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Abstract
Background and objectives Genetic heterogeneity and phenotypic variability are major challenges in familial
nephronophthisis and related ciliopathies. To date, mutations in 20 different genes (NPHP1 to -20) have been
identiﬁed causing either isolated kidney disease or complex multiorgan disorders. In this study, we provide a
comprehensive and detailed characterization of 152 children with a special focus on extrarenal organ involvement
and the long-term development of ESRD.
Design, setting, participants, & measurements We established an online-based registry (www.nephreg.de) to
assess the clinical course of patients with nephronophthisis and related ciliopathies on a yearly base. Crosssectional and longitudinal data were collected. Mean observation time was 7.566.1 years.
Results In total, 51% of the children presented with isolated nephronophthisis, whereas the other 49% exhibited
related ciliopathies. Monogenetic defects were identiﬁed in 97 of 152 patients, 89 affecting NPHP genes. Eight
patients carried mutations in other genes related to cystic kidney diseases. A homozygous NPHP1 deletion was, by
far, the most frequent genetic defect (n=60). We observed a high prevalence of extrarenal manifestations (23% [14 of
60] for the NPHP1 group and 66% [61 of 92] for children without NPHP1). A homozygous NPHP1 deletion not
only led to juvenile nephronophthisis but also was able to present as a predominantly neurologic phenotype.
However, irrespective of the initial clinical presentation, the kidney function of all patients carrying NPHP1
mutations declined rapidly between the ages of 8 and 16 years, with ESRD at a mean age of 11.462.4 years. In
contrast within the non-NPHP1 group, there was no uniform pattern regarding the development of ESRD
comprising patients with early onset and others preserving normal kidney function until adulthood.
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Conclusions Mutations in NPHP genes cause a wide range of ciliopathies with multiorgan involvement and
different clinical outcomes.
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Introduction
Familial nephronophthisis (NPH) is a major cause of
pediatric ESRD. It shows an autosomal recessive
inheritance pattern with an estimated incidence of
1:50,000 (1–6). The clinical presentation as well as the
genetic background are highly variable, with mutations identiﬁed in 20 different genes (NPHP1 to -20) so
far (1,7,8). A homozygous deletion of NPHP1 is by far
the most frequent genetic cause, accounting for 27%–
62% of cases in patients (9–12). Recently, modern sequencing techniques accelerated the unraveling of
further genetic causes, but still, about 60% of patients
with NPH remain genetically unclassiﬁed (13). Nephrocystins, the proteins encoded by the NPHP genes, localize to the primary cilium, and mutations result in
an impaired ciliary function, classifying NPH as a
ciliopathy (1,14–17).
The disease phenotype may be limited to the
kidneys or can be associated with extrarenal organ
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involvement (e.g., liver, pancreas, central nervous
system, eyes, and bones). Several well described
complex syndromes encompass the range of kidney
involvement with NPH, including Senior–Løken syndrome; Joubert syndrome; cerebellar vermis hypoplasia, oligophrenia, ataxia, coloboma, hepatic ﬁbrosis
[COACH] syndrome; Jeune syndrome; Meckel–
Gruber syndrome, and others (1,15,18,19). Because
of its rather unspeciﬁc clinical presentation and the
signiﬁcant overlap with other ciliopathies, an early
diagnosis of NPH is challenging (20–22).
Within the last 20 years, scientiﬁc efforts have
brought tremendous progress for the molecular understanding of NPH. However, despite this constantly
increasing knowledge, the diagnostic and therapeutic
management of NPH is still largely opinion based.
This obvious discrepancy is a common problem for
most rare diseases (23). Prospective data on the
natural disease course are limited, especially
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concerning the deterioration of kidney function and the
evolution of extrarenal manifestations. Therefore, we established an online-based multicenter observational registry for NPH and related ciliopathies (www.nephreg.de).
The Nephronophthisis Registry (NEPHREG) aims to characterize the phenotypic and genetic spectrum as well as
obtain longitudinal data regarding extrarenal organ involvement of patients carrying NPHP gene mutations.
These data are of particular importance to provide robust
genotype-phenotype correlations, an improved clinical
management, and personalized counseling to patients
and their families. At the same time, the registry will serve
as an important source for future clinical trials assessing the
efﬁcacy and safety of potential treatments.
Here, we present the genetic and phenotypic data of 152
children from the NEPHREG.

