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Loss of Nephrocystin-3 Function Can Cause Embryonic
Lethality, Meckel-Gruber-like Syndrome,
Situs Inversus, and Renal-Hepatic-Pancreatic Dysplasia
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Many genetic diseases have been linked to the dysfunction of primary cilia, which occur nearly ubiquitously in the body and act as
solitary cellular mechanosensory organelles. The list of clinical manifestations and affected tissues in cilia-related disorders (ciliopathies)
such as nephronophthisis is broad and has been attributed to the wide expression pattern of ciliary proteins. However, little is known
about the molecular mechanisms leading to this dramatic diversity of phenotypes. We recently reported hypomorphic NPHP3 mutations
in children and young adults with isolated nephronophthisis and associated hepatic fibrosis or tapetoretinal degeneration. Here, we
chose a combinatorial approach in mice and humans to define the phenotypic spectrum of NPHP3/Nphp3 mutations and the role of the
nephrocystin-3 protein. We demonstrate that the pcy mutation generates a hypomorphic Nphp3 allele that is responsible for the cystic
kidney disease phenotype, whereas complete loss of Nphp3 function results in situs inversus, congenital heart defects, and embryonic
lethality in mice. In humans, we show that NPHP3 mutations can cause a broad clinical spectrum of early embryonic patterning defects
comprising situs inversus, polydactyly, central nervous system malformations, structural heart defects, preauricular fistulas, and a wide
range of congenital anomalies of the kidney and urinary tract (CAKUT). On the functional level, we show that nephrocystin-3 directly
interacts with inversin and can inhibit like inversin canonical Wnt signaling, whereas nephrocystin-3 deficiency leads in Xenopus
laevis to typical planar cell polarity defects, suggesting a role in the control of canonical and noncanonical (planar cell polarity) Wnt
signaling.

Introduction

Cystic kidney diseases (CKDs) are a clinically and geneti-
cally heterogeneous group of disorders that may present
in utero or be clinically silent well into adulthood.! Recent
molecular findings lead to the development of novel ther-
apeutic strategies that are currently under investigation
regarding the retardation of renal failure in CKD.? Interest-
ingly, most products of CKD genes, also referred to as cys-
toproteins, colocalize in multimeric complexes at distinct
subcellular structures of the primary cilium or ciliary base
comprising basal bodies and centrosomes.! Accordingly,
the term “ciliopathies” has been proposed to subsume
this class of disorders, and cilia dysfunction and common
pathogenic pathways may provide a molecular basis for
overlapping phenotypes in ciliopathies.*>* Consistent

with this novel understanding of ciliopathies, mutations
in ciliary genes have been identified in patients with
a broad clinical spectrum of disorders, among others,
nephronophthisis (NPHP [MIM 256100]), Joubert (JS;
[MIM 213300]), and Meckel-Gruber (MKS; [MIM 249000])
syndrome.'>~?

NPHP is a heterogeneous group of autosomal-recessive
cystic kidney disorders that constitute the most frequent
genetic cause of end-stage renal failure in children and
young adults." As part of the proposed ciliary network,
NPHP proteins are expressed in primary cilia, basal bodies,
and/or centrosomes."'® We recently reported hypomor-
phic mutations in NPHP3 to be responsible for the adoles-
cent type of nephronophthisis (MIM 604387)."! In some of
these children and young adults, NPHP was associated
with tapetoretinal degeneration called Senior-Loken
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syndrome (SLSN3; [MIM 606995]) and liver fibrosis. We
further hypothesized that a homozygous Nphp3 missense
mutation explains the phenotype in the polycystic kidney
disease (pcy) mouse.'"'?

In this study, we define the crucial role of nephrocystin-3
(NPHP3/Nphp3) for development in mice and man. We
disrupted Nphp3 gene function by targeting of the murine
Nphp3 gene. To demonstrate the pathogenic significance
of the hypomorphic pcy mutation for the cystic kidney
phenotype in this mouse model, we generated compound
mutant Nphp3?/%° animals. Homozygous Nphp3-deficient
(Nphp3*’%?) animals were used for the determination of the
role of nephrocystin-3 during early development and
resulted in randomization of left-right body asymmetry,
heterotaxia, and embryonic lethality. On the basis of our
observations in mice, we investigated the role of NPHP3
for human congenital cystic kidney disease. We identified
a broad spectrum of lethal and nonlethal phenotypes in
patients with different NPHP3 mutations. Loss-of-function
mutations were either lethal resulting in early embryonic
patterning defects as seen in Meckel-Gruber-like syndrome
or resulted in a severe congenital cystic kidney disease. On
the basis of the clinical observation that NPHP3/Nphp3
mutations can cause situs inversus, we investigated
whether nephrocystin-3 and inversin interact directly with
each other and determine the role of nephrocystin-3 for
canonical and noncanonical (planar cell polarity) Wnt
signaling.

Material and Methods

Patients and Families

Signed and informed consent was obtained from patients and
family members with protocols approved by the Institutional
Ethics Review Board at the University of Aachen and collaborating
institutions. In the families harboring NPHP3 mutations, DNA
samples were available from all parents, healthy siblings, and all
(except for the elder affected male in family F917 who died perina-
tally) atfected individuals.

