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Ciliopathies with Skeletal Anomalies
and Renal Insufficiency due to Mutations
in the IFT-A Gene WDRT9
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A subset of ciliopathies, including Sensenbrenner, Jeune, and short-rib polydactyly syndromes are characterized by skeletal anomalies
accompanied by multiorgan defects such as chronic renal failure and retinitis pigmentosa. Through exome sequencing we identified
compound heterozygous mutations in WDR19 in a Norwegian family with Sensenbrenner syndrome. In a Dutch family with the
clinically overlapping Jeune syndrome, a homozygous missense mutation in the same gene was found. Both families displayed a nephro-
nophthisis-like nephropathy. Independently, we also identified compound heterozygous WDR19 mutations by exome sequencing in
a Moroccan family with isolated nephronophthisis. WDR19 encodes IFT144, a member of the intraflagellar transport (IFT) complex A
that drives retrograde ciliary transport. We show that IFT144 is absent from the cilia of fibroblasts from one of the Sensenbrenner patients
and that ciliary abundance and morphology is perturbed, demonstrating the ciliary pathogenesis. Our results suggest that isolated neph-
ronophthisis, Jeune, and Sensenbrenner syndromes are clinically overlapping disorders that can result from a similar molecular cause.

The cilium is an antenna-like structure that protrudes out
of the apical membrane of most vertebrate cells. Dysfunc-
tion of this organelle has been shown to result in a number
of inherited diseases, ranging from isolated disorders, such
as cystic kidney disease and retinitis pigmentosa to more
complex disorders such as Bardet-Biedl (MIM 209900)
and Meckel (MIM 249000) syndromes.*

Recently, it has been demonstrated that the genetically
heterogeneous asphyxiating thoracic dysplasia, also called
Jeune syndrome (MIM 611263, MIM 613091, and MIM
613819); short-rib polydactyly (MIM 263510, MIM
263530, MIM 263520, and MIM 269860); and cranioecto-
dermal dysplasia, also known as Sensenbrenner syndrome
(MIM 218330, MIM 613610, MIM 614099) are also caused
by disruption of cilia."”* This group of disorders is charac-
terized by abnormal development of the bones, that is
short ribs, shortening of the long bones, short fingers,

and polydactyly. Extraskeletal anomalies such as renal
insufficiency, hepatic fibrosis, heart anomalies, and reti-
nitis pigmentosa are also often part of the phenotype.
Patients with Sensenbrenner syndrome may also present
with craniosynostosis and ectodermal abnormalities such
as malformed teeth, sparse hair, and skin laxi‘(}7.3'4 Jeune
syndrome is less complex and is primarily characterized
by a narrow rib cage and respiratory insufficiency.>®
Although Jeune and Sensenbrenner syndromes are consid-
ered to be rather mild forms of the same phenotypic spec-
trum, the embryonically lethal short-rib polydactyly is
thought to be at the severe end of this spectrum.”"'° Renal
disease has been reported in all of these syndromes and
involves nephronophthisis, a chronic tubulointerstitial
nephropathy in most cases leading to end-stage renal
failure during childhood or young adulthood. The kidneys
in juvenile and adolescent nephronophthisis are of normal

'Department of Ophthalmology, Haukeland University Hospital, N-5021 Bergen, Norway; *Center for Medical Genetics and Molecular Medicine, Hauke-
land University Hospital, N-5021 Bergen, Norway; 3INSERM, U983, Hopital Necker-Enfants Malades, 75015 Paris, France; 4Université Paris-Descartes,
75006 Paris, France; *Department of Human Genetics, Radboud University Nijmegen Medical Centre, 6525 GA, Nijmegen, The Netherlands; °Nijmegen
Centre for Molecular Life Sciences, Radboud University Nijmegen Medical Centre, 6500 HB, Nijmegen, The Netherlands; Institute for Genetic and Meta-
bolic Disease; Radboud University Nijmegen Medical Centre, 6500 HB, Nijmegen, The Netherlands; ®Department of Clinical Medicine, University of Ber-
gen, N-5021 Bergen, Norway; “Department of Pediatrics, Haukeland University Hospital, N-5021 Bergen, Norway; '°Department of Pathology, Haukeland
University Hospital, N-5021 Bergen, Norway; ''Department of Clinical Dentistry, Orthodontics and Facial Orthopedics, University of Bergen, N-5020, Ber-
gen, Norway; !*Plateforme Génomique de la Fondation Imagine, Hopital Necker-Enfants Malades, 75015 Paris, France; '*Plateforme de Bioinformatique de
'Université Paris Descartes, Hopital Necker-Enfants Malades, 75015 Paris, France; *Department of Nephrology, University Medical Center Groningen,
University of Groningen, 9700 RB, Groningen, The Netherlands; 15Department of Genetics, University Medical Center Groningen, University of Gronin-
gen, 9700 RB Groningen, The Netherlands; '°Department of Pathology, Radboud University Nijmegen Medical Centre, 6525 GA Nijmegen, The Nether-
lands; '"Department of Nephrology and Transplantation, Henri Mondor Hospital, APHP, Institut Francilien de Recherche en Néphrologie et Transplanta-
tion (IFRNT) and Paris XII University, F-94010 Créteil, France; 18Department of Medical Genetics, University Medical Center Utrecht, 3508 AB Utrecht,
The Netherlands