Clinical Assessment and Definitions
Kidney function was assessed using the eGFR according
to the Schwartz formula, with a coefﬁcient of 0.55 in the
case of creatinine determination with the Jaffe method or
0.413 in the case of enzymatic creatinine measurement.
CKD was deﬁned by an eGFR ,90 ml/min per 1.73 m2,
and ESRD was deﬁned by an eGFR,15 ml/min per
1.73 m2, the start of dialysis, or renal transplantation.
Polyuria was deﬁned as .2000 ml/m2 body surface area
per day. Hepatosplenomegaly was deﬁned either by clinically enlarged organs on palpatory examination and/or
ultrasound. Kidney volume was assessed by the measurement of the maximum length of the kidney (L; centimeters)
and the orthogonal anterior-posterior diameter (D; centimeters) and width (W; centimeters) of each kidney. Kidney
volume was calculated as 0.53L3D3W (milliliters).

Materials and Methods

Statistical Analyses
Categorical parameters are given as numbers and percentages of patients. Results for continuous variables are
expressed as means6SD. Comparisons of patients with
NPHP1 versus patients without NPHP1 were performed
using the chi-squared test. The level of statistical signiﬁcance was predeﬁned as P,0.05. Statistical analyses were
performed using the link www.vassarstats.net.

Study Cohort
Those eligible were children with suspected isolated
NPH or NPH-related ciliopathies due to either the clinical
presentation or the presence of pathogenic NPHP mutations. The clinical diagnosis of NPH was on the basis of at
least two of the following criteria: (1) characteristic clinical
course with polyuria/polydipsia, (2) CKD, (3) kidney
ultrasound or biopsy suggestive of NPH, and (4) pedigree
compatible with autosomal recessive inheritance. The diagnosis of Senior–Løken syndrome was on the basis of the
presence of NPH in association with retinitis pigmentosa.
Congenital oculomotor ataxia was diagnosed due to typical
eye movements and ataxia. Neurologic criteria for Joubert
syndrome were on the basis of the presence of a molar tooth
sign on magnetic resonance imaging or the clinical diagnosis. COACH syndrome was diagnosed if additional
hepatic ﬁbrosis and/or ocular coloboma were found. Jeune
and Mainzer–Saldino syndromes were diagnosed on the
basis of typical skeletal malformations. Complex phenotypes featuring multiple organ malformations, including
NPH, that did not ﬁt one of the mentioned criteria were
considered unclassiﬁed.
All patients and/or their parents/guardians gave written
informed consent. Personalized data got pseudonymized
and underwent a manual quality assurance process by the
central data quality manager, who veriﬁed the data plausibility before incorporation into the NEPHREG data repository. The NEPHREG has been approved by the ethics
committees of each contributing center and is kept in full
accordance with the principles of the Declaration of Helsinki
and Good Clinical Practice guidelines.
Genetic Testing
Because of the study design, different approaches in
genetic testing were performed (Supplemental Figure 1). In
most patients presenting with a typical phenotype for
juvenile NPH, a PCR-based gel electrophoresis for detection of a homozygous NPHP1 deletion was performed.
In others, targeted Sanger sequencing on the basis of the
patient’s phenotype was done. In a subset of patients, next
generation sequencing–based approaches, such as wholeexome sequencing or a multigene panel, were performed as
described in Supplemental Material and elsewhere (24,25).

