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ABSTRACT
Background Inherited cystic kidney disorders are a
common cause of end-stage renal disease. Over 50
ciliopathy genes, which encode proteins that influence
the structure and function of the primary cilia, are
implicated in cystic kidney disease.
Methods To define the phenotype and genotype of
cystic kidney disease in fetuses and neonates, we
correlated antenatal ultrasound examination and
postnatal renal ultrasound examination with targeted
exon sequencing, using a renal gene panel. A cohort of
44 families in whom antenatal renal ultrasound scanning
findings in affected cases included bilateral cystic kidney
disease, echogenic kidneys or enlarged kidneys was
investigated.
Results In this cohort, disease phenotypes were severe
with 36 cases of stillbirth or perinatal death. Extra renal
malformations, including encephalocele, polydactyly and
heart malformations, consistent with ciliopathy
phenotypes, were frequently detected. Renal gene panel
testing identified causative mutations in 21 out of 34
families (62%), where patient and parental DNA was
available. In the remaining 10 families, where only
parental DNA was available, 7 inferred causative
mutations were found. Together, mutations were found
in 12 different genes with a total of 13 novel pathogenic
variants, including an inferred novel variant in NEK8.
Mutations in CC2D2A were the most common cause of
an antenatal cystic kidney disease and a suspected
ciliopathy in our cohort.
Conclusions In families with ciliopathy phenotypes,
mutational analysis using a targeted renal gene panel
allows a rapid molecular diagnosis and provides
important information for patients, parents and their
physicians.

INTRODUCTION
The formation of cysts in kidney is a disease pheno-
type common to many inherited human diseases.1

Kidney cysts are fluid-filled epithelial lined struc-
tures arising from dilation in any part of the
nephron or collecting duct. Cystic kidney disorders
are a common cause of end-stage renal disease
(ESRD). It is estimated that the prevalence of cystic

kidney disease is 4.81% in the Arabian Gulf
countries.2

Ciliopathy syndromes are inherited syndromes
that are frequently associated with cystic kidneys
and to date, mutations in over 50 genes have been
identified.3 These include autosomal-dominant
polycystic kidney disease (ADPKD), autosomal-
recessive polycystic kidney disease (ARPKD),
various forms of nephronophthisis (NPHP),
Joubert syndrome ( JBTS), Meckel–Gruber syn-
drome (MKS), Bardet–Biedl syndrome (BBS) and
many others.4 ADPKD is common and accounts
for approximately 5–10% of the ESRD cases
worldwide.5 Mutations in two genes, PKD1 (85%
of patients with ADPKD) and PKD2 (15% of
patients with ADPKD) underlie ADPKD.6 One to
two per cent of patients with ADPKD may present
as neonates with cystic kidneys.7 Biallelic muta-
tions/variants in PKD1 and PKD2 have been
described to give a severe neonatal onset of cystic
kidney disease.8 9

ARPKD is a rarer condition affecting 1 in every
20 000 live births.10 It may be diagnosed in utero
or prenatally by sonography showing bilateral large
echogenic kidneys, and oligohydramnios in the
most severe cases. Mutations in the polycystic
kidney and hepatic disease 1 (PKHD1) gene are
responsible for ARPKD, the severity of which
depends on the type of mutations.11 The PKHD1
gene is located on chromosome 6p21 and encodes
a fibrocystin protein that localises to the primary
cilium of renal epithelial cells. There is a high risk
of fetal presentation and neonatal death if the fetus
carries two truncating mutations.12

Inherited ciliopathies may also cause multisystem
pathology, which may be severe and result in early
death for many patients. Aside from cystic kidney
disease, other common clinical features of ciliopa-
thies include hepatobiliary disease, laterality
defects, polydactyly, agenesis of corpus callosum,
retinal degeneration and occipital encephalocele.13

Ciliopathies with prominent renal phenotypes
include NPHP, JBTS and MKS.
NPHP is an autosomal-recessive disorder respon-

sible for 6–10% of ESRD in children.14 NPHP is
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characterised by cysts that are typically restricted to the cortico-
medullary junction region of the kidney, and the kidney size is
normal or reduced.15 The disease is genetically heterogeneous.
Mutations in over 20 different recessive genes (including
NPHP1–NPHP19, AHI1 and XPNPEP3) have been identified in
about 50% of NPHP patients.16 Infantile NPHP is a disease that
progresses to ESRD usually before the age of 2 years and is
characterised by cortical microcysts associated with tubulointer-
stitial lesions. Classically, it is linked to NPHP2/INVS gene
encoding inversin, but patients carrying NPHP3 mutations may
also develop the infantile phenotype frequently associated with
liver involvement.17

JBTS is neurodevelopmental disorder characterised by cere-
bellar vermis aplasia (CVA), a significant malformation of the
cerebellum that is linked to ataxia and may be seen on brain
MRI as ‘molar tooth sign’.18 JBTS follows an autosomal-
recessive inheritance pattern and there are currently over 26
known causative genes.19–21 JBTS may be associated with cystic
renal disease in a subset of cases.

MKS is a prenatally lethal autosomal-recessive condition char-
acterised by occipital encephalocele, bilateral renal cystic dyspla-
sia, hepatic ductal proliferation, fibrosis, cysts and polydactyly.22

Patients with MKS invariably die from respiratory and/or renal
failure. Genetic heterogeneity of MKS has been established with
now 13 reported genes involved.23–25

For many of these ciliopathy syndromes, significant pheno-
typic variability has been observed even between members of
the same family, making clinical diagnosis, prediction of clinical
progression and genetic counselling a challenge.

Antenatal screening using ultrasound scanning (USS) is a
means by which cystic kidney disease can be readily detected.
Serial ultrasound evaluation starting from 11 weeks of gestation
onwards can be used as a screening modality.26 Abnormal find-
ings that point towards a renal ciliopathy include increased size
of kidneys, a bright echotexture (hyperechogenicity) and a loss
of the normal corticomedullary differentiation. Perinatal ultra-
sound appearance of kidneys can look similar in fetuses with
ARPKD, perinatal-onset ADPKD, MKS and some forms of
NPHP. In addition to renal anomalies, prenatal ultrasound can
detect other features of ciliopathies such as encephalocele, poly-
dactyly, situs inversus, agenesis of the corpus callosum, Dandy–
Walker malformation, fibrosis of the liver and structural heart
defects.22

In this study, we have combined antenatal ultrasound examin-
ation of the fetus and targeted molecular genetic ‘panel testing’
for inherited renal disorders to characterise a cohort of Saudi
Arabian patients who presented antenatally with features of an
inherited renal ciliopathy.

MATERIALS AND METHODS
Study cohort
The cohort consists of 44 Saudi Arabian families where there
was evidence of antenatal USS anomalies of the kidney, which
included cystic kidney disease, enlarged kidneys and echogenic
kidneys. Additional antenatal USS findings including central
nervous system (CNS) anomalies (encephalocele, CVA, ventricu-
lomegaly), cardiac defects (congenital heart malformation, peri-
cardial effusion) and skeletal defects (narrow thorax,
polydactyly) were documented. Clinical phenotypes postnatally
were also reviewed, including postnatal renal USS. For molecu-
lar genetic investigations, the cohort was divided into two
groups: Group A, where DNA was available from the affected
fetuses and their parents (n=34 families) and Group B, where
DNA was available from both parents but not the affected child

(n=10 families) (table 1). Following informed consent, DNA
was extracted from available chorionic villus sampling, amniotic
fluid, placental blood or peripheral blood cells using the Gentra
Systems PUREGENE DNA Isolation kit (Qiagen, Valencia,
California, USA). Ethical and study permissions were approved
by the Research Advisory Council of King Faisal Specialist
Hospital, Riyadh, Saudi Arabia (RAC#2050 045). We confirm
that all the diagnostic genetic work was performed in Saudi
Arabia with full ethical approval. The UK centre acted in an
advisory and strategic manner to direct the study.

Antenatal USS examination
Prenatal anatomy USS examination was performed at the
Obstetrics and Gynecology Department, King Faisal Specialist
Hospital and Research Centre, between weeks 18 and 22 of
pregnancy. For cases with a known family history of cystic
kidney disease/ciliopathy serial, antenatal USS examinations
started between 12 and 22 weeks. For new referrals and
unknown family history, antenatal USS started at the first visit.
Fetal anatomy was reported as either normal or abnormal with
explanations for features that includes cranium, cerebral ventri-
cles, posterior fossa, face, spine, chest, cardiac four-chamber
view, cardiac outflow tracts, heart axis, cardiac situs, stomach,
bowel, kidneys, bladder, abdominal cord insertion, number of
cord vessels, upper extremities and presence of hands, and lower
extremities and presence of feet. Published reference values for
renal length and volume27 and for renal volumes based on three-
dimensional ultrasound28 were used. Fetal death was defined as
an intrauterine death greater than 10 weeks of gestation. A peri-
natal death is defined as a death within 7 days of birth, and an
infant death is defined as a death within 1 year of birth.