19These authors contributed equally to this work

2These authors contributed equally to this work

*Correspondence: h.arts@antrg.umcn.nl

DOI 10.1016/j.ajhg.2011.10.001. ©2011 by The American Society of Human Genetics. All rights reserved.

634 The American Journal of Human Genetics 89, 634-643, November 11, 2011


mailto:h.arts@antrg.umcn.nl
http://dx.doi.org/10.1016/j.ajhg.2011.10.001

Cc
——— sV

-— 20V

Figure 1. Clinical Features and Renal Pathology of Sensenbren-
ner Patients

(A) Fundus image of Sensenbrenner patient II-1 showing bone-
spicule-shaped pigment deposits in the midperiphery. Slight
attenuation of retinal vessels is also seen.

(B) Optical coherence tomography of the same patient showing
disrupted photoreceptor inner and outer segment layer most
clearly seen outside of the foveal area.

(C) Patient II-2 was examined by electroretinogram at the age of 7.
Rod signals were extinguished. Cone function was barely record-
able as illustrated by photopic flicker recording seen at 5 pV
(top). At the age of 14, no cone response could be detected; shown
here at 20 pV (bottom).

(D and E) Renal biopsy from patient II-1 (periodic acid-Schiff stain-
ing). The patient had nephron loss with 40% globally sclerosed
glomeruli and focal tubular atrophy and interstitial sclerosis. (D)
Some of the remaining open glomeruli are enlarged and show
ischemic changes with slightly retracted capillary convolute and
fibrosis of the Bowman’s capsule. (E) Nonatrophic tubules show
focal lamellation of the basement membrane (arrows) and intersti-
tial fibrosis (indicated by an asterisk [*]). The scale bars are 100 pm
and 50 um in (D) and (E), respectively.

(F) Feet of patient II-1. Pes planus with short 2" to 5™ toes.

(G) The hands of patient II-1 have short and broad distal
phalanges and short 2™ and 5" second phalanges.

(H) Patient II-2 has a pectus excavatum.

or even reduced size and are characterized histologically by
disruption as well as focal thickening and replication of
basement membranes in nonatrophic tubules, associated
with interstitial fibrosis and tubular atrophy. Cysts may
develop late in the course of the disease, typically at the
corticomedullary junction. Nephronophthisis (NPHP
[MIM 256100]) is considered a ciliopathy since the muta-
tions that have been associated with this disorder are
nearly all located in genes that encode proteins that have
a role in the cilium.'!

Intraflagellar transport (IFT) is an important transport
process that occurs in the cilium. Transport towards the
ciliary tip is regulated by the IFT complex B (IFT-B), consist-
ing of at least 15 IFT proteins, in association with kinesin
motors, whereas transport from the ciliary tip back to
the base is executed by a dynein motor in association
with the IFT complex A (IFT-A), currently known to be
composed of six IFT proteins.'?>'* Nearly all mutations
that have been associated with skeletal ciliopathies are
located in genes that encode proteins that are part of the

IFT-A complex and the IFT-A-associated motor protein.
Specifically, mutations were found in IFT122 (mutated in
patients with Sensenbrenner syndrome; MIM 606045),'°
WDR35 (associated with Sensenbrenner and short-rib
polydactyly syndromes; MIM 613602),'%'¢ TTC21B
(mutated in Jeune syndrome and nephronophthisis; MIM
612014)," IFT43 (previously called C140RF179, associated
with Sensenbrenner syndrome; MIM 614068),'® and
DYNCZ2H]1 (associated with Jeune and short-rib polydactyly
syndromes; MIM 603297).8 IFT80 (MIM 611177) is the only
known gene encoding an IFT-B particle subunit that is
involved in ciliopathies that affect the skeleton.”"' In addi-
tion, mutations in NEK1 (MIM 604588), which encodes
a serine/threonine kinase involved in cell-cycle regulation,
have recently been described in short-rib polydactyly
patients.? Still, there is an emerging theme that mutations
in genes encoding IFT proteins, and predominantly the
IFT-A particle subunits, are associated with the etiology of
skeletal ciliopathies.