Results
Data of 176 patients were provided from 22 participating
German, Austrian, and Dutch pediatric nephrology centers. Among those patients, 152 (86 boys) met the criteria of
at least one complete and validated dataset; 126 (82%) were
patients with sporadic cases, and a positive family history
and/or parental consanguinity were documented in 26
(17%) patients/24 families. The mean observation time was
7.566.1 years. The mean age at last follow-up was 14.066.6
years.
Genetic Analyses
Monogenetic defects were identiﬁed in 97 of 152 (64%)
patients. In 89 patients, these mutations affected different
NPHP genes. Mutations in the remaining eight patients
presenting with an NPH phenotype were found in BBS7
(n=2), BBS4, PKHD1, MKS1, AHI1, POC1B, and UMOD,
reclassifying them as non-NPH (Supplemental Figure 2). A
detailed listing of all NPHP mutations, including 14 novel
mutations, is provided in Supplemental Table 1.
For further analysis, we stratiﬁed the cohort into children
with NPHP1 (n=60) and all others (n=92). Whenever
possible, we further classiﬁed the children without
NPHP1 according to their gene defect.
Initial Clinical Presentation
At initial clinical presentation, there was a signiﬁcant
difference between the NPHP1 group and the remaining
patients (Figure 1). Whereas in one half of the children with
NPHP1, polyuria (54%) or CKD (46%) led to diagnosis, the
main signs and symptoms of patients without NPHP1 were
less speciﬁc, including dysmorphic features (11%), failure to
thrive (18%), developmental delay (18%), visual impairment
(12%), or fetal tachypnea (10%).

Kidney
Onset of renal symptoms, yr
Polyuria, %
Urinary concentrating
deﬁciency, %
Proteinuria, %
Hematuria, %
Anemia, %
Failure to thrive, %
Growth retardation, %
Liver
Onset of liver symptoms, yr
Total, %
Hepatosplenomegaly, %
Elevated liver enzymes, %
Cholestasis, %
Thrombopenia, %
Ascites, %
Esophageal varices, %
Hepatic pruritus, %
CNS
Onset of neurologic
symptoms, yr
Total, %
Developmental delay, %
Seizures, %
Ataxia, %
Cerebellar vermis
hypoplasia, %
Muscle weakness, %
Microcephaly, %
Eyes
Onset of eye symptoms, yr
Total, %
Visual impairment, %
Nystagmus, %
COMA, %
Night blindness, %
Retinitis pigmentosa, %

Phenotype

39
11
55
26
32
41a
29
27
10
11
3
8
2

32
18
88
20
28
10–13
8a
3
5
0
3
0
0
2

55
41c
26
9
11
18

4
1

3
0
1–17
41
23c
12
10
2
5

47b
40
8
21
20

25b
19
7
8
3

1–12

36
26

All
Genotypes
Other Than
NPHP1, n=92

3–16
63
40

NPHP1,
n=60

0
0

0
0
0
0
0

9
25
25
0
0
0
0

-

0–10
100
100
100
50
50
25
0
50

25
0
100
0
50

0–7
50
25

NPHP3,
n=4

0
0
0
0
0
0

0
0

20
20
0
20
0

6

0
0
0
0
0
0
0
0

20
0
80
40
60

6–14
60
40

NPHP4,
n=5

9

0
0
0
0
0
0
0
0

0–1
100
100
100
0
60
100

0
0

20
20
20
0
0

-

20
0
80
0
0

13–25
40
40

NPHP5/
IQCB1, n=5

0
0
0
0
0
0
0
0

0–7
100
100
100
0
0
20

0
0

100
100
0
80
100

0–1

-

0
0
60
40
60

7–17
20
20

NPHP6/
CEP290,
n=5

0–1
83
50
33
50
0
0

33
0

83
83
0
83
50

0–3

1–3
100
100
100
33
33
0
17
17

17
0
50
33
33

2–15
17
17

NPHP11/
TMEM67,
n=6

Table 1. Phenotypic presentation of 152 children with suspected isolated nephronophthisis or nephronophthisis-related ciliopathies in the Nephronophthisis Registry
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100
75
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0
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0
0
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0
0
0

8

8
25
0
25
0
0
0
0
0
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0
50
0
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3–16
0
0