Maternal cell contamination and molecular karyotyping
In all fetal DNA samples, maternal cell contamination was
excluded by using the AmpFLSTR Identifiler PCR Amplification
Kit as described by the manufacturer (Applied Biosystems, Life
Technologies, Paisley, UK). Where available fetal DNA was used
for molecular karyotyping (Affymetrix CytoScan HD Array Kit,
Santa Clara, California, USA) to exclude chromosomal aneu-
ploidy and to determine regions of homozygosity in the affected
patient.

Targeted renal genes panel and next generation sequencing
A customised 90 renal genes panel that includes ciliopathy
genes (including 3 polycystic kidney disease genes, 10 NPHP
genes, 9 JBTS genes and 11 MKS genes) as well as and other
inherited renal disorders (see online supplementary table S1)
was prepared using Life Technologies proprietary AmpliSeq
multiplexing assay. This panel has previously undergone valid-
ation for its analytical sensitivity and specificity using 107 renal
patients and had 89% base reads on target with a read depth
(base coverage) of 840 after alignment and a of 98% coverage
of all genes.29 All samples were prepared within the Saudi
Human Genome Project Laboratories and loaded onto a Proton
I chip, and sequencing was performed on an Ion Proton system
(Ion Torrent—Life Technologies) as recommended by the manu-
facturer and as previously described.29

NGS analysis pipeline
The analysis pipeline for processing the next generation sequen-
cing (NGS) reads went through several steps. Reads were exam-
ined for quality and parts of reads with low-quality value were
trimmed out. The reads were then aligned to the human refer-
ence genome GRCh37/Hg19 with the Torrent Mapping
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Table 1 Clinical and molecular findings in cohort of antenatal cystic kidney disease and ciliopathy phenotypes

A or B Family Consanguinity Outcome
Renal
phenotype

Oligohydramnios/
anhydramnios Encephalocele

Other CNS
abnormalities

Skeletal/
growth
malformations

Other
defects

Number
of other
affected
fetus/
siblings

Segregation
and
unaffected
sib Gene Mutation

Remarks and ExAC
MAF

A FT-3 Yes Fetal
death

Cystic Yes Polydactyly 0 m,f (1×
unaffected
sib-het)

B9D1 Homo
c.508_510delCTC
p.L170del

Novel

A FT-1 Yes Fetal
death

Enlarged,
echogenic
with cysts

Yes Yes Polydactyly Cystic
hygroma

2 m,f CC2D2A Homo c.3084delG
p.R1028Rfs*3

Reported30

(MAF=0.00002548)

A FT-6 Not known Fetal
death

Cystic Yes CVA, dilated
cisterna magna,
corpus callosum
agenesis

0 m,f (1×
unaffected
sib-het)

CC2D2A Homo c.3364C>T p.
P1122S

Reported31

A FT-8 Yes Fetal
death

Enlarged,
echogenic
with cysts

Yes Yes Corpus callosum
agenesis and
holoprosencephaly

1 m,f CC2D2A Homo c.4531T>C p.
W1511R

Reported32

A FT-14 Yes Fetal
death

Cystic Yes Spina bifida 2 m,f CC2D2A Homo c.4531T>C p.
W1511R

Reported32

A FT-15 Yes Fetal
death

Cystic Yes Intrauterine
growth
restriction

2 m,f CC2D2A Homo c.3084delG
p.R1028Rfs*3

Reported30

(MAF=0.00002548)

A FT-21 Yes Fetal
death

Cystic Yes Clubfoot 0 m.f CC2D2A Homo c.3084delG
p.R1028Rfs*3

Reported30

(MAF=0.00002548)
A FT-26 Yes Fetal

death
Cystic Yes Ascites 2 m CC2D2A Homo c.4437

+1G>A
Novel

A FT-7 Not known Alive at 6
m

Cystic CVA 0 m,f CEP290 Homo c.5668G>T p.
G1890*

Reported33

(MAF=0.0001432)
A FT-9 Yes Perinatal

death
Enlarged
echogenic

Yes Ventriculomegaly 1 m,f
(unaffected
sib –het,
unaffected sib
–wt)

INVS Homo c.1760delA
p.Q587Rfs*2

Novel

A FT-27 Yes Fetal
death

Cystic Yes Yes Clubfoot 1 m MKS1 Homo c.417
+1G>A

Novel

A FT-5 Yes Fetal
death

Cystic Yes Yes 3 m,f MKS1 Homo c.1066C>T
p.Q356*

Novel

A FT-13 Yes Fetal
death

Cystic Yes 3 m MKS1 Homo c.1066C>T
p.Q356*

Novel

A FT-31 Yes Infant
death (8
mo)

Cystic Congenital
heart
malformation,
lung
hypoplasia

0 m,f PKHD1 Homo c.4870C>T p.
R1624W

Reported30

(MAF=0.0001812)

A FT-33 Yes Alive at
12 mo

Cystic Hepatic cysts 0 m,f PKHD1 Homo c.4870C>T p.
R1624W

Reported30

(MAF=0.0001812)

Continued
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Table 1 Continued

A or B Family Consanguinity Outcome
Renal
phenotype

Oligohydramnios/
anhydramnios Encephalocele

Other CNS
abnormalities

Skeletal/
growth
malformations

Other
defects

Number
of other
affected
fetus/
siblings

Segregation
and
unaffected
sib Gene Mutation

Remarks and ExAC
MAF

A FT-34 Yes Alive at
14 mo

Cystic 0 m,f PKHD1 Homo c.4870C>T p.
R1624W

Reported30

(MAF=0.0001812)
A FT-19 Yes Fetal

death
Cystic Yes 3 m,f (1×

unaffected
sib-het)

RPGRIP1L Het c.640G>A p.
V214I
Het c.685G>A p.
A229T

V214I Reported34

(V214I,
MAF=0.0005292)

A FT-20 Not known Perinatal
death

Enlarged
echogenic

Yes Yes Micrognathia 0 m,f TCTN2 Homo c.1852C>T
p.Q618*

Novel

A FT-10 Yes Fetal
death

Enlarged,
echogenic
with cysts

Yes Narrow thorax,
dolichocephaly

0 m,f TMEM67 Homo c.457T>G
p.C153G

Novel

A FT-22 Yes Fetal
death

Enlarged
cystic

Yes CVA,
hydrocephalus

Congenital
heart
malformation,
pericardial
effusion

2 m,f TMEM67 Homo
c.1413-2A>G

Novel

A FT-18 Yes Perinatal
death

Cystic Yes Yes Corpus callosum
agenesis

Clubfoot Hepatic cysts 1 m,f TMEM231 Homo c.751G>A
p.V251I

Reported32

A FT-23 Yes Fetal
death

Increased
echogenicity

Yes CVA, dilated
cisterna magna,
Dandy–Walker
malformation

Pericardial
effusion

1 Unsolved

A FT-28 Yes Fetal
death

Increased
echogenicity

Yes Dandy-Walker
malformation

Polydactyly 2 Unsolved

A FT-4 Yes Fetal
death

Cystic Yes CVA, dilated
cisterna magna

Narrow thorax Pericardial
effusion

1 Unsolved

A FT-12 Yes Fetal
death

Increased
echogenicity

Yes Dolichocephaly 2 Unsolved

A FT-11 Yes Perinatal
death

Cystic Yes 0 Unsolved

A FT-17 No Alive at
36 mo

Cystic CVA, dilated
cisterna magna

0 Unsolved

A FT-24 Yes Fetal
death

Cystic Yes Narrow thorax 0 Unsolved

A FT-25 Yes Fetal
death

Cystic Yes 0 Unsolved

A FT-29 No Fetal
death

Cystic Yes Yes 0 Unsolved

A FT-30 Yes Fetal
death

Cystic Yes Ventriculomegaly 1 Unsolved

A FT-16 Not known Fetal
death

Enlarged
kidneys

Yes 0 Unsolved
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Table 1 Continued

A or B Family Consanguinity Outcome
Renal
phenotype

Oligohydramnios/
anhydramnios Encephalocele

Other CNS
abnormalities

Skeletal/
growth
malformations

Other
defects

Number
of other
affected
fetus/
siblings

Segregation
and
unaffected
sib Gene Mutation

Remarks and ExAC
MAF

A FT-2 Yes Fetal
death

Cystic Yes CVA, dilated
cisterna magna

3 Unsolved

A FT-32 Yes Alive at
20 mo

Cystic Yes 0 Unsolved

B FT-35 Yes Fetal
death

Cystic CVA, dilated
cisterna magna

3 m,f CC2D2A Presumed homo
c.3084delG p.
R1028Rfs*3

Reported30

(MAF=0.00002548)