In this report we applied exome sequencing to identify
the genetic cause of Sensenbrenner syndrome in a Norwe-
gian family with two affected children and their healthy
sibling. The clinical findings of these patients are illus-
trated in Figures 1 and 2 and Figure S1, available online,
and a summary is provided in Table S1. Patient II-1, a
21-year-old female, is the second child of unrelated,
healthy parents. At birth, developmental dysplasia of
both hips and general hypotonia were observed. Ophthal-
moscopy at the age of 11 years revealed attenuated arteries
and bone-spicule-shaped deposits in the periphery of the
retina (Figure 1A). An electroretinogram showed com-
pletely extinguished signals, indicative of tapetoretinal
dystrophy. She had recurrent pneumonia and asthma,
consistent with respiratory function tests that indicated
reduced lung capacity. At the age of 11 years she was inves-
tigated for retardation of statural growth with height
2-3 cm under the 2.5 centile, but no underlying cause
was found. After treatment with growth hormone therapy,
her height attained the 10™ centile. The mid-parental
height was 175 cm. When she was 11 years old, she pre-
sented with a moderately increased serum creatinine and
hypertension. Ultrasound showed hyperechoic kidneys,
and histological examination of a renal biopsy revealed
unspecific changes that were compatible with a nephro-
nophthisis-like disease (Figures 1D and 1E). The nephro-
pathy progressed rapidly, and a successful renal transplan-
tation was performed when she was 14 years old. She also
had idiopathic bone marrow hypoplasia. The diagnosis of
Sensenbrenner syndrome was made based on the combi-
nation of clinical findings of the patient and her brother.
Patient II-2, the 16-year-old brother of patient II-1, pre-
sented with developmental dysplasia of both hips and cra-
niosynostosis of the sagittal suture. Although he did not
have ocular complaints at the age of 7, ophthalmoscopy
revealed attenuated retinal vessels and an electroretino-
gram showed extinguished rod signals and severely re-
duced cone signals compatible with a rod-cone dystrophy
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Figure 2. Dental Defects of Sensenbrenner Patients

(A-D) Dental and palatal defects of patient II-1. (A) Patient II-1 has
a bony protrusion of the hard palate (torus palatinus, indicated by
the arrows in A and C) and decreased maximum width of the teeth
with diastemata between maxillary incisors. (B) The morphology
of her central incisors is atypical. The arrow points at excessive
bulging of the gingival aspect of the buccal surface. (C) The conical
first maxillary molars with atypical cusps is also pointed out (right
arrow). (D) The panoramic radiograph shows taurodontism of
second and third molars (white arrows). The black arrow points
out normal pulp of the first molar.

(Figure 1C). An ultrasound showed hyperechoic kidneys,
but there were no clinical or biological signs of renal
disease at follow-up. Both siblings had multiple dental
anomalies (Figure 2 and Table S1) that are different from
the tooth phenotypes from their parents (Figure S2).

The parents, both affected siblings, and their healthy
brother were screened using Affymetrix 6.0 SNP arrays.
No pathogenic copy-number variations were found.
Neither did we find any significant homozygous regions
(>2 Mb) that were shared by the two affected siblings after
homozygosity mapping by using the PLINK program.?!
Haplotype analysis of the chromosomal regions encom-
passing the loci for IFT122, WDR35, and IFT43 did not
show segregation with the disease within this family,
thus excluding the genes that previously had been shown
to be mutated in Sensenbrenner patients. We therefore
decided to proceed with exome sequencing to identify
the causative genetic defect in this family. Our study was
approved by the Medical Ethics Committee of the Rad-
boud University Nijmegen Medical Centre and by the
Regional Committee for Medical and Health Research
Ethics, Western Norway (IRB no. 00001872). We obtained
written informed consent to participate in the study from
all family members as well as informed consent for publi-
cation of the clinical photographs.

The exome of patient II-2 was sequenced, and 96.47% of
all genes from the NCBI RNA reference sequences collec-
tion (RefSeq) were targeted. This was done using the 50
Mb SureSelect human exome kit (Agilent, Santa Clara,
CA, USA). We applied posthybridization barcoding of the
library, which was subsequently sequenced on a quarter
of a SOLID slide. This resulted in 3.48 Gb of mappable
sequence data. The sequence reads were mapped to the
hg19 reference genome by using SOLiD BioScope software
version 1.3. The median coverage of the targeted exome
was 69 fold. In the coding regions or splice sites, 19,053
genetic variants were identified. After mapping and calling
the genetic variations, we used a prioritization scheme to
identify the pathogenic mutations as we did in our pre-
vious work.'®?? Known dbSNP132 variants were excluded
as well as variants from our in-house database. The latter
consists of 359,220 variants identified in more than 220
Nijmegen exome-resequencing samples from healthy indi-
viduals or patients with other rare diseases.