IFT140,
n=4
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For practical reasons, we stratiﬁed the cohort into children with NPHP1 (n=60) and children without NPHP1 (n=92). Cell contents are the percentages of participants in a given column (genotype)
for which the symptom listed in the row header was reported or the ranges of ages over which these symptoms initially presented. Whenever possible, we further classiﬁed the children without
NPHP1 according to their gene defect. CNS, central nervous system; COMA, congenital oculomotor apraxia.
a
Statistical signiﬁcance: liver involvement was signiﬁcantly more frequent in the non-NPHP1 group compared with the NPHP1 cohort (41% versus 8%; P,0.001).
b
Statistical signiﬁcance: presence of neurologic symptoms was signiﬁcantly more frequent in the non-NPHP1 group compared with the NPHP1 cohort (47% versus 25%; P,0.01).
c
Statistical signiﬁcance: visual loss was signiﬁcantly more frequent in the non-NPHP1 group compared with the NPHP1 cohort (41% versus 23%; P=0.02).

100
0
0
0
0
0
17
33
0
33
0
0
0
0
0
100
40
20
20
0
0
0
0
0
0
Visual ﬁeld restriction, %
Astigmatism, %
Strabism, %
Cataract, %
Coloboma, %

5
17
8
2
0

12
12
9
2
7

0
25
0
0
0

NPHP5/
IQCB1, n=5
Phenotype

Table 1. (Continued)
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Kidney Disease Phenotype
Reduced urinary concentrating capacity and CKD represent the clinical hallmarks of NPH. Still, polyuria was
only reported in 38 of 60 (63%) patients with NPHP1, and it
was reported even less often in all others. Proteinuria was
found in up to 32% of patients with NPHP1 (19 of 60) but
almost exclusively in the scenario of ESRD. Thus, proteinuria developed secondary to advanced glomerulosclerosis rather than representing an NPH-speciﬁc feature.
Hematuria was a rare ﬁnding (Table 1). Anemia was
detected in 104 of 152 (68%) patients. In most patients
(90 of 104), anemia was associated with advanced CKD
(mean eGFR =25 ml/min per 1.73 m2). However, in 14
individuals—including six patients with NPHP1 and six
patients with Joubert/COACH phenotype—CKDindependent anemia was observed (eGFR.45 ml/min
per 1.73 m2).
Kidney Ultrasound
A typical ultrasound presentation of small to normalsized kidneys with increased echogenicity and a loss of
corticomedullary differentiation (26) was observed in 119
of 152 (78%) children, including 47 of 60 (78%) patients
with NPHP1. Cystic lesions were only detected in 73 of 144
(51%) children. Although in most patients with NPHP1,
cysts developed late in the disease course (12.363.9 years),
most children carrying NPHP3 or NPHP6/CEP290 mutations presented cysts already at a young age (NPHP3: 0, 7,
and 8 years and NPHP6: 0, 1, 3, and 7 years).
Extrarenal Manifestations
Overall, 77 of 152 (51%) patients presented with isolated
NPH. The remaining children exhibited NPH-related
ciliopathies, namely Joubert/COACH syndrome (n=26;
17%), Senior–Løken syndrome (n=17; 11%), congenital
oculomotor apraxia (n=7; 5%), Bardet–Biedl syndrome
(n=4; 3%), skeletal disorders (n=6; 4%), or Meckel–Gruber
syndrome (n=1; ,1%). Fourteen children displayed complex disorders that could not be classiﬁed yet. In the NPHP1
group, 77% (46 of 60) presented with an isolated NPH
compared with 34% (31 of 92) in the non-NPHP1 group
(Figure 2). Liver involvement was more frequent in the nonNPHP1 group (41% versus 8%; P,0.001). The same applied
to the presence of neurologic symptoms (47% versus 25%;
P,0.01) and visual impairment (41% versus 23%; P=0.02),
although there was no signiﬁcant difference detectable
between the two groups regarding all ophthalmologic
affections (55% versus 41%; P=0.10) (Table 1).
Kidney Function
Overall, 90 (58%) patients developed ESRD during the
observation period. Within the NPHP1 cohort, 38 (63%)
children presented juvenile NPH, with ESRD at a mean age
of 11.462.4 years. Only ﬁve patients with NPHP1 reached
ESRD beyond the age of 15 years (17.061.41 years old), and
ESRD younger than the age of 5 years was not observed.
Seventeen (28%) patients with NPHP1 did not reach ESRD
yet (mean age =11.465.2 years old), but 16 of 17 exhibited
signiﬁcantly reduced eGFR. In contrast, 52% (47 of 90) of
the non-NPHP1 cohort did not develop ESRD yet, with 31%
(28 of 90) preserving normal kidney function so far
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Figure 1. | Chronic kidney disease and polyuria are the clinical hallmarks for NPHP1 patients while the main signs and symptoms for children
with other NPHP mutations can be manifold. Initial clinical presentation leading to the diagnosis of nephronophthisis (NPH) or NPH-related
ciliopathies in the Nephronophthisis Registry. Although in one half of the children with NPHP1, polyuria (54%) or CKD (46%) led to diagnosis,
the main signs and symptoms of children without NPHP1 were less specific, including dysmorphic features (11%), failure to thrive (18%),
developmental delay (18%), visual impairment (12%), or fetal tachypnoe (10%). However, the latter symptoms presented significantly earlier,
mostly within the first year of life, whereas the first signs of urinary-concentrating defects usually did not become obvious before the age of 4–6
years old. COMA, congenital oculomotor apraxia.

