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Abstract
Background. Congenital nephrotic syndrome (CNS) is defined as nephrotic syndrome that manifests at birth or within
the first 3 months of life. Most patients develop end-stage
renal disease (ESRD) within 2 to 3 years of life. CNS
of the Finnish-type (CNF) features a rather specific renal
histology and is caused by recessive mutations in the
NPHS1 gene encoding nephrin, a major structural protein of
the glomerular slit-diaphragm. So far, more than 80 different mutations of NPHS1 causing CNF have been published.
Methods. Here, we performed mutation analysis of NPHS1
by exon sequencing in a worldwide cohort of 32 children
with CNS from 29 different families.
Results. Sixteen of the 29 families (55%) were found to
have two disease-causing alleles in NPHS1. Two additional
patients had a single heterozygous mutation in NPHS1.
Thirteen of a total of 20 different mutations detected were
novel (65%). These were five missense mutations, one nonsense mutation, three deletions, one insertion and three
splice-site mutations.
Conclusion. Our data expand the spectrum of known
NPHS1 mutations by >15% in a worldwide cohort. Surprisingly, two patients with disease-causing mutations showed
a relatively mild phenotype, as one patient had a partial
Correspondence and offprint requests to: Friedhelm Hildebrandt, University of Michigan Health System, 8220C MSRB III, 1150 West Medical
Center Drive, Ann Arbor, MI 48109-5646, USA. Tel: +1-734-615-7285;
Fax: +1-734-615-1386, -7770; E-mail: fhilde@umich.edu
∗ Members of the APN Study Group: A. Noyan; A. Bakkaloglu;
S. Spranger; S. Briese; D. Müller; U. Querfeld; G. Reusz; R. Bogdanovic;
B. Beck; B. Hoppe; M. T. F. Wolf; K. Dittrich; J. Dötsch; C. Plank;
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remission with steroid treatment and one patient had normal renal function 1 year after the onset of disease. The
increased number of known mutations will facilitate future
studies into genotype/phenotype correlations.
Keywords: CNS; novel mutations; NPHS1

Introduction
Congenital nephrotic syndrome (CNS) is defined as
nephrotic syndrome manifesting by the 90th day of life.
Congenital nephrotic syndrome of the Finnish type (CNF;
MIM#256300) is a rare autosomal recessive kidney disease
first described in highly inbred Finnish communities [1,2].
The disease is characterized by massive proteinuria often
starting in utero and always manifesting before 3 months
of age [3]. CNF is considered steroid resistant, and massive urinary protein loss often necessitates daily central
venous albumin replacement and parenteral nutrition with
a high risk of septicaemia. Therefore, pre-emptive bilateral nephrectomy, dialysis with consecutive transplantation
at a body weight of 10 kg is often the preferred management. Long-term graft survival is generally good [4]. The
course of the disease is progressive, often leading to endstage renal disease (ESRD) within 2 or 3 years of age.
Progressive mesangial sclerosis and microcystic dilatation
of the proximal tubules are characteristic renal histopathological changes seen in CNF [5]. CNF is caused by mutations in NPHS1, which codes for the nephrin protein, an
essential component of the interpodocyte-spanning slit diaphragm [6]. Nephrin forms a zipper-like filter structure in
the center of the slit and plays an important role in cell–cell
signaling in the slit diaphragm [7,8]. Mutations in NPHS1
lead to disruption of the filtration barrier and cause massive
protein loss. The Finmajor mutation (nt121delCT, L41fsX91)
and Finminor mutation (c.3325C>T, R1109X) in the NPHS1
gene were the first mutations to be described and are seen
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Fig. 1. Nephrin protein domain structure relative to NPHS1 mutations. Domains consist of 8 extra-cellular Ig-like domains (numbered 1-8), a Fibronectin
type III like module (Fn), a transmembrane domain and an intracellular domain. All amino acid changes found in this study are shown. Novel mutations
are in bold. Mutations are spread throughout the protein with predominance of Ig-like domain 5. No mutations were found in Ig-like domains 3 and 7.
The positions of three free cysteine residues are indicated by closed dots. (Kestilä, 1998)