B FT-40 Yes Fetal
death

Cystic 1 m,f CEP290 Presumed homo
c.3777_3778delAG
p.R1259Sfs*16

Novel

B FT-43 Yes Fetal
death

Cystic Yes 2 m,f MKS1 Presumed homo
c.1066C>T p.
Q356*

Novel

B FT-36 Yes Fetal
death

Cystic Yes CVA, dilated
cisterna magna

Bilateral bowed
femurs

0 m,f NEK8 Presumed homo
c.1401G>A p.
W467*

Novel
(MAF=0.000008237)

B FT-41 Yes Fetal
death

Cystic Congenital
heart
malformation

1 m,f NPHP3 Presumed homo
c.2694-1_-2delAG

Novel
(MAF=0.0003553)

B FT-45 Yes Fetal
death

Cystic Yes Hepatomegaly 1 m,f PKHD1 Presumed homo
c.3539G>A p.
G1180E

Novel

B FT-42 Yes Fetal
death

Cystic 2 m,f TCTN2 Presumed homo
c.252_253delTG

Novel

B FT-37 Yes Fetal
death

Cystic 1 Unsolved

B FT-38 Yes Fetal
death

Cystic 0 Unsolved

B FT-44 Yes Fetal
death

Cystic 1 Unsolved

Novel mutations are in bold.
A: samples where DNA from affected and parent(s) was available. B: Samples where maternal and paternal DNA was available and mutation is presumed (with a 25% chance) to be causative.
CVA, cerebellar vermis aplasia; CNS, central nervous system; f, father; het, heterozygous; homo, homozygous; m, mother; MAF, minor allele frequency; mo, month; sib, sibling.
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Alignment Program (TMAP) Aligner software. Once the reads
were aligned, the variants were called using the Torrent Variant
Caller (TVC) program. The TMAP and the TVC programs are dis-
tributed as part of the Torrent Suite (https://github.com/iontorrent/
TS) package. The resulting variant files were stored in variant call
format (VCF) files. The VCF file generated for each sample was
processed through an annotation pipeline against databases such
as OMIM, GenBank, dbSNP, 1000 genome project, Human Gene
Mutation Database, and a local database (SGP737) of 550 patients
containing Arab-specific variants. Variants with a minor allele fre-
quency (MAF) >1% were discounted.

In addition to allele frequency, annotation provides pathogen-
icity scores, homozygosity/heterozygosity, read quality scores
and other parameters used to identify candidate causative var-
iants. All NGS and targeted sequencing and bioinformatics ana-
lysis were performed at the Saudi Human Genome Project
Laboratories at KFSHRC and KACST.

For predicting the damaging effect of the reported mutation,
four in silico prediction tools were used: PolyPhen-2 (http://
genetics.bwh.harvard.edu/pph/), Provean (http://provean.jcvi.
org/index.php), MutationTaster (http://www.mutationtaster.org/)
and Human Splicing Finder (http://www.umd.be/HSF/#).
Reported allele frequency of all putative pathogenic variants was
determined using the ExAC database (http://exac.broadinstitute.
org/), and evolutionary conservation was determined from
sequence alignments using MutationTaster and UCSC (https://
genome.ucsc.edu).

Sanger sequencing
Direct sequencing of PCR amplicons was carried out to confirm
positive gene panel results. PCR was performed using Qiagen
(Manchester, UK) master mix kit. Oligonucleotide primers for
PCR amplification of targeted genomic DNA were designed
using Primer3 software (http://frodo.wi.mit.edu/) and synthe-
sised by Metabion International AG (Munich, Germany).
Primer sequences are available on request. Following treatment
with the Agencourt AMPure PCR purification system
(Agencourt Bioscience, Beverly, Massachusetts, USA), products
were sequenced using BigDye Terminator Cycle Sequencing kit
(PE Applied Biosystems, Massachusetts, USA) and run on an
ABI 3730xl capillary sequencer. Sequences were analysed using
Mutation Surveyor software V.3.24 (SoftGenetics LLC, State
College, Pennsylvania, USA).

RESULTS AND DISCUSSION
A cohort of 44 families were analysed, where 38 (86%) were
known to be consanguineous and 26 (59%) had more than one
affected fetus. The antenatal renal USS findings included either
bilateral cystic kidney disease, echogenic kidneys or enlarged
kidneys in all cases (table 1). Antenatal USS also detected extra-
renal malformations at a high rate (figure 1): 25 (57%) had
oligohydramnios or anhydramnios, 14 (32%) had encephalo-
cele and 9 (20%) had CVA. Other anomalies included limb
defects including polydactyly and structural cardiac defects. The
phenotype of this cohort was extremely severe with 38 (86%)
cases dying as stillborn infants or perinatally. Only six cases sur-
vived the perinatal period (table 1).

Where patient DNA was available (group A, n=34), none of
the cases had evidence of chromosomal aneuploidy (data not
shown) and therefore malformation syndromes associated with
renal cysts, such as trisomy 13 (Patau), trisomy 18 (Edward) and
trisomy 21 (Down), were excluded.

Using the renal gene panel in this cohort, 96.98% coverage of
target genes was achieved, with an average base coverage of

Figure 1 Prenatal ultrasound images of affected fetuses. (A and B)
FT-8: transverse view of the fetal abdomen at 33 weeks of gestation
(A), showing enlarged echogenic kidneys. Transverse view of the fetal
head at 33 weeks of gestation (B), showing a cystic mass arising from
the occipital area of the fetal head representing an encephalocele.
(Genotype: CC2D2A homozygous mutation.) (C) FT-10: a transverse
view of the fetal abdomen at 23 weeks of gestation, showing enlarged
echogenic kidneys with cystic areas. (Genotype: TMEM67 homozygous
mutation.) (D) FT-20: a transverse view of the fetal kidneys at
33 weeks, showing enlarged echogenic kidneys. (Genotype: TCTN2
homozygous mutation.) (E and F) FT-1: a transverse view of the fetal
kidneys at 31 weeks of gestation (E), showing enlarged echogenic
cystic kidneys. A transverse view of the fetal head at 31 weeks of
gestation (F), showing a cystic mass arising from the fetal occiput,
which represents an encephalocele. (Genotype: CC2D2A homozygous
mutation.) (G) FT-9: a transverse view of the fetal abdomen at
27 weeks of gestation showing bilateral enlarged echogenic kidneys.
(Genotype: INVS homozygous mutation.) (H) FT-13: a sagittal view of a
fetus at 12 weeks of gestation showing a mass arising from the
posterior aspect of the fetal head, which represents an encephalocele.
(Genotype: MKS1 homozygous mutation). (I) FT-22: a transverse view
of the fetal abdomen at 18 weeks, showing enlarged kidneys with
cystic changes. (Genotype: TMEM67 homozygous mutation.) ( J) FT-21:
a transverse view of the fetal head at 16 weeks of gestation, showing a
mass arising from the posterior aspect of the fetal head, which
represents an encephalocele. (Genotype: CC2D2A homozygous allele.)
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>500. Twenty-one patients from 34 families in cohort A had a
molecular genetic diagnosis (62% mutation detection rate).
Seven families from the 10 families in cohort B had an inferred
molecular genetic diagnosis by the finding of identical patho-
genic alleles in both parents who were known to be consanguin-
eous. The chances of the affected child inheriting both these
alleles would be 25%. The identified rare alleles identified in
these parental samples are listed in online supplementary table
S2. In each of the families, there is only a single rare heterozy-
gous change that was identified and confirmed using Sanger
sequencing in both parents allowing a genetic diagnosis to be
inferred (see online supplementary figure S1). All mutations
identified were confirmed and segregation analysis was per-
formed (including screening unaffected siblings) using Sanger
sequencing. Mutations in genes B9D1, CC2D2A, CEP290,
INVS, MKS1, NEK8, PKHD1, RPGRIP1L, TCTN2,
TMEM67 and TMEM231 were identified (table 1) with a total
of 13 novel variants detected in this study (table 2 and figure 2).
Pathogenic rare (<1% MAF) sequence variants were not
detected in the other renal panel genes, in particular digenic or
oligogenic changes in renal ciliopathy genes were not seen. A
common RPGRIP1L missense variant in its heterozygous state
was identified as a third allele in two cases and is discussed
below. Consistent with the lethal phenotypes seen in this
cohort, mutations in B9D1, CC2D2A, CEP290, MKS1,
RPGRIP1L, TCTN2, TMEM67 and TMEM231 are all known to
cause a MKS phenotype. Mutations in INVS and NEK8 have
been reported in severe neonatal forms of NPHP with numer-
ous extrarenal features.35 Phenotypes in some of the patients

with mutations with PKHD1 mutations were comparatively less
severe, accounting for three of the cases which survived beyond
the perinatal period.