(eGFR.90 ml/min per 1.73 m2). Seven (8%) children
without NPHP1 presented infantile NPH, with ESRD at a
mean age of 2.161.07 years. Twenty-seven (30%) patients
without NPHP1 developed juvenile NPH, and eight
(9%) had adolescent NPH. Age at ESRD is displayed in
Figure 3.
Genotype-Phenotype Correlation
NPHP1 (n=60). Mutations in NPHP1 usually led to
juvenile NPH with polyuria starting around the age of 6
years, typical ultrasound ﬁndings, and a progressive loss of
eGFR. CKD was observed in all but one patient, with the
majority of children developing ESRD between 11 and 13
years of age. Of note, this also applied to patients with
initially no obvious signs of involvement of the kidneys.
These children still developed CKD at a mean age of
10.162.8 years and reached ESRD at a mean age of 12.861.5
years. Extrarenal involvement was less frequent in NPHP1
compared with non-NPHP1. However, we observed visual
impairment in 23%, neurologic symptoms in 25%, and
hepatic involvement in 8% of the patients with NPHP1.
Only in a small subset did NPHP1 mutations lead to
complex ciliopathies, such as Joubert syndrome (n=3) or
congenital oculomotor apraxia (n=5) (Table 2).
NPHP3 (n=4). The phenotype of all patients with NPHP3
was characterized by a combination of NPH with congenital hepatic ﬁbrosis. Three of four patients presented
progressive CKD as the cardinal sign, whereas hepatic
ﬁbrosis was diagnosed coincidentally due to concomitant
hepatomegaly and/or elevated liver enzymes. In comparison with most other patients with NPH, ESRD occurred at