Haplotype Analysis and Genome-wide SNP Mapping
In the multiplex family F806 (second-degree consanguineous
parents) linkage to MKS1-3 was excluded by haplotype analysis as
described previously.'® Subsequently, genome-wide SNP mapping
with the 50K Affymetrix SNP array (Affymetrix, Santa Clara, CA)
and the ALLEGRO program was performed with the assumption
of autosomal-recessive inheritance with complete penetrance and
a disease allele frequency of 0.0001.

Mutation Analysis

NPHP3 mutation analysis was done by direct sequencing for the 27
exons encoding the 1330 amino acid (aa) nephrocystin-3 protein
(GenBank: NM_153240, NP_694972; mutation numbering + 1
corresponds to the A of the ATG-translation-initiation codon).
Genomic DNA from an affected individual was amplified by poly-
merase chain reaction (PCR) with oligonucleotide primers comple-
mentary to flanking intronic sequences (Table S1 available online).
All detected splice and missense mutations were not present in

400 control chromosomes tested by denaturing high-performance
liquid chromatography (DHPLC) or restriction digestion analysis.

RT-PCR

RNA was extracted from fresh blood samples from all members
of family F960 with the QIAmp RNA Blood Mini Kit (QIAGEN,
Hilden, Germany). The relative amount of NPHP3 messenger RNA
(mRNA) was measured by reverse transcriptase (RT)-PCR and usage
of the Reverse Transcription System (Promega, Mannheim, Ger-
many) as described previously.'® For each reverse-transcriptase
reaction, we used 500 ng of total RNA. The amount of PCR product
was quantified by fractionation on a 2% agarose gel and measure-
ment of ethidium bromide fluorescence. The different PCR prod-
ucts were gel extracted and purified with the QIAquick Gel Extrac-
tion Kit (QIAGEN) and finally sequenced as described before.
Primer sequences and PCR conditions are available on request.

Generation of Nphp3 Mutant Mice by Gene Targeting
Nphp3 was mutated in HM1 ES cells with a replacement-type tar-
geting vector. A murine 129/Sv genomic DNA cosmid library (ob-
tained from the German Resource Center for Genome Research,
RZPD, Berlin, Germany) was screened with a probe corresponding
to exon 1 of Nphp3. One genomic clone that contained the entire
Nphp3 locus (~46 kb insert) was characterized further and used
for the construction of the targeting vector. A positive selectable
cassette was cloned between two homology regions (a 2.4 kb PstI
fragment and a 3.7 kb Sacl fragment).'* The cassette contains
stop codons in all three frames, an independent ribosomal entry
sequence (IRES) followed by the lacZ gene with an SV40 polyade-
nylation signal, and a neomycin phosphotransferase gene. By
homologous recombination, the IRES-LacZ-neo cassette is inserted
into exon 3 of Nphp3, and exons 4 and 5 and introns 3 and 4 are
replaced (Figure S3). The Nphp3 ko allele was backcrossed to a
C57BL/6 background. Nphp3”? mice had a mixed genetic back-
ground (C57BL/6, KK/Upj-Ay/], and CD1).

Analyses of Mutant Mice and Embryos

Mice and embryos were genotyped by PCR with genomic DNA iso-
lated from tail biopsies or yolk sacs, respectively. In addition, lack
of Nphp3 expression was confirmed by western-blot analysis
(Figure S3). Adult tissues and embryos were isolated and processed
for histological analyses (cryosections or paraffin embedding)
according to standard procedures. Immunofluorescence stainings
were performed as previously described.'® Ciliary axonemes were
stained with antibodies against acetylated a-tubulin (Sigma, Tauf-
kirchen, Germany). Secondary antibodies (Alexa Fluor 488) were
from Molecular Probes (Invitrogen, Karlsruhe, Germany). Nuclei
were stained with Hoechst33342 (Sigma). A Zeiss laser-scanning
microscope (Axiovert 200 LSMS510, Carl Zeiss, Jena, Germany)
was used for confocal imaging. For cilia-length determination,
the measurement and line-drawing tools in the overlay mode of
the LSM image browser software (Zeiss) was used. For the determi-
nation of possible significance, a Student’s t test was performed.

Coimmunoprecipitation

Coimmunoprecipitation experiments were performed as de-
scribed.’ In brief, HEK293T cells were transiently transfected
with the indicated plasmids by the calcium-phosphate method.
After incubation for 24 hr, cells were washed twice and lysed in
a 1% Triton X-100 lysis buffer. After centrifugation (15,000 x g,
15 min, 4°C) cell lysates containing equal amounts of total protein
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were incubated at 4°C with anti-FLAG (M2) agarose beads for
approximately 2 hr. The beads were washed extensively with lysis
buffer, and bound proteins were resolved by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visual-
ized with enhanced chemiluminescence after incubation of the
blots with the respective antibodies. Experiments were repeated
four times with identical results.

Luciferase Assay

Luciferase assays were performed as described previously.'® In
short, HEK293T cells were seeded into 12-well plates and transiently
transfected with either a TOPFlash or FOPFlash luciferase reporter
construct, a B-galactosidase expression vector, and vectors directing
the expression of the desired proteins, including Dishevelled-1,
NPHP2/INVS, and NPHP3. Reporter constructs TOPFlash and
FOPFlash were obtained from Upstate Biotechnology (Lake Placid,
NY) and Millipore (Schwalbach, Germany). The total amount of
DNA was adjusted to 10 pg per well. Cells were collected after 12
hr and lysed in 100 pl of reporter lysis buffer (Applied Biosystems)
for 10 min at 4°C. After centrifugation of the lysates (13.500 rpm,
5 min) for the removal of insoluble material, we determined lucifer-
ase activitiy with a commerical assay system (Applied Biosystems)
and normalized it to B-galactosidase activity to correct for transfec-
tion efficiency.