In group A (34 families), homozygous mutations were
detected in 20 families with just one family with compound het-
erozygous mutations (FT-19), in keeping with the known high
rates of consanguinity. In group B (10 families), homozygous
mutations were inferred by finding identical heterozygous var-
iants in both parents in seven cases, consistent with the known
parental consanguinity. These mutations were presumed to be
found in their homozygous state in the affected patient.
Unfortunately, direct sequencing of patient DNA or any
unaffected siblings was not available in these cases. All muta-
tions detected were either previously reported (and known to
be pathogenic) or novel and predicted to be pathogenic by using
in silico scores (table 2). Novel mutations were all homozygous
(or inferred to be homozygous from parental samples) and
included predicted missense, frameshift, nonsense and splicing
defects. The types of mutations detected in this cohort seem to
correlate closely with the phenotypes observed. Most mutations
detected were truncating, frameshift and splice site mutations.
These mutations were often lethal, causing fetal death or peri-
natal death. In this study, six missense mutations resulted in
fetal or perinatal death.

Mutations in CC2D2A gene were the most common cause of
antenatally detected cystic kidney disease in our cohort,
accounting for eight cases. All patients with CC2D2A mutations
had severe CNS abnormalities; six had evidence of an encepha-
locele indicative of a MKS phenotype and two had evidence of

Table 2 In silico analysis of novel mutations

Gene Mutation
Reference
sequence

Mutation
type Provean PolyPhen-2

Mutation
Taster

Human
Splicing
Finder ExAC database

Evolutionary
conservation

B9D1 c.508_510delCTC
(p.L170del)

NM_015681 Indel Deleterious
(−7.568)

N/A Disease causing
(0.989)

Absent Caenorhabditis.
elegans

CC2D2A c.4437+1G>A NM_001080522 Splice site N/A N/A N/A Donor site
broken

Absent Perkinsus.
marinus

CEP290 c.3777_3778delAG
(p.R1259Sfs*16)

NM_025114 Deletion,
frameshift

N/A N/A Disease causing
(1.000)

Absent Danio rerio

INVS c.1760delA
(p.Q587Rfs*2)

NM_014425 Deletion,
frameshift

N/A N/A Disease causing
(1.000)

Absent Xenopus
tropicalis

MKS1 c.417+1G>A NM_017777 Splice site N/A N/A N/A Donor site
broken

Absent D. rerio

MKS1 c.1066C>T
(p.Q356*)

NM_017777 Nonsense N/A N/A Disease causing
(1.000)

Absent D. rerio

NEK8 c.1401G>A
(p.W467*)

NM_178170 Nonsense N/A N/A Disease causing
(1.000)

1 het. allele reported
(MAF=0.000008237)

X. tropicalis

NPHP3 c.2694-1_-2delAG NM_153240 Deletion,
frameshift

N/A N/A N/A Acceptor
site broken

43 het. alleles reported
(MAF=0.0003553)

D. rerio

PKHD1 c.3539G>A
(p.G1180E)

NM_138694 Missense Deleterious
(−6.296)

Probably
damaging
(0.999)

Disease causing
(0.761)

Absent Mus musculus

TCTN2 c.252_253delTG
(p.V85Dfs*24)

NM_024809 Deletion,
frameshift

N/A N/A Disease causing
(1.000)

Absent X. tropicalis

TCTN2 c.1852C>T
(p.Q618*)

NM_024809 Nonsense N/A N/A Disease causing
(1.000)

Absent X. tropicalis

TMEM67 c.457T>G
(p.C153G)

NM_153704 Missense Deleterious
(−7.289)

Probably
damaging
(1.000)

Disease causing
(0.999)

Absent C. elegans

TMEM67 c.1413-2A>G NM_153704 Splice site N/A N/A N/A Acceptor
site broken

Absent D. rerio

Evolutionary conservation at the protein level for non-synonymous changes was analysed by comparing the wild-type amino acid in the human with other orthologues in lower species.
The lowest species where exact conservation of amino acid was preserved is shown.
Het, heterozygous; MAF, minor allele frequency; N/A, not applicable.
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CVA with a dilated cisterna magna, in keeping with a JBTS
phenotype. Typical MKS phenotypes were seen in three patients
with MKS1 mutations, which included two novel changes
(table 2). The novel nonsense MKS1 mutation (p.Q356*) was
present in two families (FT-5 and FT-13), suggesting that these
families were related. In family FT-18, the TMEM231 mutation
(p.V251I) led to perinatal death in two fetuses. The mutation is
predicted to cause a splicing defect (table 2), due to its position
as the last nucleotide in exon 4 of the TMEM231, although it
appears to be a missense change.

PKHD1 gene mutations were found in four families. One case
(FT-31) had associated lung hypoplasia and cardiac malforma-
tions and another (FT-33) had evidence of intrahepatic cysts
(table 1). It has been reported that truncating mutations in
PKHD1 gene may be lethal.12 In this study, mutations detected
in PKHD1 gene were homozygous missense mutations rather
than truncating mutations, one of which was novel
(c.3539G>A; p.G1180E) and led to a perinatal death in the
proband and a sibling (FT-45). Three families shared the
c.4870C>T (p.R1624W) mutation, which has been reported
previously (also in its homozygous state) in a Saudi Arabian
patient, with a ‘later-onset’ ARPKD phenotype.30

Despite known consanguinity, compound heterozygous var-
iants in RPGRIP1L were identified in family FT-19, with four
affected siblings. The first variant c.640G>A (V214I)
(rs139067427) is rare with a reported allele frequency of 0.05%
and is predicted to be pathogenic (table 2). The second
RPGRIP1L variant c.685G>A (p.A229T) (rs61747071) was
identified in this family following Sanger sequencing of exon 6
of RPGRIP1L, as MAF filtering via our data pipeline had
excluded this relatively common variant (MAF of 3.7%). The
pathogenicity of this variant has been previously explored,34

and the variant has been shown to compromise the interaction
of RPGRIP1L with RPGR. To determine the frequency of this
allele in our patient cohort, Sanger sequencing of RPGRIP1L
exon 6 was performed. The rs61747071 variant was also
present heterozygously in affected patients from FT-8 (with a
homozygous CC2D2A missense mutation) and FT-10 (with a
homozygous TMEM67 missense mutation). The additional
pathogenicity of this allele in these patients is unknown.

Compound heterozygous mutations in B9D1 have previously
been associated with MKS,36 but this gene remains a rare cause
of renal ciliopathies. The fetus in this case presented with pos-
terior encephalocele and bilaterally enlarged multicystic dysplas-
tic kidneys and bilateral clubfeet (but not polydactyly). An
additional disease allele in CEP290 identified in the fetus may
have modified the phenotype.36 The B9D1 protein has struc-
tural similarities to MKS1 and similar severe phenotypes would
be predicted. More recently, mutations in B9D1 have been
described in two unrelated patients (aged 7 and 9 years) and
with JBTS and a neurological limited phenotype, suggesting a
wider phenotypic spectrum.37

Mutations in NEK8 are also a rare cause of a renal ciliopathy.
Previously, homozygous mutations in NEK8 have been described
in a Kurdish child with kidney microcysts and likely NPHP,
reaching ESRD at 14 years of age (c.1273C>T, p.H425Y)38 and
in three stillborn fetuses with enlarged cystic kidneys and cystic
changes in the liver and pancreas (c.1795C>T, p.R599*).35

Some fetuses had additional features including heterotaxy,
truncus arteriosus and other structural heart defects, hypoplastic
lungs and skeletal anomalies (bowed femurs). Here, we identi-
fied a single stillborn fetus (FT-36) with a novel nonsense change
in NEK8 (c.1401G>A, p.W467*) who had cystic kidneys, oligo-
hydramnios, CVA and bilateral bowing of the femurs. This

Figure 2 Novel mutations identified in cohort with antenatal cystic kidney disease and ciliopathy phenotypes. (A) Three nonsense (B), four splice
site (C), three frameshift (D), two missense and (E) one deletion novel mutations (boxed) were detected homozygously in patients or heterozygously
in both parents with ciliopathy phenotypes. ( Just one parental chromatogram is shown but a comparison of maternal and paternal chromatograms
is shown in online supplementary figure S1). Family number (FT) is shown as well as mutation and predicted translational changes. Healthy control
sequence is shown alongside. Intron–exon boundaries are marked with a vertical dashed line.
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nonsense mutation is predicted to disrupt the highly conserved
regulator of chromatin condensation 1 (RCC1) domain and is in
proximity to the murine jck mutation (p.G448V).39