younger ages (Table 2), and the development of kidney
cysts was observed early.
NPHP4 (n=5). The clinical presentation of most patients
with NPHP4 was restricted to a kidney phenotype of a
urinary concentrating defect and CKD. Despite the rather
old age of these patients (12.064.4 years), only one
developed ESRD (14 years old) so far, suggesting a later
onset and/or slower progression compared with other
NPHP defects. Extrarenal symptoms were scarce. Nevertheless, in one patient, severe developmental delay was
reported.
NPHP5/IQCB1 (n=5). Senior–Løken syndrome was the
typical clinical picture of patients with NPHP5/IQCB1
featuring Leber congenital amaurosis or progressive retinitis pigmentosa in combination with NPH. Although
visual impairment usually became obvious within the ﬁrst
year of life, kidney cysts and ESRD developed only during
late adolescence. Neurologic symptoms, such as developmental delay and seizures, were reported in one patient;
hepatic pathologies were not observed.
NPHP6/CEP290 (n=5). Patients with NPHP6/CEP290
presented with Joubert syndrome, characterized by a
cerebellar vermis hypoplasia and clinical ataxia. Additionally, four of ﬁve children were born blind, and one
lost vision at 7 years of age. CKD was present in three of
ﬁve patients, leading to ESRD in two (at 7 and 21 years
old, respectively). No hepatic involvement was documented. Two children reported a history of recurrent
airway infections.
NPHP11/TMEM67 (n=6). Patients with NPHP11/
TMEM67 displayed variable phenotypes ranging from
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Figure 2. | Isolated NPH is the typical phenotype of most NPHP1 patients while complex NPH-related ciliopathies are abundant in the
nonNPHP1 group. Frequency of clinically defined nephronophthisis (NPH)-related ciliopathies in the Nephronophthisis Registry with respect to the
presence/absence of an NPHP1 deletion. Isolated NPH is more frequent in (A) the NPHP1 group than in (B) children without NPHP1. Nevertheless, in
25%, a homozygous NPHP1 deletion led to a neurologic phenotype as well. (C) Axial magnetic resonance image of a child with Joubert syndrome
showing the typical cerebellar vermis hypoplasia, resulting in a positive molar tooth sign. (D) Cerebral magnetic resonance image of a child with
Meckel–Gruber syndrome (MKS) showing severe brain malformations: occipital encephalocele and massively enlarged cerebrospinal fluid compartments. (E) An x-ray of a postaxial hexadactyly in a child with Bardet–Biedl syndrome (BBS). COACH, cerebellar vermis hypoplasia, oligophrenia,
ataxia, coloboma, hepatic fibrosis; COMA, congenital oculomotor apraxia; MSS, Mainzer–Saldino syndrome.

Joubert syndrome (two of six), COACH syndrome (two of
six), and isolated NPH (one of six) to congenital oculomotor apraxia in combination with elevated liver enzymes
(one of six). Hepatic ﬁbrosis was found in all children.
Ophthalmologic symptoms were reported in 83% (ﬁve of
six), and visual impairment was reported only in 50%
(three of six). CKD was prevalent in four of six patients,
with all four displaying cystic lesions and resulting in
ESRD.
IFT140 (n=4). IFT140 mutations have been described to
cause skeletal ciliopathies, like Mainzer–Saldino syndrome
(27) or syndromic/nonsyndromic retinal dystrophy (28).
So far, we were able to identify four patients carrying
IFT140 mutations, all featuring skeletal abnormalities, like
phalangeal cone–shaped epiphyses (three of four) or
asphyxiating thoracic hypoplasia (two of four). Characteristic for Mainzer–Saldino syndrome, all four presented
retinal dystrophy manifesting as progressive loss of vision
before the age of 10 years old. CKD was observed in all
patients, but so far, only two developed ESRD (7 and 10
years old). Kidney cysts were not an obligatory feature;
hepatic or neurologic involvement was also not an obligatory feature.

Discussion
High genetic and phenotypic heterogeneity poses a major
challenge for clinicians dealing with NPH and related
ciliopathies. Although various observational studies and
case series have been published before, most of them
focused on the genetic rather than the phenotypic presentation (12,13,15,29–31). Prospective data on the natural
course of these diseases are limited, especially concerning
the deterioration of kidney function and the evolution of
extrarenal manifestations. We, therefore, initiated a study
of 152 children—among them, a high percentage (49%) of
NPH-related ciliopathies—allowing detailed insights into
extrarenal organ involvement caused by NPHP mutations.
Despite the tremendous advances in molecular genetics
of NPH-related ciliopathies, 60% of patients remain genetically unexplained (7,13). In our cohort, monogenetic
defects were identiﬁed in 64% of patients, including 14
novel mutations (Supplemental Table 1). The high number
of children with NPHP1 mutations might be due to a
selection bias, because some centers only reported on
genetically solved patients, and routine molecular analysis
was limited to NPHP1 until recently. Nevertheless, a detection rate of 39% for homozygous NPHP1 deletions is in
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Figure 3. | Onset of ESRD is depending on the underlying genotype. Survival free of ESRD among children with NPHP1 and without NPHP1 in
the Nephronophthisis Registry. Kaplan–Meier analysis of kidney survival highlights the difference between children with NPHP1 (n=58) and
children without NPHP1 (n=85). (A) Although in 90% of children with NPHP1, kidney function declined rapidly between 8 and 16 years of age,
within the children without NPHP1, there was no uniform pattern regarding the development of CKD. (B) Although most children with NPHP3
and children with IFT140 developed ESRD in infancy or early childhood, in children with NPHP4 and children with NPHP5/IQCB1, (D) ESRD
only occurred late within the second decade of life. (C) The data on children with NPHP6/CEP290 and children with NPHP11/TMEM67,
however, were inconclusive, including patients with early as well as late ESRD.