Figure 1. Pathology Findings in
Patients with Loss-of-Function NPHP3
Mutations

(A-D) Autopsy findings in the second
affected patient of family 888.

(A) Multicystic dysplastic kidneys. The
smaller right kidney had a dilated pelvis
due to ureteric atresia in utero. The left
kidney had a patent, but thinned ureter
and reduced urinary output.

(B) Higher-magnification histology (x20)
shows a picture with renal cysts of variable
size and location as well as interstitial
fibrosis consistent with  multicystic-
dysplastic kidney disease.

(C) Congenital pancreatic disease with
smaller and larger cysts and fibrosis.
Pancreatic acini have normal appearance
(x40).

(D) Liver histology reveals ductal plate
malformation with hyperplastic biliary
ducts and congenital hepatic fibrosis
(x40).

(E) Low-magnification histology of a renal
cross-section (X2.5) from the first af-
fected patient of family 806 that is consis-
tent with multicystic dysplastic kidney
disease.

(F) Renal biopsy specimen of the proposita
of family 960 displaying diffuse glomerulo-
cystic kidney disease (x40). Please note
glomerular structures within the cysts.

Xenopus laevis Embryo Manipulations

Eggs were obtained from Xenopus females, injected with 600-800 U
of human chorionic gonadotropin, fertilized in vitro, and cultured
in 0.1x Marc’s modified Ringer’s medium as described.'” Embry-
onic stages were determined according to Nieuwkoop and Faber.'®
Two dorsal blastomeres were injected at the four-cell stage with
mRNA or Morpholino antisense oligonucleotides NPHP3-MO
(5'-TAACCAGAGAAGAGGCTGTCCCCAT-3'), or standard con-
trol-Morpholino (5'-GTGACTACAGAAATGCAAATGCAACAAATT
C-3') 8-32 ng per embryo (GeneTools). Capped synthetic RNA
was generated with T7 RNA polymerase by in vitro transcription
(mMessage mMachine kit, Ambion) of hNPHP3-pxT7 after linear-
ization with Sall. For tracing cell movements during gastrulation,
fluorescent dextran (70 kD) was injected into one dorsal blasto-
mere at the 64-cell stage and cultured until gastrulation. Fluores-
cent and bright field images were taken with a Leica MZ16F stereo-
microscope. Phenotypic defects were scored representing impaired
convergent extension (ICE) as follows: CEI O (normal), no defects;
CEI 1 (mild defects), less than 25% reduction of axis extension
compared with uninjected embryos and mild dorsal flexure; CEI
2 (moderate defects), 25%-50% reduction of axis elongation; and
CEI 3 (severe defects), shortening of more than 50%, head fused
to tail or open neural folds.'® All experiments were approved by
the institutional animal committee and the Regierungsprdsidium
Freiburg, Baden-Wiirttemberg, Germany.
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Table 1. Phenotypes and Genotypes of Novel Patients Included in This Study
NPHP3 Age or Additional
Family Origin Mutations Patient  Death CNS Kidneys Liver Pancreas Heart Features
806 (C)  Turkey €.2694-1_2 Female  US/TOP 23rd gw, Dandy-Walker Enlarged Ductal plate Normal on Normal on Single cyst anterior
del (P) postmortem malformation multicystic malformation  autopsy autopsy part of bursa
€.2694-1_2 dysplastic omentalis
del (M) kidneys,
oligohydramnios
806 (C)  Turkey €.2694-1_2 Female  Perinatal death, n.d. Enlarged Ductal plate n.d. Aortic stenosis
del (P) respiratory multicystic malformation
€.2694-1_2 insufficiency, dysplastic
del (M) kidney-liver kidneys,
biopsy oligohydramnios
888 Cameroon €.1729C - T Male Death at Neurologically Enlarged Liver cysts n.d. Atrial septal
(p-Arg577X)(P) 49 days very abnormal, multicystic defect,
€.1729C - T muscular dysplastic persistent ductus
(p.Arg577X) (M) hypertonia, kidneys arteriosus, right
small subdural ventricular
collections, hypertrophy
cyst on floor
of right ventricle,
bilateral chorioid
plexus cysts
888 Cameroon €.1729C - T Male Perinatal Hypoplastic Enlarged Ductal plate Cystic PDA, nodular Atresia of right ureter,
(p-Arg577X)(P) death, calvarium, multicystic malformation  pancreas dysplasia of high forehead, small,
€.1729C - T postmortem extremely dysplastic valve cusps deep set, abnormally
(p-Arg577X) (M) enlarged kidneys, folded ears different
fontanelles anhydramnios from typical
Potter’s sequence
917 Switzerland  ¢.2918G — A Male Perinatal n.d. Enlarged Ductal plate Normal on Normal on
(p-Arg973Gln) (P) death, respiratory multicystic malformation  autopsy autopsy
€.3340C - T insufficiency, dysplastic
(p.Gln1114X) (M) postmortem kidneys,
oligohydramnios
917 Switzerland  ¢.2918G — A Male 17 years Normal Multicystic Ductal plate Increased Normal Hepatosplenomegaly,
(p-Arg973Gln) (P) neurological kidneys malformation,  echogenicity end-stage renal failure
€.3340C - T and cognitive biliary and peritoneal dialysis
(p-GLln1114X) (M) assessment cirrhosis at 14 months, progressive