Antenatal presentations of cystic kidney disease are often asso-
ciated with severe phenotypes and poor outcomes. These can
include early presentation of ADPKD, or more commonly in
consanguineous families, a presentation of an autosomal-
recessive renal ciliopathy disease, as we have seen in this cohort.
Extrarenal manifestations on the antenatal USS such as encepha-
locele and CVA may suggest MKS or JBTS phenotypes, respect-
ively. Other features such as polydactlyly and thoracic cage
abnormalities may point towards other ciliopathies such as
BBS40 or skeletal dysplasias such as Jeune syndrome.41

Screening for ciliopathy genes in the diagnostic setting, espe-
cially in the perinatal period, is challenging. While whole exome
sequencing (WES) is one possible approach, targeted gene panel
exome sequencing may be preferable in diagnostic laboratories
for specificity, deliverability and low cost. A disease-specific gene
panel approach avoids the common difficulty of reporting sec-
ondary genetic findings that often occurs following WES.
However, any predesigned NGS gene panel will be limited to
known genes directed towards specific phenotypes and will not
allow for recently discovered ciliopathy genes to be screened.
Our gene panel contained 90 genes and included the 3 known
polycystic kidney disease genes (PKD1, PKD2 and PKHD1) and
11 of the 12 known MKS genes (see online supplementary
table S1). However, it included only 10 of the 21 genes known to
cause NPHP and 9 of the 26 JBTS genes. Therefore, our panel
was biased towards (and very effective at) diagnosing MKS in this
cohort with very severe disease phenotypes, but the precise
molecular genetic diagnosis remained unknown in others.
Indeed, in the 14 cases whom had antenatal USS evidence of an
encephalocele suggestive of a MKS phenotype, all except 2 had a
molecular genetic diagnosis. A recent study confirmed the strong
cystic kidney disease phenotype in MKS patients, where cystic
kidneys were found in (97.7%) of MKS cases.22

To improve diagnostic yield, unsolved samples via our panel
gene testing could be subjected to WES, especially in cases
where there are DNA samples available from more than one
affected in each family. However, this approach is more costly
and can be more time consuming, when compared with a tar-
geted panel approach. We hope to develop an updated renal
gene panel in the near future, as the NGS sequencing platform
we have developed will allow for additional genes (and their
amplicons) to be analysed. In this study cohort of antenatal
cases, the mutation detection rate was higher than reported by
others36 42 who used PCR exon sequencing alone. More
recently, a combination of WES and targeted resequencing of a
ciliopathy gene panel was successfully used in a cohort of
patients with Jeune asphyxiating thoracic dystrophy.43

In summary, using a cohort of patients with antenatal evi-
dence of kidney disease and associated ciliopathy syndromes, we
have performed targeted genetic panel testing using patient and/
or parental DNA samples to reveal the molecular genetic diag-
nosis in 64% of patients. Our high detection rate of homozy-
gous disease-causing alleles reflects a high underlying rate of
consanguinity. We would predict a reduction in diagnostic yield
in less consanguineous populations. The genetic spectrum
remains wide and certainly we have not identified a reason to
narrow our diagnostic panel, rather it should be expanded to
capture more recently reported genetic causes of developmental
renal disease. It is interesting to note that CC2D2A mutations
were the commonest cause of an antenatal ciliopathy in our
cohort, but the genetic heterogeneity of inherited cystic kidney

disease is also borne out by our study. In our population, renal
gene panel testing provided diagnostic information that was
valuable to clinicians, genetic counsellors and families. A
molecular genetic diagnosis provides an accurate diagnosis,
which is hugely valuable when there are such severe phenotypes
affecting one or more family members and can be used to
predict recurrence rates and allow planning, including preim-
plantation genetic diagnosis for future pregnancies.

Author affiliations
1Genetics Department, King Faisal Specialist Hospital and Research Centre, Riyadh,
Saudi Arabia
2Obstetrics and Gynecology Department, King Faisal Specialist Hospital and Research
Centre, Riyadh, Saudi Arabia
3Obstetrics & Gynecology Department, Prince Sultan Military Medical City, Riyadh,
Saudi Arabia
4Institute of Genetic Medicine, International Centre for Life, Newcastle University,
Newcastle upon Tyne, UK
5Saudi Human Genome Project, King Abdulaziz City for Science and Technology
(KACST), Riyadh, Saudi Arabia
6Medicine Department, King Faisal Specialist Hospital and Research Centre, Riyadh,
Saudi Arabia

Acknowledgements We thank all the families for participating in the study. We
also thank all team members at Saudi Human Genome project for help in
conducting the study. In addition, we thank sequencing and genotyping core
facilities at Genetics Department at the Research Centre, KFSH&RC for doing
sequencing and molecular karyotyping. Special thanks for Ms Ghadah A Al Dakheel
for preparing figures for publication. JAS acknowledges support from the Northern
Counties Kidney Research Fund. All NGS library building, sequencing and
bioinformatics analyses were performed by the Saudi Human Genome Project at
King Abdulaziz City for Science and Technology (KACST) and at KFSHRC.

Contributors MHA-H, JAS and BM conceived of the study and participated in its
design and coordination, and drafted and revised the manuscript. BAA, FSB, DK,
DM and NA performed the NGS sequencing. AA and NE performed in silico
modelling. HA-J, AA, AIT, DK, NE, BAA and FSB carried out all technical aspects of
molecular diagnosis and helped with in silico modelling. WK, NA-S, ZA, RA, MT,
MA and RK participated in the clinical diagnosis of the cases. SM analysed
molecular karyotyping. TF, ME-K and MA carried out bioinformatics analysis. DM
and NA-T helped conceive the study and drafted the manuscript. All authors read
and approved the final manuscript.

Competing interests None declared.

Ethics approval Research Advisory Council of King Faisal Specialist Hospital,
Riyadh, Saudi Arabia (RAC#2050 045).

Provenance and peer review Not commissioned; externally peer reviewed.

Open Access This is an Open Access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited and the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

REFERENCES
1 Zhang Q, Taulman PD, Yoder BK. Cystic kidney diseases: all roads lead to the

cilium. Physiology (Bethesda) 2004;19:225–30.
2 Hassanien AA, Al-Shaikh F, Vamos EP, Yadegarfar G, Majeed A. Epidemiology of

end-stage renal disease in the countries of the Gulf Cooperation Council: a
systematic review. JRSM Short Rep 2012;3:38.

3 Arts HH, Knoers NV. Current insights into renal ciliopathies: what can genetics
teach us? Pediatr Nephrol 2013;28:863–74.

4 Hildebrandt F. Genetic kidney diseases. Lancet 2010;375:1287–95.
5 Gabow PA. Autosomal dominant polycystic kidney disease. Am J Kidney Dis

1993;22:511–12.
6 Igarashi P, Somlo S. Genetics and pathogenesis of polycystic kidney disease. J Am

Soc Nephrol 2002;13:2384–98.
7 Zerres K, Rudnik-Schöneborn S, Deget F. Childhood onset autosomal dominant

polycystic kidney disease in sibs: clinical picture and recurrence risk. German
Working Group on Paediatric Nephrology (Arbeitsgemeinschaft fur Padiatrische
Nephrologie). J Med Genet 1993;30:583–8.

8 Vujic M, Heyer CM, Ars E, Hopp K, Markoff A, Orndal C, Rudenhed B, Nasr SH,
Torres VE, Torra R, Bogdanova N, Harris PC. Incompletely penetrant PKD1 alleles
mimic the renal manifestations of ARPKD. J Am Soc Nephrol 2010;21:1097–102.

346 Al-Hamed MH, et al. J Med Genet 2016;53:338–347. doi:10.1136/jmedgenet-2015-103469

Developmental defects
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://jm
g.bm

j.com
/

J M
ed G

enet: first published as 10.1136/jm
edgenet-2015-103469 on 9 F

ebruary 2016. D
ow

nloaded from
 

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1152/physiol.00003.2004
http://dx.doi.org/10.1258/shorts.2012.011150
http://dx.doi.org/10.1007/s00467-012-2259-9
http://dx.doi.org/10.1016/S0140-6736(10)60236-X
http://dx.doi.org/10.1016/S0272-6386(12)80921-8
http://dx.doi.org/10.1097/01.ASN.0000028643.17901.42
http://dx.doi.org/10.1097/01.ASN.0000028643.17901.42
http://dx.doi.org/10.1136/jmg.30.7.583
http://dx.doi.org/10.1681/ASN.2009101070
http://jmg.bmj.com/


9 Losekoot M, Ruivenkamp CA, Tholens AP, Grimbergen JE, Vijfhuizen L, Vermeer S,
Dijkman HB, Cornelissen EA, Bongers EM, Peters DJ. Neonatal onset autosomal
dominant polycystic kidney disease (ADPKD) in a patient homozygous for a PKD2
missense mutation due to uniparental disomy. J Med Genet 2012;49:37–40.