line with earlier results (5,9–13,29). The remaining mutations affected only six additional NPHP genes (NPHP3–6
and -11 and IFT140). Because of the registry structure of the
study and because not all patients have been tested for all
20 NPHP genes, we cannot fully rule out the possibility that
some patients carry mutations in rare NPHP genes that
have not been detected yet. However, it is more likely that,
in a limited cohort of 152 patients, we did not identify
mutations in extremely rare NPHP genes, because the
detection rates are very low, ranging between 0.1% and
0.7% (13).
The strength of the registry approach is the detailed focus
on the clinical phenotype, including various renal and
extrarenal symptoms that have never been asked for in
detail before. So far, extrarenal pathologies have been
reported in 10%–15% of patients with NPH (15). However,
we observed a prevalence of 10%–40% for the NPHP1
group and even 40%–60% in the non-NPHP1 group.
Especially in patients with NPHP1, hepatic and neurologic
pathologies have been considered rarities so far (18). Thus,
it seems noteworthy that 8% of children with NPHP1
presented hepatic symptoms, 19% showed developmental
delay, and in 7%, epileptic seizures were reported. In

accordance with these observations, Chaki et al. (32)
reported neurologic pathologies in 24 of 235 NPHP1
families, and Soliman et al. (33) described a neurologic
phenotype in four of 20 patients with NPHP1, mainly
characterized as Joubert-like syndromes.
Hence, children with NPHP1 who initially presented an
isolated neurologic phenotype were of special interest. We
were able to identify eight such patients (three with Joubert
syndrome and ﬁve with congenital oculomotor apraxia),
conﬁrming that homozygous NPHP1 deletions can result in
primarily neurologic phenotypes (34,35). Additionally,
supporting the observation of Parisi et al. (34), none of our
patients with Joubert syndrome showed fetal tachypnea,
which otherwise is a typical feature. Irrespective of the
primary isolated neurologic presentation, all patients developed ESRD in the long run, which implies that, in the
scenario of a homozygous NPHP1 deletion, development of
ESRD is inevitable. Furthermore, for the NPHP1 group, we
observed a very rapid development of ESRD between 8 and
16 years of age, thereby conﬁrming previous data from a
small case series (21).
Interestingly, reduced urinary concentrating capacity
and polyuria—usually considered typical hallmarks of
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—
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Cell contents are the percentages of participants in a given row (genotype) for which the phenotype listed in the column header was observed or the ages (as means6SD or lists of individual ages) at which ESRD
developed. COACH, cerebellar vermis hypoplasia, oligophrenia, ataxia, coloboma, hepatic ﬁbrosis; COMA, congenital oculomotor apraxia; MSS, Mainzer–Saldino syndrome; CNS, central nervous system; —,
0% of patients.
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Ocular
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ESRD, yr (1)
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Table 2. Genotype-phenotype correlation of 89 children in the Nephronophthisis Registry carrying mutations in various ciliary genes
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Airways
Involvement

