamalloa et al,
“A common allele in RPGRIPIL is a modifier of retinal
degeneration in ciliopathies,” Nature Genetics, vol. 41, no. 6,
pp. 739-745, 2009.

[65] E. Sohara, Y. Luo, J. Zhang, D. K. Manning, D. R. Beier, and
J. Zhou, “Nek8 regulates the expression and localization of
polycystin-1 and polycystin-2,” Journal of the American Society
of Nephrology, vol. 19, no. 3, pp. 469-476, 2008.

[66] K. L. M. Coene, R. Roepman, D. Doherty et al., “OFD1

is mutated in X-linked joubert syndrome and interacts

with LCA5-encoded lebercilin,” American Journal of Human

Genetics, vol. 85, no. 4, pp. 465-481, 2009.

D. Doherty, M. A. Parisi, L. S. Finn et al., “Mutations in 3 genes

(MKS3, CC2D2A and RPGRIP1L) cause COACH syndrome

(Joubert syndrome with congenital hepatic fibrosis),” Journal

of Medical Genetics, vol. 47, no. 1, pp. 8-21, 2010.

(67



10

(68]

(69]

(70]

(71]

(72]

(73]

(74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

L. Baala, S. Audollent, J. Martinovic et al., “Pleiotropic effects
of CEP290 (NPHP6) mutations extend to Meckel syndrome,”
American Journal of Human Genetics, vol. 81, no. 1, pp.
170-179, 2007.

H. R. Dawe, U. M. Smith, A. R. Cullinane et al., “The Meckel-
Gruber Syndrome proteins MKS1 and meckelin interact and
are required for primary cilium formation,” Human Molecular
Genetics, vol. 16, no. 2, pp. 173-186, 2007.

H. R. Dawe, M. Adams, G. Wheway et al., “Nesprin-2 interacts
with meckelin and mediates ciliogenesis via remodelling of
the actin cytoskeleton,” Journal of Cell Science, vol. 122, no.
15, pp. 2716-2726, 2009.

E. M. Valente, C. V. Logan, S. Mougou-Zerelli et al,
“Mutations in TMEM216 perturb ciliogenesis and cause
Joubert, Meckel and related syndromes,” Nature Genetics, vol.
42, no. 7, pp. 619-625, 2010.

S. J. Ansley, J. L. Badano, O. E. Blacque et al., “Basal body
dysfunction is a likely cause of pleiotropic Bardet-Biedl
syndrome,” Nature, vol. 425, no. 6958, pp. 628—633, 2003.

N. E Berbari, A. K. O’Connor, C. J. Haycraft, and B. K. Yoder,
“The primary cilium as a complex signaling center,” Current
Biology, vol. 19, no. 13, pp. R526-R535, 2009.

S. M. Nauli, E J. Alenghat, Y. Luo et al., “Polycystins 1 and 2
mediate mechanosensation in the primary cilium of kidney
cells,” Nature Genetics, vol. 33, no. 2, pp. 129-137, 2003.

X. Wang, Y. Wu, C. J. Ward, P. C. Harris, and V. E. Torres,
“Vasopressin directly regulates cyst growth in polycystic
kidney disease,” Journal of the American Society of Nephrology,
vol. 19, no. 1, pp. 102-108, 2008.

M. K. Raychowdhury, A. J. Ramos, P. Zhang et al,
“Vasopressin receptor-mediated functional signaling pathway
in primary cilia of renal epithelial cells,” American Journal of
Physiology, vol. 296, no. 1, pp. F87-F97, 2009.

V. Marion, D. Schlicht, A. Mockel et al, “Bardet-Biedl
syndrome highlights the major role of the primary cilium in
efficient water reabsorption,” Kidney International, vol. 79, no.
9, pp. 1013-1025, 2011.