10 Torres VE, Harris PC. Mechanisms of disease: autosomal dominant and recessive
polycystic kidney diseases. Nat Clin Pract Nephrol 2006;2:40–55; quiz 55.

11 Denamur E, Delezoide AL, Alberti C, Bourillon A, Gubler MC, Bouvier R, Pascaud
O, Elion J, Grandchamp B, Michel-Calemard L, Missy P, Zaccaria I, Le Nagard H,
Gerard B, Loirat C, Barbet J, Beaufrere AM, Berchel C, Bessieres B, Boudjemaa S,
Buenerd A, Carles D, Clemenson A, Dechelotte P, Devisme L, Dijoud F, Esperandieu
O, Fallet C, Gonzales M, Hillion Y, Jacob B, Joubert M, Kermanach P, Lallemand A,
Laquerriere A, Laurent N, Liprandi A, Loeuillet L, Loget P, Martinovic J, Menez F,
Narcy F, Roux JJ, Rouleau-Dubois C, Sinico M, Tantau J, Wann AR. Genotype–
phenotype correlations in fetuses and neonates with autosomal recessive polycystic
kidney disease. Kidney Int 2010;77:350–8.

12 Bergmann C, Senderek J, Windelen E, Kupper F, Middeldorf I, Schneider F, Dornia
C, Rudnik-Schoneborn S, Konrad M, Schmitt CP, Seeman T, Neuhaus TJ, Vester U,
Kirfel J, Buttner R, Zerres K. Clinical consequences of PKHD1 mutations in 164
patients with autosomal-recessive polycystic kidney disease (ARPKD). Kidney Int
2005;67:829–48.

13 Sharma N, Berbari NF, Yoder BK. Ciliary dysfunction in developmental abnormalities
and diseases. Curr Top Dev Biol 2008;85:371–427.

14 Hildebrandt F, Benzing T, Katsanis N. Ciliopathies. N Engl J Med 2011;364:1533–43.
15 Simms RJ, Eley L, Sayer JA. Nephronophthisis. Eur J Hum Genet 2009;17:406–16.
16 Wolf MT. Nephronophthisis and related syndromes. Curr Opin Pediatr

2015;27:201–11.
17 Tory K, Rousset-Rouvière C, Gubler MC, Morinière V, Pawtowski A, Becker C, Guyot

C, Gié S, Frishberg Y, Nivet H, Deschênes G, Cochat P, Gagnadoux MF, Saunier S,
Antignac C, Salomon R. Mutations of NPHP2 and NPHP3 in infantile
nephronophthisis. Kidney Int 2009;75:839–47.

18 Valente EM, Salpietro DC, Brancati F, Bertini E, Galluccio T, Tortorella G, Briuglia S,
Dallapiccola B. Description, nomenclature, and mapping of a novel cerebello-renal
syndrome with the molar tooth malformation. Am J Hum Genet 2003;73:663–70.

19 Kroes HY, Monroe GR, van der Zwaag B, Duran KJ, de Kovel CG, van Roosmalen
MJ, Harakalova M, Nijman IJ, Kloosterman WP, Giles RH, Knoers NV, van Haaften
G. Joubert syndrome: genotyping a Northern European patient cohort. Eur J Hum
Genet 2016;24:214–20.

20 Srour M, Hamdan FF, McKnight D, Davis E, Mandel H, Schwartzentruber J, Martin
B, Patry L, Nassif C, Dionne-Laporte A, Ospina LH, Lemyre E, Massicotte C,
Laframboise R, Maranda B, Labuda D, Decarie JC, Rypens F, Goldsher D,
Fallet-Bianco C, Soucy JF, Laberge AM, Maftei C, Boycott K, Brais B, Boucher RM,
Rouleau GA, Katsanis N, Majewski J, Elpeleg O, Kukolich MK, Shalev S, Michaud
JL. Joubert syndrome in French Canadians and identification of mutations in
CEP104. Am J Hum Genet 2015;97:744–53.

21 Lambacher NJ, Bruel AL, van Dam TJ, Szymanska K, Slaats GG, Kuhns S, McManus
GJ, Kennedy JE, Gaff K, Wu KM, van der Lee R, Burglen L, Doummar D, Riviere JB,
Faivre L, Attie-Bitach T, Saunier S, Curd A, Peckham M, Giles RH, Johnson CA,
Huynen MA, Thauvin-Robinet C, Blacque OE. TMEM107 recruits ciliopathy proteins
to subdomains of the ciliary transition zone and causes Joubert syndrome. Nat Cell
Biol 2016;18:122–31.

22 Barisic I, Boban L, Loane M, Garne E, Wellesley D, Calzolari E, Dolk H, Addor MC,
Bergman JE, Braz P, Draper ES, Haeusler M, Khoshnood B, Klungsoyr K, Pierini A,
Queisser-Luft A, Rankin J, Rissmann A, Verellen-Dumoulin C. Meckel–Gruber
Syndrome: a population-based study on prevalence, prenatal diagnosis, clinical
features, and survival in Europe. Eur J Hum Genet 2015;23:746–52.

23 Szymanska K, Hartill VL, Johnson CA. Unraveling the genetics of Joubert and
Meckel–Gruber syndromes. J Pediatr Genet 2014;3:65–78.

24 Filges I, Nosova E, Bruder E, Tercanli S, Townsend K, Gibson WT, Rothlisberger B,
Heinimann K, Hall JG, Gregory-Evans CY, Wasserman WW, Miny P, Friedman JM.
Exome sequencing identifies mutations in KIF14 as a novel cause of an autosomal
recessive lethal fetal ciliopathy phenotype. Clin Genet 2014;86:220–8.

25 Shaheen R, Almoisheer A, Faqeih E, Babay Z, Monies D, Tassan N, Abouelhoda M,
Kurdi W, Al Mardawi E, Khalil MM, Seidahmed MZ, Alnemer M, Alsahan N, Sogaty
S, Alhashem A, Singh A, Goyal M, Kapoor S, Alomar R, Ibrahim N, Alkuraya FS.
Identification of a novel MKS locus defined by TMEM107 mutation. Hum Mol Genet
2015;24:5211–18.

26 Dias T, Sairam S, Kumarasiri S. Ultrasound diagnosis of fetal renal abnormalities.
Best Pract Res Clin Obstet Gynaecol 2014;28:403–15.

27 Gloor JM, Breckle RJ, Gehrking WC, Rosenquist RG, Mulholland TA, Bergstralh EJ,
Ramin KD, Ogburn PL, Jr. Fetal renal growth evaluated by prenatal ultrasound
examination. Mayo Clin Proc 1997;72:124–9.

28 Yu C, Chang C, Chang F, Ko H, Chen H. Fetal renal volume in normal gestation:
a three-dimensional ultrasound study. Ultrasound Med Biol 2000;26:1253–6.

29 Saudi Mendeliome Group. Comprehensive gene panels provide advantages over
clinical exome sequencing for Mendelian diseases. Genome Biol 2015;16:134.

30 Onuchic LF, Furu L, Nagasawa Y, Hou X, Eggermann T, Ren Z, Bergmann C,
Senderek J, Esquivel E, Zeltner R, Rudnik-Schoneborn S, Mrug M, Sweeney W,
Avner ED, Zerres K, Guay-Woodford LM, Somlo S, Germino GG. PKHD1, the
polycystic kidney and hepatic disease 1 gene, encodes a novel large protein
containing multiple immunoglobulin-like plexin-transcription-factor domains and
parallel beta-helix 1 repeats. Am J Hum Genet 2002;70:1305–17.

31 Gorden NT, Arts HH, Parisi MA, Coene KL, Letteboer SJ, van Beersum SE, Mans
DA, Hikida A, Eckert M, Knutzen D, Alswaid AF, Ozyurek H, Dibooglu S, Otto EA,
Liu Y, Davis EE, Hutter CM, Bammler TK, Farin FM, Dorschner M, Topcu M, Zackai
EH, Rosenthal P, Owens KN, Katsanis N, Vincent JB, Hildebrandt F, Rubel EW,
Raible DW, Knoers NV, Chance PF, Roepman R, Moens CB, Glass IA, Doherty D.
CC2D2A is mutated in Joubert syndrome and interacts with the
ciliopathy-associated basal body protein CEP290. Am J Hum Genet
2008;83:559–71.

32 Shaheen R, Faqeih E, Alshammari MJ, Swaid A, Al-Gazali L, Mardawi E, Ansari S,
Sogaty S, Seidahmed MZ, AlMotairi MI, Farra C, Kurdi W, Al-Rasheed S, Alkuraya
FS. Genomic analysis of Meckel–Gruber syndrome in Arabs reveals marked genetic
heterogeneity and novel candidate genes. Eur J Hum Genet 2013;21:762–8.