Skeletal
Involvement
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juvenile NPH—were only reported in one half of the
patients with NPHP1. One possible explanation might be
insufﬁcient attention paid to this rather subtle symptom in
the scenario of progressive CKD. Nevertheless, polyuria is
not a consistent clinical feature in NPH. Pronounced ironresistant and CKD-independent anemia has been proposed
to be an early feature of juvenile NPH (30,36). In our cohort,
only 14 individuals—including six children with NPHP1 and
six patients with Joubert/COACH syndrome—presented
anemia before developing advanced CKD. In all others,
anemia was associated with CKD stages 4 and 5.
Because of the naturally limited number of patients and
an up to now restricted access to modern sequencing
techniques, data on NPHP3 to -20 mutations are still
insufﬁcient to generate solid genotype-phenotype correlations. Nevertheless, some trends seem to emerge. Different
genetic defects of NPHP3 have been reported to result in
either adolescent-onset (37,38) or more often, infantile NPH
(31,39). Furthermore, liver involvement is a common
ﬁnding in patients with NPHP3 (13,38). Thus, including
our results, we recommend a detailed liver examination in
all patients with infantile NPH and consideration of
NPHP3 whenever NPH is associated with congenital liver
ﬁbrosis. In contrast, NPHP4 mutations should be considered in patients with isolated juvenile or adolescent
NPH in whom a homozygous NPHP1 deletion has been
excluded (32).
Early-onset blindness is a key feature of both NPHP5/
IQCB1 and NPHP6/CEP290 mutations. In patients with
NPHP5/IQCB1, the phenotype is usually limited to a
Senior–Løken syndrome made up of Leber congenital
amaurosis and juvenile NPH (40,41). Neurologic abnormalities are not common (32). However, one of our patients
presented signiﬁcant developmental delay, reduced emotional control, and seizures. Because his also affected older
brother showed no neurologic signs at all, it remains
unclear whether the neurologic symptoms are related to the
NPHP5/IQCB1 defect. In contrast, NPHP6/CEP290 mutations can cause a large variety of multivisceral pathologies
ranging from isolated NPH to lethal Meckel–Gruber
syndrome (42–45). Our patients with NPHP6/CEP290 all
presented the typical features of Joubert syndrome, which
is referred to as the most common clinical manifestation
(32,42,43). CKD was not an obligatory feature, and neither
was hepatic involvement, which seems to be extremely rare
in patients with NPHP6/CEP290 (32).
The unifying characteristic of patients with NPHP11/
TMEM67 is hepatic ﬁbrosis (32,46). Apart from that, the
clinical picture can be highly variable. Two of our patients
have to be highlighted. The ﬁrst patient is an 8-year-old boy
carrying two missense mutations who presented with
congenital oculomotor apraxia and elevated liver enzymes.
To our knowledge, this is the ﬁrst description of the
NPHP11/TMEM67 mutations being a cause of congenital
oculomotor apraxia. The second patient presented with
typical Joubert syndrome but without liver involvement.
However, only one heterozygous NPHP11/TMEM67 splice
site mutation was identiﬁed, with no second diseasecausing gene mutation. Thus, it remains unclear whether
the clinical picture is caused by a compound heterozygous
condition with an unidentiﬁed second mutation or whether
this patient carries additional mutations in another gene.
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Considering the pathogenic effect of NPHP mutations on
primary cilia, one could expect a comparable effect on
motile cilia as well. Motile cilia are mainly expressed in the
upper airway epithelium, and disorders of motile cilia
function result in recurrent respiratory tract infections as
well as restrictive lung disease. However, in our cohort,
only a few patients reported recurrent ear and/or upper
airway infections (eight of 152), and numbers are still too
small to draw conclusions. Further investigations are
needed to answer the questions of whether NPHP mutations have a direct effect on motile cilia and whether this
could be disease causing.
The phenotypic spectrum of ciliopathies caused by
NPHP gene mutations is highly variable, and neither
gene locus heterogeneity nor the nature of mutations can
fully explain the clinical variety observed in affected
individuals—sometimes even within the same family.
Therefore, clinical registries, such as the NEPHREG, are
of outstanding importance to provide longitudinal data
that can help clinicians in counseling affected patients
and their families. Beyond that, the NEPHREG supplies a
clinical platform that may inform new therapeutic approaches to be tested in clinical trials with a collaborative
network.
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