in >90% of Finnish patients with CNF [9]. Nephrin is a
putative member of the immunoglobulin family of cell adhesion molecules and it contains eight Ig-like domains, a
fibronectin type III like module, a transmembrane domain
and a short intracellular domain (Figure 1).
The incidence of CNF is highest in Finland, but an increasing number of cases are seen all over the world [10].
We have recently shown in a Central European cohort of
children with CNS that mutations in NPHS1 are as frequent as mutations in NPHS2 (39% each) [11]. In addition,
NPHS1 mutations were virtually absent from Turkish children with CNS. To date, more than 80 different mutations in
NPHS1 have been described, including deletions, truncating
and missense mutations. NPHS1 mutations are distributed
throughout the gene affecting both the extracellular and the
intracellular domains.
In this study, we performed mutation analysis by direct
DNA sequencing in 32 non-Finnish patients from 29 families with congenital nephrotic syndrome from different ethnic origins. We identified 13 novel mutations. Two patients
with disease-causing mutations presented with a milder
phenotype.

Subjects and methods
Patient and data recruitment
Within a worldwide cohort of 600 children with nephrotic
syndrome referred to us within the last 5 years for mutation analysis, we selected all patients with CNS (onset
within the first 3 months of life). Patients with mutations in
PLCE1, NPHS2 and WT1 were excluded from the study. We
performed mutation analysis for all eight exons of NPHS2
(podocin) and examined exons 8 and 9 of WT1 (Wilms’
tumor-1). Screening of these exons is sufficient to detect
pathogenic WT1 mutations that cause nephrotic syndrome
[12]. Mutation analysis for all 31 exons of PLCE1 (phospholipase C epsilon 1) was performed in patients with

CNS and renal histology of diffuse mesangial sclerosis
(DMS) [13]. In all patients without disease-causing mutations in these three genes, mutation analysis for NPHS1 was
performed.
Human subjects research was approved by the University of Michigan Institutional Review Board and the Ethics
Commission of the University of Freiburg, Germany. The
diagnosis of congenital nephrotic syndrome was made by
pediatric nephrologists in specialized centers based on
published criteria [14]. Following informed consent, detailed clinical and pedigree information was obtained by a
standardized questionnaire completed by specialists available on www.renalgenes.org [15]. Nephrotic range proteinuria was defined as proteinuria >40 mg/m2 /h. Age at the
onset of disease was before the 90th day of life in all patients. Patient recruitment for this study was worldwide.
Mutation analysis
Genomic DNA was isolated from blood samples using
R
the Puregene
DNA purification kit (Gentra, Minneapolis, MN) following the manufacturer’s guidelines. Mutation analysis by direct exon sequencing was performed using exon-flanking primers. NPHS1 exon primers are listed
in Supplementary Table 1. Exon primers for NPHS2 and
WT1 have been published previously [12,15]. For sequence
analysis the software SEQUENCHERTM (Gene Codes, Ann
Arbor, MI) was used. The published reference sequence of
NPHS1 (NM_004646) was used as the relevant wild-type
gene sequence. Sequencing of both strands was performed
for all detected mutations and other sequence variants.
If parental samples were available, segregation of these
changes was confirmed by direct sequencing of parental
samples. For each novel mutation its absence was demonstrated in 80 healthy individuals of matched ethnic origin
by direct sequencing or restriction enzyme digest where
appropriate. We here define ‘disease-causing mutations’
as the presence of both alleles of a recessive-disease gene
(NPHS1 or NPHS2) and one allele of a dominant disease

Caucasian

European
European

Arabic

Caucasian
European

Jewish
Jewish
Arabic
Turkish

Turkish

Indian

Arabic

Central
European
Indian

A1116 II-5

A1149
A1180

A1185

A1189
A1193

A1213 II-1
A1213 II-3
A1242
A1357 II-1

A1357 II-2

A1416

A14331

A1436

A1543

A1537

African
American
Caucasian

Caucasian

A1116 II-2

A15211

Origin

Patient
number

1 month

At birth

1 month

2 months

At birth

At birth

2 months

2 months
2 months
At birth
At birth

2 months
2 months

3 months

3 months
1 month

1 month

1 month

Age at onset

F

F

F

F

M

M

M

M
M
M
F

F
M

M

F
M

M

M

Gender

Table 1. Clinical and mutation information for all 32 children with CNS
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Ex22, c.2944insA(H)
= T982fsX1017
Ex2, c.139delG(h)
= E46fsX127
Ex6, c.603del8ins2(h)
= Y205,P206,R207
= I205; Ex10,
c.1306insAC(h) =
N436fsX437