33 Sayer JA, Otto EA, O’Toole JF, Nurnberg G, Kennedy MA, Becker C, Hennies HC,
Helou J, Attanasio M, Fausett BV, Utsch B, Khanna H, Liu Y, Drummond I,
Kawakami I, Kusakabe T, Tsuda M, Ma L, Lee H, Larson RG, Allen SJ, Wilkinson CJ,
Nigg EA, Shou C, Lillo C, Williams DS, Hoppe B, Kemper MJ, Neuhaus T, Parisi MA,
Glass IA, Petry M, Kispert A, Gloy J, Ganner A, Walz G, Zhu X, Goldman D,
Nurnberg P, Swaroop A, Leroux MR, Hildebrandt F. The centrosomal protein
nephrocystin-6 is mutated in Joubert syndrome and activates transcription factor
ATF4. Nat Genet 2006;38:674–81.

34 Khanna H, Davis EE, Murga-Zamalloa CA, Estrada-Cuzcano A, Lopez I, den
Hollander AI, Zonneveld MN, Othman MI, Waseem N, Chakarova CF, Maubaret C,
Diaz-Font A, MacDonald I, Muzny DM, Wheeler DA, Morgan M, Lewis LR, Logan
CV, Tan PL, Beer MA, Inglehearn CF, Lewis RA, Jacobson SG, Bergmann C, Beales
PL, Attie-Bitach T, Johnson CA, Otto EA, Bhattacharya SS, Hildebrandt F, Gibbs RA,
Koenekoop RK, Swaroop A, Katsanis N. A common allele in RPGRIP1L is a modifier
of retinal degeneration in ciliopathies. Nat Genet 2009;41:739–45.

35 Frank V, Habbig S, Bartram MP, Eisenberger T, Veenstra-Knol HE, Decker C,
Boorsma RA, Gobel H, Nurnberg G, Griessmann A, Franke M, Borgal L, Kohli P,
Volker LA, Dotsch J, Nurnberg P, Benzing T, Bolz HJ, Johnson C, Gerkes EH,
Schermer B, Bergmann C. Mutations in NEK8 link multiple organ dysplasia with
altered Hippo signalling and increased c-MYC expression. Hum Mol Genet
2013;22:2177–85.

36 Hopp K, Heyer CM, Hommerding CJ, Henke SA, Sundsbak JL, Patel S, Patel P,
Consugar MB, Czarnecki PG, Gliem TJ, Torres VE, Rossetti S, Harris PC. B9D1 is
revealed as a novel Meckel syndrome (MKS) gene by targeted exon-enriched
next-generation sequencing and deletion analysis. Hum Mol Genet
2011;20:2524–34.

37 Romani M, Micalizzi A, Kraoua I, Dotti MT, Cavallin M, Sztriha L, Ruta R, Mancini
F, Mazza T, Castellana S, Hanene B, Carluccio MA, Darra F, Mate A, Zimmermann
A, Gouider-Khouja N, Valente EM. Mutations in B9D1 and MKS1 cause mild
Joubert syndrome: expanding the genetic overlap with the lethal ciliopathy Meckel
syndrome. Orphanet J Rare Dis 2014;9:72.

38 Otto EA, Trapp ML, Schultheiss UT, Helou J, Quarmby LM, Hildebrandt F. NEK8
mutations affect ciliary and centrosomal localization and may cause
nephronophthisis. J Am Soc Nephrol 2008;19:587–92.

39 Liu S, Lu W, Obara T, Kuida S, Lehoczky J, Dewar K, Drummond IA, Beier DR.
A defect in a novel Nek-family kinase causes cystic kidney disease in the mouse and
in zebrafish. Development 2002;129:5839–46.

40 Ashkinadze E, Rosen T, Brooks SS, Katsanis N, Davis EE. Combining fetal
sonography with genetic and allele pathogenicity studies to secure a neonatal
diagnosis of Bardet–Biedl syndrome. Clin Genet 2013;83:553–9.

41 Schramm T, Gloning KP, Minderer S, Daumer-Haas C, Hortnagel K, Nerlich A,
Tutschek B. Prenatal sonographic diagnosis of skeletal dysplasias. Ultrasound Obstet
Gynecol 2009;34:160–70.

42 Tallila J, Salonen R, Kohlschmidt N, Peltonen L, Kestila M. Mutation spectrum of
Meckel syndrome genes: one group of syndromes or several distinct groups? Hum
Mutat 2009;30:E813–30.

43 Schmidts M, Frank V, Eisenberger T, Al Turki S, Bizet AA, Antony D, Rix S, Decker
C, Bachmann N, Bald M, Vinke T, Toenshoff B, Di Donato N, Neuhann T, Hartley
JL, Maher ER, Bogdanovic R, Peco-Antic A, Mache C, Hurles ME, Joksic I,
Guc-Scekic M, Dobricic J, Brankovic-Magic M, Bolz HJ, Pazour GJ, Beales PL,
Scambler PJ, Saunier S, Mitchison HM, Bergmann C. Combined NGS approaches
identify mutations in the intraflagellar transport gene IFT140 in skeletal ciliopathies
with early progressive kidney Disease. Hum Mutat 2013;34:714–24.

Al-Hamed MH, et al. J Med Genet 2016;53:338–347. doi:10.1136/jmedgenet-2015-103469 347

Developmental defects
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://jm
g.bm

j.com
/

J M
ed G

enet: first published as 10.1136/jm
edgenet-2015-103469 on 9 F

ebruary 2016. D
ow

nloaded from
 

http://dx.doi.org/10.1136/jmedgenet-2011-100452
http://dx.doi.org/10.1038/ncpneph0070
http://dx.doi.org/10.1038/ki.2009.440
http://dx.doi.org/10.1111/j.1523-1755.2005.00148.x
http://dx.doi.org/10.1016/S0070-2153(08)00813-2
http://dx.doi.org/10.1056/NEJMra1010172
http://dx.doi.org/10.1038/ejhg.2008.238
http://dx.doi.org/10.1097/MOP.0000000000000194
http://dx.doi.org/10.1038/ki.2008.662
http://dx.doi.org/10.1086/378241
http://dx.doi.org/10.1038/ejhg.2015.84
http://dx.doi.org/10.1038/ejhg.2015.84
http://dx.doi.org/10.1016/j.ajhg.2015.09.009
http://dx.doi.org/10.1038/ncb3273
http://dx.doi.org/10.1038/ncb3273
http://dx.doi.org/10.1038/ejhg.2014.174
http://dx.doi.org/10.3233/PGE-14090
http://dx.doi.org/10.1111/cge.12301
http://dx.doi.org/10.1093/hmg/ddv242
http://dx.doi.org/10.1016/j.bpobgyn.2014.01.009
http://dx.doi.org/10.1016/S0025-6196(11)63472-1
http://dx.doi.org/10.1016/S0301-5629(00)00298-2
http://dx.doi.org/10.1186/s13059-015-0693-2
http://dx.doi.org/10.1086/340448
http://dx.doi.org/10.1016/j.ajhg.2008.10.002
http://dx.doi.org/10.1038/ejhg.2012.254
http://dx.doi.org/10.1038/ng1786
http://dx.doi.org/10.1038/ng.366
http://dx.doi.org/10.1093/hmg/ddt070
http://dx.doi.org/10.1093/hmg/ddr151
http://dx.doi.org/10.1186/1750-1172-9-72
http://dx.doi.org/10.1681/ASN.2007040490
http://dx.doi.org/10.1242/dev.00173
http://dx.doi.org/10.1111/cge.12022
http://dx.doi.org/10.1002/uog.6359
http://dx.doi.org/10.1002/uog.6359
http://dx.doi.org/10.1002/humu.21057
http://dx.doi.org/10.1002/humu.21057
http://dx.doi.org/10.1002/humu.22294
http://jmg.bmj.com/


Supplementary Material 

 