We determined which genetic private nonsynonymous
and splice site variations matched with a recessive inheri-
tance model and identified seven candidate genes; two
with compound heterozygous variations (WDRI19 and
MICALCL [MIM 612355]) and five with homozygous vari-
ations (PAQR6, TFDP3 [MIM 300772], PRB1 [MIM 180989],
PLXNB3 [MIM 300214] and PPIL2 [MIM 607588]). These
variations were subsequently validated with Sanger

All first premolars are extracted, and there is hypodontia of the
lower left third molar (E-F) Tooth anomalies of patient II-2. Arrows
point out nipple cusps of mandibular premolar and canine (E) and
atypical cusps of maxillary first molar (F).
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Figure 3. Variants in WDR19

(A) Gene and protein structure of WDR19 encoding IFT144. WD domains are indicated with gray boxes and tetratricopeptide repeat
(TPR) motifs with light gray ovals. The nature and position of the identified mutations in patients with Sensenbrenner syndrome (black),
Jeune syndrome (red), and isolated nephronophthisis (blue) are indicated.

(B) The pedigree shows that both siblings with Sensenbrenner syndrome (II-1 and II-2) carry compound heterozygous mutations in
WDR19. The missense mutation (p.Leu710Ser) was inherited from the father (I-1), whereas the stop mutation (p.Arg1103*) was trans-
ferred by the mother (I-2).

(C) A homozygous missense mutation (p.Leu7Pro) was identified in a patient with Jeune syndrome (II-1). The parents (I-1 and I-2) are
both heterozygous for this variant. The unaffected sister (1I-2) of the patient has wild-type alleles.

(D) All four affected siblings (II-1, 1I-3, II-5, and II-6) from a large nonconsanguineous Morrocan family with isolated nephronophthisis
carry compound heterozygous variants in WDR19 (p.Val345Gly and p.Tyr1023*). Their two unaffected siblings are heterozygous for the
p-Val345Gly mutation. The nonsense mutation was inherited from the father (I-1), who carries this variant in a heterozygous state. The
missense mutation is inherited from the mother (I-2). Notably, the unaffected mother (I-2), who is a child from a consanguineous family,
is homozygous for the p.Val345Gly mutation.

sequencing and the distribution of the variants in the
family was determined (Table S2). The only gene in which
variants could be validated that were shown to cosegregate
with the disease was WDR19 (RefSeq NM_025132.3) en-
coding IFT144, a gene containing 37 exons (Figures 3A
and 3B and Figure S3A and Table S2). Both affected siblings
carry compound heterozygous variations (c.2129T>C

[p-Leu710Ser] and ¢.3307C>T [p.Arg1103*]) in WDR19,
while each of the parents is heterozygous for one of the
changes, which is consistent with an autosomal-recessive
inheritance model (Figure 3B, Table S2, and Figures S3A
and S4). Haplotype analysis of the SNP array data that
had previously been obtained indicated that WDR19 is
indeed located in a 26.4 Mb haplotype block (from
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Figure 4. IFT144 Is Absent or Mislocalized in Cilia from Sensen-
brenner Patients with Mutations in Genes that Encode IFT
Complex A Proteins

(A) Serum-starved fibroblasts were stained with antibodies against
IFT144 (red) and RPGRIP1L (green). The latter marks the base of
the cilium. DAPI (blue) stains nuclei and is shown in the merged
image. IFT144 is not detected in cilia from Sensenbrenner patient
II-1. The distribution of IFT144 in primary cilia in cells from the
heterozygous mother of patient II-1 is normal, but IFT144 is
present in decreased amounts compared to the amount in cilia
from the control individual. The scale bars represent 10 mm.

(B) Aberrant ciliary localization of 1FT144 in cilia in fibroblasts
from a patient with a mutation in IFT43. IFT144 (green) is mainly
present in the ciliary base and tip in control cilia; however, it is not
detected in the base of cilia in cells from the patient. Instead,
IFT144 was detected primarily at the ciliary tip and also occurred
as a smear along the ciliary axoneme in the cilia of the patient.
DAPI stains the nuclei (in merged images). The scale bars represent
10 pm.

152286540 to rs3890818) that is shared by both affected
siblings, further confirming our results. We did not detect
the identified p.Leu710Ser and p.Arg1103* variations in
WDR19 in 422 control alleles from the same population
as the patients. The genetic association of WDR19 with
the phenotype in this family fully matches the recently es-
tablished connection of the IFT-A particle with ciliopathies
that are characterized by skeletal anomalies'®'>~'® because
the WDR19-encoded IFT144 is one of the six core subunits
of this particle.