liver cirrhosis and liver
failure, combined
liver-kidney
transplantation

at age 3 years



Situs inversus totalis,
bilateral preauricular
fistulas, postaxial
polydactyly left foot,
bilateral inguinal hernia,
end-stage renal failure
and peritoneal dialysis
at 3 months, combined
liver-kidney

transplantation
at age 4 years

Normal

Pancreatic
normal endocrine
and exocrine
function

amylase
constantly

increased,

Hepatopathy

with
hypertension

cholestasis,

cirrhosis
and portal

Glomerulocystic
kidney disease

neurological
and cognitive
assessment

Normal

8 years

Female

c.1985+5G
— A(P)
€.1985+5G

— A (M)
; nucleotide +1 is the A of the ATG-translation initiation codon. The following abbreviations are used: parental consanguinity known (C), paternally inherited allele (P), maternally inherited

allele (M), not determined (n.d.), gestational week (gw), ultrasound findings with subsequent termination of pregnancy (US/TOP), and congenital hepatic fibrosis with hyperplastic biliary ducts (ductal plate

Vietnam
malformation).

GenBank NM_153240

960

Results

In a consanguineous Turkish multiplex family (F806, loga-
rithm of the odds [LOD] max 2.65) with Meckel-Gruber-
like syndrome, we mapped the disease-causing locus to an
11.6 Mb interval on chromosome 3q21.2-q22.3 (Figure S1).
The two affected females of this family had hepatobiliary
ductal plate malformation and multicystic dysplastic kid-
neys (Figure 1) with oligo-anhydramnios consistent with
renal malfunction incompatible with life. In addition,
one of the girls presented with a Dandy-Walker malforma-
tion, the other with an aortic stenosis (for further details,
see Table 1). Sequencing of candidate genes NEK11 (MIM
609779), CEP63 (NM_025180), and NPHP3 (MIM 608002)
located in the minimal critical region identified a homozy-
gous obligatory NPHP3 splice mutation affecting the
highly conserved canonical acceptor splice site of intron
19 (c.2694-1_2 del), which segregated with the phenotype
and is predicted to result in out-of-frame transcripts with
premature termination of translation (Figure 2). In an Afri-
can multiplex family (F888), we also detected by haplotype
analysis homozygosity at the NPHP3 locus in both affected
children whose phenotypes comprised enlarged multicys-
tic-dysplastic kidneys with oligo-anhydramnios consistent
with renal malfunction, multiple cysts of the liver and pan-
creas, ductal plate malformation, structural cardiac defects,
chorioid plexus cysts, and a hypoplastic calvarium with
enlarged fontanelles (Figure 1, Table 1). Both males died
shortly after birth. Sequencing revealed the novel homozy-
gous nonsense mutation c.1729C — T (p.Arg577X) in exon
11 of the NPHP3 gene (Figure 2).

In contrast to these NPHP3 null alleles that are obviously
incompatible with longer survival, we recently reported
hypomorphic NPHP3 mutations in children and young
adults with isolated adolescent nephronophthisis and
associated hepatic fibrosis or tapetoretinal degeneration.'!
To further delineate genotype-phenotype correlations for
NPHP3, we performed sequence analyses in patients with
overlapping phenotypes and identified mutations in two
other families. Clinical data of a nonconsanguineous Swiss
multiplex family (F917) with renal-hepatic-pancreatic dys-
plasia has been previously described in detail (Table 1).2°
Paternally, in exon 20, the novel missense mutation
€.2918G — A (p.Arg973Gln) that affects an evolutionarily
highly conserved arginine residue and was not present
among 400 control chromosomes was identified. Mater-
nally, the novel nonsense mutation ¢.3340C — T
(p-GIn1114X) was detected in exon 24 (Figure 2). In a Viet-
namese family, we identified the novel homozygous splice
mutation ¢.1985+5G — A that affects the donor splice
site of intron 13 and was absent in 400 control chromo-
somes (Figure 2). Experiments on the RNA level confirmed
the pathogenicity of this splice mutation revealing out-
of-frame transcripts in the patient (Figure S2). The pheno-
type of the 8-year-old proposita is of particular interest
because she demonstrates a wide range of early embryonic
patterning/laterality defects with situs inversus totalis and
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Figure 2. NPHP3 Mutations in Four
Families

The upper panel shows the pedigree struc-

] c 566 % S%c 1% G ATTC grG

€.2918 G+A (p.Arg973GIn) (P)

©.2694-1_2 del (P)
¢.2694-1_2 del (M)

D F960

€.3340 C+T (p.GIn1114X) (M)

ol

ture of the families, and the lower panel
shows sequence chromatograms illustrat-
ing the predicted NPHP3 loss-of-function
\ mutations in the described families. Muta-
tions segregated with the disease status
| in each family (P indicates paternally in-
! herited allele; M indicates maternally in-
herited allele). In case of a homozygous
mutation, a heterozygous electrophero-
gram of one of the parents is shown for rea-
sons of clarity.
(A) Sequence chromatogram depicting the
deletion of the canonical acceptor splice
site nucleotides at position —1_2 of the
intron 19 splice acceptor site predicted to
result in out-of-frame transcripts and a
premature stop.
(B) On the left, a sequence chromatograph
of the affected individual of family 917
showing a heterozygous G — A exchange
which predicts an p.Arg973Gln amino acid
substitution is displayed. On the right,
a heterozygous C — T exchange predicting

TeACKaGTTT

GG T

c6

.1729 C+T (p.Arg577X) (P)
¢.1729 C+T (p.Arg577X) (M)

TGC C

¢.1985+5 G=A (P)
€.1985+5 G*A (M)

a stop codon (p.Gln1114X) is shown.