Supplementary Table 1: Customized renal gene panel 

Symbol Description 
OMIM 

ID Synonyms 

ACE  Angiotensin I converting 
enzyme  

-- ACE1, CD143 

ACTN4  Actinin, alpha 4  604638 -- 

AGXT  Alanine-glyoxylate 
aminotransferase  

604285 AGXT1, PH1, AGT, SPT, AGT1 

APRT  Adenine 
phosphoribosyltransferase  

102600 -- 

ATP6V0A4  ATPase, H+ transporting, 
lysosomal V0 su  

605239 RDRTA2, VPP2, RTADR, a4, 
Vph1, Stv1 

ATP6V1B1  ATPase, H+ transporting, 
lysosomal 56/58  

192132 VATB, RTA1B, Vma2 

AVPR2  Arginine vasopressin receptor 
2  

300538 V2R 

B9D1  B9 protein domain 1  614144 B9, EPPB9 

B9D2  B9 protein domain 2  611951 MGC4093 

BSND  Bartter syndrome, infantile, with 
sensoryneural deafness  

606412 BART 

C5orf42  Chromosome 5 open reading 
frame 42  

614571 FLJ13231, JBTS17 

CA2  Carbonic anhydrase II  611492 Car2, CA-II, CAII 

CC2D2A  Coiled-coil and C2 domain 
containing 2A  

612013 KIAA1345, MKS6, JBTS9 

CD2AP  CD2-associated protein  604241 CMS 

CDC5L  Cell division cycle 5-like  602868 PCDC5RP, hCDC5, CEF1, CDC5 

CEP290  Centrosomal protein 290kDa  610142 KIAA0373, FLJ13615, 3H11Ag, 
rd16, NPHP6, JBTS5, SLSN6, 
LCA10, MKS4, BBS14, CT87, 

POC3 

CLCN5  Chloride channel, voltage-
sensitive 5  

300008 DENTS, XLRH, hClC-K2, hCIC-
K2, CLC5, XRN, ClC-5 

CLDN16  Claudin 16  603959 PCLN1, HOMG3 

COL4A3  Collagen, type IV, alpha 3   120070 -- 

COL4A4  Collagen, type IV, alpha 4  120131 CA44 

COL4A5  Collagen, type IV, alpha 5  303630 -- 

COL4A6  Collagen, type IV, alpha 6  303631 -- 

COQ2  Coenzyme Q2 homolog 609825 CL640, FLJ26072 



CTNS  Cystinosin  606272 CTNS-LSB, PQLC4 

FAM58A  Family with sequence similarity 
58  

300708 MGC29729, FLJ21610 

FRAS1  Fraser syndrome 1  607830 FLJ22031, FLJ14927, KIAA1500 

FREM2  FRAS1-related extracellular 
matrix protein 2  

608945 DKFZp686J0811 

FXYD2  FXYD domain containing ion 
transport regulator 2 

601814 MGC12372 

GATA3  GATA binding protein 3  131320 HDR 

GLA  Galactosidase, alpha  300644 GALA 

GLIS2  GLIS family zinc finger 2  608539 NPHP7 

GRHPR  Glyoxylate 
reductase/hydroxypyruvate red  

604296 PH2 

HNF1B  HNF1 homeobox B  189907 LFB3, VHNF1, HNF1beta, 
MODY5, TCF2 

HPSE2  Heparanase 2  613469 HPA2, HPR2 

INF2  inverted formin, FH2 and WH2 
domain cont  

610982 MGC13251 

INVS  Inversin 243305 NPHP2 

IQCB1  IQ motif containing B1  609237 KIAA0036, NPHP5 

KCNJ1  Potassium inwardly-rectifying 
channel  

600359 Kir1.1, ROMK1 

LAMB2  Laminin, beta 2  150325 -- 

LMX1B  LIM homeobox transcription 
factor 1 

602575 -- 

LPIN1  Lipin 1  605518 KIAA0188 

MKS1  Meckel syndrome, type 1  609883 FLJ20345, POC12, BBS13 

MT-TL1  Mitochondrially encoded tRNA 
leucine 1  

-- TRNL1 

NEK8  NIMA-related kinase 8  609799 NPHP9 

NFIA  Nuclear factor I/A  600727 NFI-L, KIAA1439 

NPHP1  Nephronophthisis 1 607100 JBTS4 

NPHP3  Nephronophthisis 3 608002 NPH3, KIAA2000, FLJ30691, 
FLJ36696, MKS7 

NPHP4  Nephronophthisis 4  607215 SLSN4, KIAA0673, POC10 

NPHS1  Nephrosis 1  602716 CNF, NPHN 

NPHS2  Nephrosis 2 604766 SRN1, PDCN 

NR3C2  Nuclear receptor subfamily 3, 
group C, member 2 

600983 MR 

NXF5  Nuclear RNA export factor 5  300319 -- 

OCRL  Oculocerebrorenal syndrome of 
Lowe  

300535 OCRL1 



PAX2  Paired box 2  167409 -- 

PDSS2  Prenyl (decaprenyl) 
diphosphate synthase  

610564 bA59I9.3 

PKD1  Polycystic kidney disease 1   601313 PBP, Pc-1, TRPP1 

PKD2  Polycystic kidney disease 2  173910 PKD4, PC2, Pc-2, TRPP2 

PKHD1  Polycystic kidney and hepatic 
disease 1   

606702 ARPKD, FCYT 

PLCE1  phospholipase C, epsilon 1  608414 KIAA1516, PLCE, NPHS3 

RET  Ret proto-oncogene  -- PTC, CDHF12, RET51, CDHR16 

RPGRIP1L  RPGRIP1-like 610937 KIAA1005, CORS3, JBTS7, 
MKS5, NPHP8, FTM 

SALL1  Sal-like 1 602218 Hsal1, ZNF794 

SCARB2  Scavenger receptor class B, 
member 2  

602257 HLGP85, LIMPII, SR-BII, LIMP-2 

SCNN1A  Sodium channel, non-voltage-
gated 1 alpha  

600228 ENaCalpha 

SCNN1B  Sodium channel, non-voltage-
gated 1, beta  

600760 ENaCbeta 

SLC12A1  Solute carrier family 12  600839 NKCC2 

SLC12A3  Solute carrier family 12, 
member 3  

600968 NCCT 

SLC3A1  Solute carrier family 3, member 
1  

104614 CSNU1, D2H, RBAT, ATR1, NBAT 

SLC4A1  Solute carrier family 4,member 
1  

-- RTA1A, CD233, FR, SW, WR 

SLC4A4  Solute carrier family 4, member 
4  

603345 NBC1, HNBC1, NBC2, pNBC, 
hhNMC 

SLC5A1  Solute carrier family 5, member 
1  

182380 D22S675, NAGT 

SLC5A2  Solute carrier family 5, member 
2  

182381 -- 

SLC7A9  solute carrier family 7, member 
9 

604144 -- 

SLC9A3R1  Solute carrier family 9, member 
3, regulator 1  

604990 NHERF, EBP50 

SMARCAL1  SWI/SNF related, matrix 
associated, actin-dependent 

regulator of chromatin, 
subfamily 1-like protein 1  

606622 HHARP, HARP 

SOX17  SRY (sex determining region 
Y)-box 17  

610928 -- 

TCTN2  Tectonic family member 2  613846 FLJ12975, TECT2, MKS8 

TMEM216  Transmembrane protein 216  613277 MGC13379, HSPC244, JBTS2, 
MKS2 



TMEM231  Transmembrane protein 231  614949 FLJ22167, ALYE870, PRO1886, 
JBTS20, MKS11 

TMEM237  Transmembrane protein 237  614423 JBTS14 

TMEM67  Transmembrane protein 67  609884 MGC26979, JBTS6, NPHP11 

TRPC6  Transient receptor potential 
cation channel, subfamily C, 

member 6  

603652 TRP6 

UMOD  Uromodulin  191845 -- 

UPK3A  Uroplakin 3A  611559 -- 

USF2  Upstream transcription factor 2  600390 FIP, bHLHb12 

WNK1  WNK lysine deficient protein 
kinase 1  

605232 HSAN2 

WNK4  WNK lysine deficient protein 
kinase 4  

601844 -- 

WT1  Wilms tumor 1  607102 WAGR, WIT-2, AWT1 

XDH  Xanthine dehydrogenase  607633 XOR, XO 

 

  



Supplementary Table 2: Heterozygous Variants found in parental DNA samples from cohort B 

 

 

 

 

 

 



 

SGP737 is an in house Saudi Arabian mutation database of 550 whole exome sequenced samples 

- the number indicates the frequency of the variant in this ethnically matched population. Boxes 

are coloured red for pathogenic, yellow for intermediate pathogenicity and green for benign based 

on in silico testing. 

 

  



Supplementary Figure 1: Sequence chromatograms from maternal and paternal DNA from families 

FT-35,-36,-40,-41,-42,-43,-45 revealing identical heterozygous changes. A control (Normal) 

chromatogram is provided as reference. 

 

 

 

 

 

 


	Genetic spectrum of Saudi Arabian patients with antenatal cystic kidney disease and ciliopathy phenotypes using a targeted renal gene panel
	Abstract
	Introduction
	Materials and methods
	Study cohort
	Antenatal USS examination
	Maternal cell contamination and molecular karyotyping
	Targeted renal genes panel and next generation sequencing
	NGS analysis pipeline
	Sanger sequencing

	Results and discussion
	References