We obtained fibroblasts from Sensenbrenner patient II-1,
a carrier (I-2), and a healthy individual and stained these
cells with antibodies against IFT144 (mouse polyclonal,
Abnova, HO0057728-BO1P, Taipei, Taiwan; 1:100), acety-

lated a-tubulin (a mouse monoclonal from Life Technolo-
gies, Bleiswijk, The Netherlands; 1:1000) and RPGRIP1L
(SNC040,%* guinea pig polyclonal; 1:500) to analyze the
localization and abundance of IFT144 in the cilia and
to study cilia number and morphology as previously
described.'® Alexa Fluor 568- and 488-conjugated anti-
bodies against mouse or guinea pig immunoglobulins
(Life Technologies, Bleiswijk, The Netherlands; 1:300)
were used as secondary antibodies. In control fibroblasts
IFT144 was detected throughout the cilium, with pro-
minent signals at its base, where it colocalizes with
RPGRIP1L, and the ciliary tip (Figure 4A and Figure S5).
Stainings of cilia from fibroblasts from carrier I-2, show a
similar pattern but with a significantly lower intensity of
the signals. We did not detect any IFT144 in cilia from
patient II-1, indicating a complete loss of function of
IFT144. We also studied IFT144 in cilia from fibroblasts
from a recently described Sensenbrenner patient with
mutated IFT43.'® Interestingly, we found that IFT144 was
less abundantly present in the cilia, and its localization
was restricted to the (distal part of the) ciliary axoneme
and the ciliary tip (Figure 4B). Mutations in other IFT
complex A proteins such as IFT43 can thus also result in
IFT144 mislocalization, emphasizing that mutations
causing Sensenbrenner syndrome are affecting the func-
tion of the entire IFT-A particle.

Acetylated alpha-tubulin staining of the ciliary
axonemes of fibroblasts from patient II-1 revealed a signifi-
cant reduction of the number of ciliated cells as well as a
reduction in cilium length of most of the cilia that were
detected compared to cilia from fibroblasts from two
control cell lines (Figures SA-5C). This points at defects
in ciliogenesis and/or cilium maintenance. Similar ciliary
defects have been described in fibroblasts of patients
with IFT122 mutations."®

To investigate whether WDR19 mutations are a frequent
cause of Sensenbrenner syndrome, and to examine whether
WDR19 is also associated with syndromes that clinically
overlap with Sensenbrenner syndrome, we screened all
coding exons of WDR19 for mutations in nine Sensenbren-
ner, 14 Jeune and two short-rib polydactyly patients by
Sanger sequencing. Thirty-six protein-coding exons were
amplified by standard PCR and analyzed with dye-termina-
tion chemistry (BigDye Terminator, version 3 on a 3730
DNA analyzer; Applied Biosystems, Foster City, CA, USA).
We did not identify mutations in the other Sensenbrenner
patients. However, in one of our patients with Jeune syn-
drome (previously described as case 1 in de Vries et al.,®
Table S1 and Figures S6A and S6B), we found a homozygous
missense variation in exon 2, ¢.20T>C [p.Leu7Pro] (Figures
3A and 3C and Figures S3B and S4). Aside from the typical
skeletal features that characterize Jeune syndrome, this
patient also had chronic renal disease and several eye
abnormalities, that is cataracts, attenuated arteries, and
macular abnormalities for which she is currently under
investigation. Both parents are heterozygous for the
missense variation, and the unaffected sister of the patient
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(B) The cilia frequency is significantly lower (p <
0.0001) in cells from Sensenbrenner patient II-1
compared to cells from two control cell lines as
was determined with a Fisher’s exact test (indi-
cated with an asterisk). The abundance of cilia
in cells from the mother of the Sensenbrenner
patient and the patient with Jeune syndrome is
comparable to the cilia frequency in control cell
lines.
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(C) The length of cilia in Sensenbrenner patient II-1 and two control individuals differ significantly. Significance was calculated with
a Student’s t test (p < 0.0001). Error bars represent the standard error of the mean. The average ciliary length of cells from the mother
from the Sensenbrenner patient and the patient with Jeune syndrome are comparable to the average ciliary length in cells from two

healthy controls.

has wild-type alleles. The altered base is highly conserved in
vertebrates (phylo-P?* is 4.4 for 46 vertebrate species) and is
not described in dbSNP132 or the 1000 Genomes Project
or in our in-house database. Diagnostic screening with
Affymetrix 250K SNP microarrays did not reveal any
uncommon copy-number variants or large homozygous
regions, and no mutations were found in genes that have
previously been shown to be mutated in patients with Jeune
syndrome, which further supports that mutations in
WDR19 canresultin the clinically overlapping Sensenbren-
ner and Jeune syndromes.