(C) Sequence chromatograph showing
a heterozygous C — T exchange that pre-
dicts a stop codon (p.Arg577X).

(D) Sequence chromatogram illustrating the heterozygous G — A exchange at position 45 of the intron 13 splice donor site resulting in
skipping of exon 13 and an out-of-frame transcript that leads to premature termination of translation (Figure S2).

postaxial polydactyly, as well as branchial arch maldevel-
opment with bilateral preauricular fistulas (Table 1). More-
over, she developed early renal failure and was on peritoneal
dialysis since her third month of life. A combined kidney-
liver transplantation was performed at the age of 4 years
because of renal-hepatic-pancreatic dysplasia (Figure 2).
To validate and further delineate our data obtained
in men, we generated an Nphp3 null allele by knockout
technology (Figure S3). Heterozygous mice did not show
any obvious morphological defects or behavioral abnor-
malities. Reproduction and life span were also within the
normal range, thus ruling out any heterozygosity effect
(the oldest animals analyzed for morphological defects by
visual examination and cystic kidney disease by hematoxy-
lin-eosin (HE) staining of cryosections were as follows: 21
weeks, n = 2; 31 weeks n = 2; 35 weeks n = 1; and 42 weeks
n = 2). This is in line with our data in humans (parents of
affected children) with NPHP3 heterozygosity that neither
showed any abnormality. We then crossed these knockout
mice with our Nphp3???? mice harboring the hypomor-
phic missense variant 1614S that leads to a renal-exclusive
nephronophthisis phenotype. We considered the 1614S
variant a hypomorphic allele because the mouse phenotype
is less severe than that observed in Nphp3-deficient mice.
In addition, we demonstrate by western-blot analysis that
nephrocystin-3 is still expressed in Nphp3’*»?? mice (data

not shown). A total of 14 Nphp3’?** and 14 Nphp3r¥/e
mice were analyzed (ten 4-week-old animals and four 12-
week-old animals in each group). In contrast to wild-type,
Nphp3*" and Nphp3’?** mice, all 14 (seven females,
seven males) compound-heterozygous animals (Nphp3'*/%°)
developed cystic kidneys. This is in line with our argument
that Nphp3f? indeed represents a hypomorphic Nphp3 al-
lele that underlies the cystic kidney phenotype in these
mice (Figure 3). Cysts in these animals were evident as early
as 4 weeks after birth, and cyst size and number progres-
sively increased with age. We did not compare severity of
the cystic kidney disease phenotypes between Nphp3/¥/k
and Nphp3P?P? mice because both alleles are not on identi-
cal genetic backgrounds, so modifier effects cannot be ruled
out concerning disease severity.

On the basis of our findings in patients with NPHP3 null
alleles, we also hypothesized a much more severe pheno-
type in mice homozygous for Nphp3 loss-of-function
mutations. Genotypic analyses of 70 mice (32 females,
38 males) derived from 11 intercrosses of heterozygous
Nphp3"”* mice revealed a ratio of approximately 1:2:0
for wild-type (n = 20; 12 females, 8 males) to heterozygous
(n = 50; 20 females, 30 males) to homozygous littermates
at birth, consistent with embryonic lethality of Nphp3*”/*
mice. We then analyzed embryos (n = 308; derived from
39 pregnant females obtained by intercrosses of Nphp3"/k
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Figure 3. Cystic Kidney Disease in Compound-Heterozygous Nphp3°%/%° Mice and Situs Inversus Totalis in Nphp3**/*° Embryos
Compound-heterozygous Nphp3*¥/*° mice (A-C) develop cystic kidney disease, whereas control (data not shown) and monoallelic
Nphp3Pev/ke (D-F) mice did not exhibit an obvious renal phenotype. Hematoxylin-eosin stainings of a cryosectioned kidney from
a Nphp39/* mouse (A) and a Nphp3°¥** mouse (D) are shown. Immunofluorescence staining with antibodies against acetylated a-tu-
bulin (green) as a cilia marker (nuclei, blue) of kidney cryosections from Nphp3%/*° mice (B) demonstrates that epithelial cells of renal
cysts carry monocilia that are longer than renal monocilia from control mice (E). (C) and (F) show higher magnifications of the images
shown in (B) and (E). Homozygous Nphp3*”*° embryos (G-J) have situs inversus and die during embryonic development. Situs inversus in
Nphp3*7%° embryos is indicated by left-sided tail flexion (G) and mirror-image arrangement of the heart (H). Histological examination of
Nphp3*/* embryos confirms dextrocardia (I) and position of the stomach on the right side (J), consistent with situs inversus totalis.
Normal situs arrangement was noted in heterozygous Nphp3*”** and control embryos (K-N).