G. G. Germino, “Linking cilia to Wnts,” Nature Genetics, vol.
37, no. 5, pp. 455457, 2005.

G. J. Pazour, B. L. Dickert, Y. Vucica et al., “Chlamydomonas
IFT88 and its mouse homologue, polycystic kidney disease
gene Tg737, are required for assembly of cilia and flagella,”
Journal of Cell Biology, vol. 151, no. 3, pp. 709-718, 2000.

M. A. Lancaster and J. G. Gleeson, “Cystic kidney disease: the
role of Wnt signaling,” Trends in Molecular Medicine, vol. 16,
no. 8, pp. 349-360, 2010.

S. Saadi-Kheddouci, D. Berrebi, B. Romagnolo et al., “Early
development of polycystic kidney disease in transgenic
mice expressing an activated mutant of the S-catenin gene,”
Oncogene, vol. 20, no. 42, pp. 5972-5981, 2001.

M. A. Lancaster, C. M. Louie, J. L. Silhavy et al., “Impaired
Wnt-f-catenin signaling disrupts adult renal homeostasis and
leads to cystic kidney ciliopathy,” Nature Medicine, vol. 15, no.
9, pp. 1046-1054, 2009.

E. Fischer and M. Pontoglio, “Planar cell polarity and
polycystic kidney disease,” Médecine Sciences, vol. 22, no. 6-7,
pp. 576-578, 2006.

E. Fischer, E. Legue, A. Doyen et al., “Defective planar cell
polarity in polycystic kidney disease,” Nature Genetics, vol. 38,
no. 1, pp. 21-23, 2006.

M. Simons and G. Walz, “Polycystic kidney disease: cell
division without a c(l)ue?” Kidney International, vol. 70, no.
5, pp. 854-864, 2006.

(86]

(87]

(88]

International Journal of Nephrology

S. Saburi, I. Hester, E. Fischer et al., “Loss of Fat4 disrupts PCP
signaling and oriented cell division and leads to cystic kidney
disease,” Nature Genetics, vol. 40, no. 8, pp. 1010-1015, 2008.
J. M. Shillingford, N. S. Murcia, C. H. Larson et al., “The
mTOR pathway is regulated by polycystin-1, and its inhibition
reverses renal cystogenesis in polycystic kidney disease,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 103, no. 14, pp. 5466—5471, 2006.

S. J. Leuenroth, N. Bencivenga, P. Igarashi, S. Somlo, and
C. M. Crews, “Triptolide reduces cystogenesis in a model of
ADPKD,” Journal of the American Society of Nephrology, vol.
19, no. 9, pp. 1659-1662, 2008.

N. O. Bukanov, L. A. Smith, K. W. Klinger, S. R. Ledbetter, and
O. Ibraghimov-Beskrovnaya, “Long-lasting arrest of murine
polycystic kidney disease with CDK inhibitor roscovitine,”
Nature, vol. 444, no. 7121, pp. 949-952, 2006.

L. I. Zon and R. T. Peterson, “In vivo drug discovery in the
zebrafish,” Nature Reviews Drug Discovery, vol. 4, no. 1, pp.
35-44, 2005.



	Introduction
	Molecular and Genetic Pathogenesis
	NPHP1 and Nephrocystin-1
	NPHP2/INVS and Inversin
	NPHP3 and Nephrocystin-3
	NPHP4 and Nephrocystin-4/Nephroretinin
	NPHP5/IQCB1 and Nephrocystin-5
	NPHP6/CEP290 and Nephrocystin-6
	NPHP7/GLIS2 and GLIS2
	NPHP8/RPGRIP1L and RPGRIP1L
	NPHP9/NEK8 and NEK8
	NPHP10/SDCCAG8 and SDCCAG8
	NPHP11/TMEM67/MKS3 and TMEM67
	NPHPL1/XPNPEP3 and XPNPEP3
	TTC21B and IFT139

	Oligogenicity and Modifier Genes
	Cystic Kidney Disease as a Ciliopathy
	Wnt Signalling and NPHP
	Clinical Management of NPHP
	Diagnosis and Investigations
	Treatment

	Conclusion
	Acknowledgments
	References