In order to functionally assess the effect of the p.Leu7Pro
mutation identified in the Jeune patient, we also studied
the cilia in fibroblasts from this patient. In contrast to
the results from the Sensenbrenner patient, we did not
observe major differences in cilia number and length in
cells from the Jeune patient compared to the cells in two
controls (Figures 5B and 5C), and IFT144 could still localize
to the cilium although the overall level seemed reduced
(data not shown). A common ciliary phenotype associated
with IFT-A dysfunction is the accumulation of IFT-B com-
plex proteins in ciliary tips; this accumulation has previ-
ously been reported in human cells and several model
organisms.'®2>2¢ By staining the Jeune fibroblasts with
anti-IFT57 (kindly provided by Greg Pazour), ciliary
markers GT335 (a gift from Carsten Janke), and anti-
RPGRIP1L, we indeed observed this defect in a low but
significant number of cells, whereas it was virtually absent
in the controls (Figures S7A and S7B). The clinical and
ciliary phenotypes from the patient with Jeune syndrome
are thus less dramatic compared to the phenotypes in the
patient(s) with Sensenbrenner syndrome; this difference
corresponds to the identification of a milder genetic defect
in this patient.

In an independent study in which a combined approach
of linkage analysis and exome sequencing was used for

gene hunting, we identified compound heterozygous mu-
tations in WDR19 in a large nonconsanguineous Moroc-
can family with isolated nephronophthisis (Figure 3).
The unrelated parents of this family have three affected
children, two healthy children, and one child with an
unknown status. The clinical findings of the patients are
illustrated in Figures S6C and S6D, and a summary of the
clinical information is provided in Table S3. The three
affected siblings II-1, II-3, and II-5 all presented with small
kidneys and reached end-stage renal disease (ESRD) at the
ages of 19, 20, and 13 years, respectively (Table S3). Histo-
logical examination of the renal biopsies from patients II-1
and II-5 revealed interstitial fibrosis with atrophic tubules
and thickening of the tubular basement membrane, indic-
ative of nephronophthisis (Figures S6C and S6D). The
youngest sister, II-6, only displayed mild features of renal
disease (Table S3), whereas the 31- and 26-year-old siblings
and both parents were asymptomatic. Once our study was
approved by the Comité de Protection des Personnes “Ile-
De-France II” and informed consent was obtained, all
family members were genotyped with Affymetrix 250k
SNP arrays. Haplotype analysis, performed with MERLIN
software, revealed that the affected siblings (I1I-1, II-3, and
II-5) share 11 chromosomal regions; however, none of
these encompassed known NPHP loci. We subsequently
performed exome sequencing for patient II-3 with a com-
parable, yet slightly different, technical and bioinformatic
approach as described previously. We used a 50 Mb Agilent
SureSelect assay and a SOLiD4 sequencer (50 bases frag-
ment reads). This resulted in 1.9 Gb of mappable sequence
data that were aligned to the human genome reference
sequence (hg19 build) with a BWA aligner.?” The variants
were annotated with an in-house pipeline based on the
Ensembl database (release 61). Known variants from
dbSNP132, the 1000 Genomes Project, and in-house
exome data were excluded from the 330 genetic variants
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identified in the coding regions or splice sites. Finally (after
comparison with linkage data), the only gene in which two
variants could be validated that cosegregated with the
disease in the family was WDR19 (Table S4). All affected
siblings carry compound heterozygous variations
(c.1034T>G [p.Val345Gly] and ¢.3068dupA [p.Tyr1023*])
(Figure 3D and Figure S3C). The father is heterozygous
for the p.Tyr1023* mutation, whereas the mother (whose
parents are consanguineous) carries the p.Val345Gly
change at a homozygous state (Figure 3D). The two unaf-
fected children are both heterozygous for the p.Val345Gly
mutation but do not carry the nonsense mutation
(Figure 3D). We did not detect the p.Val345Gly variant in
200 alleles from the same ethnic origin. While in silico
analysis of p.Val345Gly in PolyPhen2 indicates that this
variant is benign, SIFT predicts that this missense mutation
does alter protein function. Based on our bioinformatic
analyses and the location of the mutation (in the end of
the WD40 repeat stretch, Figure 3A), we propose that this
variation only mildly affects IFT144 function. This is
consistent with the fact that the mother, who carries the
p-Val345Gly variant in a homozygous state, is asymptom-
atic. However, the association of this hypomorphic variant
with the nonsense mutation p.Tyr1023* in the affected
siblings could enhance the mild effect of the p.Val345Gly
variant and lead to a kidney phenotype. This is reminis-
cent to what has been described for the c.686G>A
(p-Arg229GIn) variant in nephrotic syndrome (NPHS2,
nephrotic syndrome type 2 [MIM 600995]): whereas
homozygosity for this variant is nonpathogenic,?® com-
pound heterozygosity for c.686G>A and another NPHS2
(MIM 604766) mutation is associated with adult-onset
steroid resistant nephrotic syndrome.?’ WDR19 mutations
are thus likely also associated with isolated nephronoph-
thisis. We further screened by Sanger sequencing all coding
exons of WDR19 for mutations in 22 additional patients
with nephronophthisis and skeletal defects (cone-shaped
epiphysis, craniosynostosis, or narrow thorax) and 30
patients with isolated nephronophthisis; however, this
did not result in the identification of additional homozy-
gous or compound heterozygous WDR19 mutations. This
is not surprising considering our cohort size and the
marked genetic heterogeneity in nephronophthisis.
Although we cannot exclude that compound pathogenic
mutations in noncoding regions have been missed in our
exome analysis or that additional modifying mutation(s)
in another ciliary related gene (accompanied with the
WDR19 defects) contribute to disease, we conclude that
the phenotypic spectrum associated with WDRI19 muta-
tions most likely extends from Jeune and Sensenbrenner
syndromes to isolated nephronophthisis. The phenotypic
variability in patients with genetic defects in the genes
encoding IFT-associated proteins that have been identified
thus far ranges from isolated nephronophthisis to the
embryonically lethal short-rib polydactyly.®!%15-19 Be-
cause mutation type may be one of the factors that influ-
ence the phenotype in these disorders, the phenotypic