mice) at different stages of development to determine
the time point of lethality and its underlying causes. In
E9.5-E12.5 embryos (n = 221), we found left-sided tail
flexion in approximately 17% (n = 37) of all analyzed spec-
imens, indicating that embryonic turning is possibly

inverted or randomized in Nphp3-deficient embryos (Fig-
ure 3). Genotype analyses of E9.5-E13.5 embryos (n = 148;
including 36 Nphp3""*' and 83 Nphp3""*° embryos) re-
vealed that Nphp3*”** embryos (n = 29) either had situs
solitus (n = 8), situs reversal (n = 15),or inconsistent situs
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(n = 6) arrangements. In addition, some embryos could
not be assessed because of intrauterine death and resorp-
tion or complex developmental defects. Comparison of
histological stainings of serially sectioned E11.5-E12.5
Nphp3** embryos (n = 17) with wild-type and heterozy-
gous littermates (n = 7) confirmed situs inversus totalis
(dextroposition of the heart and dextroposition of the
stomach; n = 7), situs solitus (n = 5) and heterotaxia (n =5)
as well as complex cardiac defects in Nphp3-deficient em-
bryos (Figure 3). Thus, our results indicate that homozygous
deletion of Nphp3 regularly results in randomization of left-
right asymmetry and midgestational embryonic lethality,
probably caused by associated complex cardiac defects.

The crucial role NPHP3/Nphp3 plays throughout devel-
opment from early embryonic stages to maintenance of
morphologic integrity in later life is illustrated by the wide
range of renal changes in patients and mice with NPHP3/
Nphp3 mutations. Hypomorphic NPHP3 alleles in individ-
uals with late-onset (adolescent) nephronophthisis re-
sulted in shrunken kidneys with only few cysts confined
to the corticomedullary junction. Histologically, tubular
dilatation and atrophy, interstitial fibrosis, and tubular
basement membrane changes were present.'’'? In this
study, we had the opportunity to analyze in detail the ef-
fects of truncating NPHP3 mutations on renal morphology.
Surprisingly, we found a range of gross congenital renal
abnormalities, including glomerulocystic kidney disease
(Figure 1F) and enlarged multicystic-dysplastic kidneys
with early embryonic renal failure (Figures 1B and 1E) (Ta-
ble 1). Histologically, cysts were of manifold morphology
and located in all segments of the nephron. In accordance
with early embryonic maldevelopment, ureteric atresia was
observed in one of our patients with predicted homozy-
gous NPHP3 loss-of-function mutations.

Our previously reported in situ hybridization analyses
are consistent with the reported broad spectrum of disease
phenotypes demonstrating specific Nphp3 expression in
embryonic cells of the node, brain, kidney tubules, biliary
tract, and liver, all known to carry monocilia.'!

To investigate whether cyst formation in Nphp”?/*° mice
is caused by lack of cilia generation, we stained kidneys of
12-week-old control and mutant animals with antibodies
directed against acetylated o-tubulin (Figure 3). High-reso-
lution immunofluorescence image analyses demonstrated
presence of renal monocilia in epithelial cells of normal
and dilated renal tubules, thus ruling out a ciliogenesis de-
fect in Nphp’»*’ mice. Interestingly, renal monocilia (n =
93; average length 4.87 pm; standard deviation [SD] 2.35)
in the dilated kidney tubules of Nphp”?’* mutant animals
(n = 3) were longer than monocilia (n = 86; average length
1.62 um; SD 0.57) of Nphp"?"* control mice (n = 2) (Fig-
ure 3, p < 0.005), which may indicate a possible defect in
cilia-length control.

We previously have demonstrated that nephrocystin
(NPHP1) directly interacts with inversin (NPHP2) and
nephrocystin-3 (NPHP3).'"?! Both NPHP proteins nephro-
cystin and inversin have been sublocalized to cilia and/or

the ciliary base,'%?!?? suggesting a similar localization

for nephrocystin-3. Close physical and functional interre-
lations between nephrocystin-3 and inversin are also sug-
gested by overlapping disease phenotypes in patients and
mice with NPHP3/Nphp3 and INVS/Invs mutations, respec-
tively.?! This phenotypic similarity becomes even more
evident by the fact that both inv and Nphp3*”* mice cause
situs inversus and that both genes can result in hepato-
pancreatic and renal disease. To investigate whether inver-
sin and nephrocystin-3 directly interact, we coexpressed
different truncations of nephrocystin-3 with epitope-
tagged inversin in HEK293T cells. V5-tagged inversin copre-
cipitated with nephrocystin-3 but not with control proteins
(Figure 4). Truncations of nephrocystin-3 could possibly
map the interaction to aa 1 to 603 (data not shown).
Additionally, both inversin and nephrocystin-3 were
able to inhibit Dishevelled-1-induced canonical Wnt-sig-
naling activity (Figure 5A) and demonstrated a synergistic
effect if coexpressed in HEK293T cells. Changes observed
upon morpholino-oligonucleotide knockdown of nephro-
cystin-3 in Xenopus laevis embryos were similar to those of
inversin knockdown.'® We observed defective morphoge-
netic cell movements during gastrulation by following
fluorescently labeled clones of cells. These cells did not
intercalate and converge to the medial midline, leading to
a severe delay of gastroporus closure (Figure 5B). At lower
doses (16 ng), the neural folds remained open (Figure 5C),
and shortened body axes (Figure 5D) were observed in a
dose-depended manner at later stages (Figure SE). Specific-
ity of the knockdown was demonstrated by amelioration
of the phenotype by overexpression of human nephrocys-
tin-3 RNA (Figure SE). These hallmark phenotypes of defec-
tive convergent extension movements suggest a role for
NPHP3 in noncanonical PCP Wnt-pathway activation.