spectrum associated with WDRI19 mutations may be
broader than reported in this paper (i.e., extending beyond
isolated nephronophthisis and Sensenbrenner and Jeune
syndromes). We did not detect combinations of two trun-
cating mutations in any of our families. It is conceivable
that a combination of two mutations that severely disrupt
the protein function (e.g., truncating mutations or dele-
tions) may result in more complex and/or embryonically
lethal phenotypes such as short-rib polydactyly. Yet, as
the IFT144 protein was completely absent from cilia in
fibroblasts from one of our Sensenbrenner patients (indic-
ative of a loss of function), it could also be that Sensen-
brenner syndrome is at the end of the phenotypic
spectrum that is associated with WDR19.

In addition to mutation type, genetic load, modifier
effects, and oligogenic inheritance, which all refer to the
possibility that mutations in more than one gene affect
the phenotype, have also been proposed as explanations
for the clinical variability within ciliopathies and within
families suffering from these disorders.'”?%3%3! Notably,
the two siblings with Sensenbrenner syndrome described
in this paper also display several different clinical features,
for example patient II-2 has a craniosynostosis, whereas
the skull of patient II-1 is normal (Table S1). In this sense,
it is of interest that recent studies in Dync2h1 knockout
mice indicate that additional mutations in Ift172 and
Ift122 can rescue the cilia and hedgehog phenotype of
these mice.>? Modifier effects of genes encoding IFT-associ-
ated proteins could influence the phenotypes in humans.
In our analysis of the exome data of Sensenbrenner patient
II-2, we did not make observations that could further
explain the intrafamilial phenotypic variability. No addi-
tional private variants in any of these genes, nor in any
of the genes that were previously reported to be mutated
in patients with ciliopathies, were identified aside from
the WDR19 mutations. As new mutations in IFT and ciliary
genes are continuously being discovered, future studies
may reveal whether the factors that cause the different
clinical manifestations of Sensenbrenner syndrome in
this family are of genetic and/or environmental origin.

It is interesting that all IFT-A genes (including the
WDR19 findings from this paper) except for IFT140 have
been found to be mutated in skeletal ciliopathies such
as Sensenbrenner, Jeune, and/or short-rib polydactyly
syndromes.'%!5"'8 Although, we did not find any patho-
genic genetic defects in this gene in any of our patients
(data not shown), we still hypothesize that mutations in
IFT140 might cause ciliopathies that are characterized by
skeletal defects.