Discussion

In this study, we chose a combinatorial approach in patients
and mice to define the phenotypic spectrum of NPHP3/
Nphp3 mutations and the role of its encoded protein neph-
rocystin-3. The wide range of phenotypes observed indi-
cates a prominent functional role for nephrocystin-3
throughout development from early embryonic stages to
maintenance of morphologic integrity in later life. This is
impressively illustrated by the wide spectrum of renal and
urinary tract anomalies ranging from shrunken kidneys
with interstitial fibrosis and only very few cysts confined
to the corticomedullary junction to glomerulocystic kidney
disease and grossly enlarged multicystic-dysplastic kidneys
with early embryonic renal failure. Cysts in those latter
patients were of great number, manifold morphology, and
located in all segments of the nephron. Furthermore, ure-
teric atresia was additionally observed in a severely affected
patient harboring a homozygous NPHP3 nonsense muta-
tion. Congenital anomalies of the kidney and urinary tract
(CAKUT) are in accordance with early embryonic
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maldevelopment and indicate that seemingly unrelated
distinct cystic renal phenotypes can be caused by very sim-
ilar molecular mechanisms. Interestingly, one of our pa-
tients with early renal failure, situs inversus totalis, and
postaxial polydactyly was further characterized by bilateral
preauricular fistulas and thus phenotypically overlaps with
branchiootorenal (BOR) syndrome that may link ciliopa-
thies to branchial arch maldevelopment.

The pcy mouse has been used for novel therapeutic strat-
egies for cystic kidney diseases. However, so far, the patho-
genic character of the pcy missense variant 1614S was only
speculated to be causative for the nephronophthisis pheno-
type of these mice. Our experimental setup does not com-
pletely rule out digenic disease mechanisms postulating
the rare event that a second gene in close vicinity of the
Nphp3 gene locus is mutated in Nphp3P? mice. However,
our data obtained in compound heterozygous Nphp3</+
are consistent with the interpretation that the pcy mutation
indeed generates a hypomorphic allele responsible for the
cystic kidney disease phenotype. These findings are of ma-
jor clinical importance for future therapeutic approaches
in patients afflicted with nephronophthisis and other cilio-
pathies, because several pharmacological interventional
studies have demonstrated that the renal phenotype in
pcy mice can be considerably ameliorated.??

In contrast to mice bearing the hypomorphic pcy allele,
Nphp3 mice with complete loss-of-function alleles pre-
sented with situs inversus, congenital heart defects, and em-
bryonic lethality. Genotype-phenotype correlations based
on the mutational type have been previously described
for tg737 and Rpgrip1l (Ftm) mutant mice. Tg737 mice har-
bor a mutation in the intraflagellar transport protein
IFT88 (polaris) that is important for intraciliary traffick-

ing.?*** Rpgrip11/RPGRIP1L was recently shown to encode

ae .
E

precipitates
anti-V5
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Figure 4. Interaction of Nephrocystin-3
and Inversin

(A-C) V5-tagged inversin was coexpressed
with N-terminally FLAG-tagged full-length
nephrocystin-3 (Flag.NPHP3 FL) or FLAG-
tagged CD2AP protein (Flag.CD2AP) as a
negative control. Expression of V5-tagged
inversin in cellular lysates was confirmed
by immunoblotting with V5 antibodies (A).
After immunoprecipitation with FLAG anti-
body, coprecipitating V5-tagged inversin
was detected with V5-specific antiserum
(B). As control, FLAG-specific antibodies
detected precipitated Flag.Inversin and
Flag.CD2AP (C).

(D-F) In the reverse experiment, V5-tagged
full-length nephrocystin-3 (V.5NPHP3 FL)
was coexpressed with Flag-tagged inversin
or FLAG-tagged CD2AP. The additional
approximately 60 kDa band visible in all
lanes (B, C, E, and F) represents the heavy
chain. The 100 kDa bands that are visible
in (E) are nonspecific bands that also
appeared upon long exposure time in (B).

Flag.Inversin
Flag.CD2AP

- V5.NPHP3 FL

1

a basal-body protein necessary for cilium-related Hedgehog
signaling and developmental processes such as the estab-
lishment of left-right asymmetry and patterning of the neu-
ral tube and the limbs.®”?® In accordance with our Nphp3
mutational data, hypomorphic Tg737 and Rpgrip1l alleles
result in similar, viable phenotypes, whereas predicted
loss-of-function mutations result in embryonic-lethal later-
ality defects observed in Nphp3-deficient animals. Another
animal model that resembles Nphp3 mutants and supports
a cilia-related disease mechanism is the OfdI-deficient
mouse, which displays laterality defects and renal cysts
due to lack of generation of primary cilia.?” Interestingly,
we also report here a defect in cilia generation. However,
it is distinct from lack of cilia generation and is best
described as defect in cilia-length control (Figure 3).
Overall, our mutational findings add to the increasing
body of evidence that ciliary genes/proteins display pleio-
tropic effects with phenotypic overlap between related
disorders and seemingly unrelated clinical entities.* Never-
theless, it is still a matter of debate and poorly understood
how comparable or even identical mutations in the same
gene can cause very different phenotypes.?*=3° Given the
postulated network of cystoproteins, it might be legitimate
to claim modifiers and epistatic effects by proteins
interacting with each other to be causative for some of the
observed phenotypic variability.*! Recently, Badano et al.
elegantly dissected the genetic basis for Bardet-Biedl syn-
drome (BBS), one of the prime examples of pleiotropic and
oligogenic inheritance.*? They found that the MGC1203/
CCDC28B gene (NM_024296.3), which encodes a pericen-
triolar protein that colocalizes and interacts with BBS
proteins, contributes epistatic alleles to BBS. Some evidence
for possible digenic and oligogenic inheritance was recently
also reported for nephronophthisis.>®> Digenic and
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Figure 5. Inversin and Nephrocystin-3 Inhibit Dishevelled-1-Induced Canonical Wnt-Signaling Activity

(A) Both inversin and NPHP3 inhibit Dvll-induced activation of a TCF/LEF-1-dependent luciferase reporter construct (TOPFlash) in
HEK293T cells. A combined expression of both NPHP proteins leads to a further suppression of the luciferase activity. A luciferase reporter
construct with mutated TCF/LEF-1 binding sites (FOPFlash) showed no significant background stimulation. At least four independent
experiments were done, each in triplicate. Dishevelled-induced stimulation was always above 20-fold over background. Data was normal-
ized to B-galactosidase expression. p values were calculated with the two-tailed Student’s t test.

(B-E) Morphogenetic cell movements during gastrulation and neurulation are defective upon NPHP3 knockdown in Xenopus laevis em-
bryos and suggest a role in the PCP Wnt pathway. Gastrulation movements are delayed after NPHP3 knockdown by Morpholino-antisense
oligonucleotide injected into two dorsal blastomeres (B). A clone of cells was labeled in the 64-cell stage with fluorescent dextrane, and
the cell movements were followed by fluorescent microscopy at stage 12. Upper and lower panels show bright-field and fluorescent images
of identical embryos at gastrulation. Incomplete closure of neural folds (C) and phenotypes of shortened body axis and dorsal bending (D)
were observed at later stages, suggestive of disrupted PCP/Wnt signaling. This phenotype was dose-dependent and could be partially
rescued by coinjection of NPHP3-RNA (E). The phenotypic changes were scored with the convergent extension index (CEI).

oligogenic inheritance patterns are also well conceivable
among other plausible explanations (e.g., lack of mutation
detection in case of intronic sequence variations or large de-
letions) for our patients with only one identified NPHP3
mutation.!! Changes in other ciliary genes may also ac-
count for some of the observed intrafamiliar phenotypic
variability among affected siblings that was also present to
aminor extent in our families. In accordance, Tory et al. sug-
gested that epistatic effects provided by heterozygous
CEP290 (NM_025114.3) and AHI1 (NM_017651.3) muta-
tions and variants may contribute to the aggravation of
phenotype from nonsyndromic nephronophthisis to Jou-

bert syndrome with occurrence of extrarenal features in pa-
tients harboring NPHP1 mutations.** Identification of the
mechanisms that explain pleiotropic gene effects will re-
quire further studies but will most probably give valuable
insights into disease pathogenesis and may also provide a
general concept for the modification of disease expression.

Given that virtually all NPHP proteins are expressed in
primary cilia, basal bodies, and/or centrosomes, it is now
widely accepted that defective cilia function contributes
to cyst formation in nephronophthisis.!"'%?12235 Wwe
next aimed to better characterize the functional role of
nephrocystin-3. The similar phenotypes in humans and
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mice with NPHP2/INVS (Nphp2/Invs) or NPHP3 (Nphp3)
mutations prompted us to investigate whether nephrocys-
tin-3 and inversin exert similar functions. In line with this
notion/hypothesis, we demonstrated direct interaction of
nephrocystin-3 with inversin. Studies in HEK cells con-
firmed that nephrocystin-3 like inversin can inhibit the ca-
nonical Wnt-signaling pathway.'® In addition, analyses in
Xenopus laevis with nephrocystin-3 knockdown identified
phenotypes of defective convergent extension, suggesting
a role in noncanonical PCP Wnt-pathway activation.
Taken together with the demonstrated effect on canonical
Wnt signaling, a similar role for both inversin and nephro-
cystin-3 in the control of the switch between canonical
and noncanonical (planar cell polarity) Wnt signaling
can be postulated.'® Interestingly, both nephrocystins en-
hance the inhibiting activity on canonical Wnt signaling
of the respective other. This observation leads us to believe
that both proteins do not function up- or downstream
from each other but in parallel, converging on the same
downstream targets when modulating canonical and non-
canonical Wnt signaling (Figure 5). Altered Wnt signaling
was not only found in nephronophthisis-related disorders
but also in Bardet-Biedl syndrome.?®3’

In this study, we have demonstrated in patients and
mice that NPHP3/Nphp3 mutations cause a broad clinical
spectrum of early embryonic patterning defects compris-
ing situs inversus, polydactyly, central nervous system
malformations, structural heart defects, preauricular fistu-
las, and a wide range of renal and urinary tract anomalies
(CAKUT). Conclusively, NPHP3/Nphp3 mutations can re-
sult in isolated nephronophthisis, Senior-Loken syndrome,
renal-hepatic-pancreatic  dysplasia, Meckel-Gruber-like
syndrome, and embryonic lethality.

Supplemental Data

Three figures and one table are available at http://www.ajhg.org/.
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