Dysfunction of IFT-A proteins have frequently been asso-
ciated with chronic renal disease.'*'>!7'® All the families
with WDR19 mutations discussed in this paper present
with a nephronophthisis-like nephropathy. TTC21B, en-
coding IFT139/THM1/TTC21B, is thus far the only other
gene encoding an IFT protein in which mutations have
been found both in association with a syndrome (Jeune)
and isolated nephronophthisis."” The exact role of the
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IFT proteins in the kidney remains to be investigated
although hypotheses that they play a role in the regulation
of ciliary signaling cascades (e.g., wnt and hedgehog) have
been put forward. One of the suggested mechanisms is that
IFT proteins, by contributing to the ciliary localization of
Inversin, regulate the noncanonical wnt pathway involved
in establishing planar cell polarity.** Because Inversin is
a central protein mutated in infantile nephronophthisis
and known to associate with other Nephrocystin proteins,
this could explain why mutations of IFT genes also cause
nephronophthisis.

Retinal dystrophy is a feature that accompanies several
ciliopathies, including Sensenbrenner and Jeune syn-
dromes." The two siblings with Sensenbrenner syndrome
in our report were both diagnosed with retinitis pigmen-
tosa. This demonstrates that mutations in WDR19 can be
associated with tapetoretinal degeneration in humans.
The Jeune patient also had retinal abnormalities; however,
although the changes could be compatible with a retinal
dystrophy, no such diagnosis had been made. None of
the Sensenbrenner, Jeune, or nephronophthisis patients
with mutations in other IFT-A genes were reported to
present signs of retinal dystrophy.'>~'® However, the
majority of these patients are still young, and they may
develop retinal problems later in life. It has been shown
that multiple IFT proteins (several IFT-B proteins and
IFT140 and Ttc21b) localize in the retina.!”3* LCAS5
(MIM 611408), encoding Lebercilin, is associated with
Leber congenital amaurosis (MIM 604537), a severe hered-
itary tapetoretinal degeneration. Although Lebercilin is
not an integral component of the IFT machinery, it associ-
ates to the IFT particles, and mutations in LCAS have been
found to lead to disrupted IFT, confirming the importance
of IFT for retinal function.®® It is thus conceivable that
more genes encoding IFT-A subunits, or proteins closely
connected to its function, are associated with retinal
disease.

Dental anomalies were seen in both of our Sensenbren-
ner patients; however, no major abnormalities were re-
ported in our Jeune and nephronophthisis families. The
dental phenotypes of our Sensenbrenner patients are
similar to the tooth anomalies (e.g., reduced enamel thick-
ness, hypodontia, microdontia, taurodontism, and malfor-
mations of the cusps) that have been described in other
Sensenbrenner patients**®3” and in patients with ciliopa-
thies such as Ellis-van Creveld syndrome (MIM 225500),
orofaciodigital syndrome (MIM 311200), and Bardet-Biedl
syndrome.*®3° Tooth morphogenesis is a complex process
in which cilia seem to play an important role. This is, for
example, indicated by the fact that transgenic mice with
loss of function of Fox]J1, a major regulator of cilia develop-
ment, have a reduced and defective ameloblast layer.* In
addition, there is emerging evidence that human odonto-
blasts express important primary cilium components,
including IFT proteins.*! With respect to IFT, it has been
shown that loss of Polaris (the murine IFT88 ortholog)
results in supernumerary teeth because of ectopic

hedgehog signaling in mice.***® This tooth phenotype is
opposite to the hypo- and oligodontia that is described
in Sensenbrenner syndrome. In this respect, it is at least
remarkable that IFT88 and IFT144 also have contrasting
ciliary transport functions; whereas IFI88 is an IFT-B
protein that regulates anterograde ciliary transport, IFT144
is part of the IFT-A machinery that regulates retrograde
ciliary transport. As such, we hypothesize that these con-
trasting dental phenotypes might be due to different
imbalances of the Hedgehog pathway associated with
dysfunction of either the IFT-A or the IFT-B complex (as
has previously been suggested for neural tube and limb
development).** It is thus clear that there is a link between
cilia dysfunction and aberrant tooth development; how-
ever, the molecular mechanisms that underlie these dental
defects are still poorly understood.

In conclusion, we identified through exome-sequencing
compound heterozygous mutations in WDRI9 in a
Norwegian family with Sensenbrenner syndrome as well
as in a Moroccan family with isolated nephronophthisis.
A homozygous missense mutation in WDR19 in a Dutch
family with Jeune syndrome was also found. By demon-
strating aberrant ciliogenesis and IFT protein localization
in the cilia of fibroblasts from a Sensenbrenner patient,
we validated the ciliary dysfunction. Our results suggest
that there is a large phenotypic spectrum associated with
WDR19 mutations, as previously reported for other IFT
genes. While mutations in Sensenbrenner syndrome can
result from defects in retrograde transport, Jeune syndrome
and isolated nephronophthisis could be due to less severe
mutations in the same gene with milder effects on the
same molecular mechanism.

Supplemental Data

Supplemental Data include seven figures and four tables and can
be found with this article online at http://www.cell.com/AJHG/.
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