Ex7, c.767C>T(h) =
R256W
–
Ex12, c.1555C>T(h)
= P519S Ex19, c.2596C>
T(h) = R866X
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Ex24, c.3243_3250ins
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= R367C
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–

Ex10, c.1234G>T(h)
= G412C; Ex24,
c.3243_3250insG(h)
= V1084fsX1095
Ex10, c.1234G>T(h)
= G412C; Ex24,
c.3243_3250insG(h)
= V1084fsX1095
–
–
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NPHS1 mutation3

M = male; F = female; DMS = diffuse mesangial sclerosis; FSGS = focal segmental glomerulosclerosis; MCNS = minimal change nephrotic syndrome; SRNS = steroid resistant nephrotic syndrome; Ex =
exon; H = homozygous; h = heterozygous; CSA = cyclosporin-A. 1 = children are from consanguineous (first cousin) parents. 2 ESRD is presented as time interval from onset of disease to development of
ESRD. 3 = all novel mutations were absent from at least 80 healthy control individuals. Novel mutations are printed in bold. Novel missense mutations were conserved through evolution at least down to Danio
Rerio, except for mutation R256W, which is conserved down to Canis Familiaris. RefSeq NM 004646 was used as relevant wild-type gene sequence.
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gene (WT1) that are absent from more than 80 healthy
control individuals.

Results
Patient characteristics
We ascertained 42 patients with CNS from the total worldwide cohort of 600 patients with nephrotic syndrome. Sequence analysis of NPHS2 revealed disease-causing mutations in four patients from three different families. Three
patients had disease-causing mutations in WT1 and three
patients had disease-causing mutations in PLCE1. These
10 patients were therefore excluded from further analysis.
Thirty-two patients (16 male, 16 female) from 29 different families with CNS were analyzed for mutations in
NPHS1. All patients manifested proteinuria before 90 days
of life (median was 4 weeks, range was 12–0 weeks). The
cohort consisted mainly of children of European descent
(30%) (Table 1). Six patients were from consanguineous
parents (first cousins). A renal biopsy was performed in 23
patients and showed CNF in five patients, diffuse mesangial
sclerosis (DMS) in eight patients, focal segmental glomerulosclerosis (FSGS) in four patients and minimal change
nephrotic syndrome (MCNS) in five patients. Two patients
had other or non-specific findings. As CNS is considered
steroid-resistant, most patients (82%) did not receive any
immunosuppressive treatment at the onset of disease.

NPHS1 mutations
Mutation analysis of NPHS1 by direct exon sequencing
was performed in all 32 patients. Sixteen of the 29 families (55%) were found to have CNS caused by mutations in
NPHS1 (Table 1). In two additional patients from two different families (A1185 and A1537), only one heterozygous
NPHS1 mutation was detected. We detected a total of 20
different mutations in all 29 families. Thirteen of all 20 different mutations detected in NPHS1 were novel (65%), consisting of five missense mutations, one nonsense mutation,
three deletions, one insertion, all leading to a frameshift
and premature truncation of the protein, and three splice
site mutations (Figure 1, Table 1 and Supplementary
Figure 1). Novel mutations were found in exons 2, 7, 10, 13,
12, 16, 19, 20, 22 and IVS3, IVS20, IVS28. All novel missense mutations were conserved through evolution at least
down to Danio rerio, except for mutation R256W, which is
conserved down to Canis familiaris.
Of all 16 families with disease-causing mutations, 9 families had homozygous mutations and 7 families had compound heterozygous mutations. None of the patients had
the Finmajor or the Finminor mutation. The most frequent
mutation was an insertion of a G in exon 24 leading to a
frameshift, accounting for 22% of the alleles. Mutations
affected most Ig-like domains of the nephrin protein, the
extracellular domain as well as the intracellular domain.
No mutations affected Ig-like domains 3 and 7. In two additional families (A1185, A1537), only one heterozygous
NPHS1 mutation was detected.
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NPHS1 genotype versus clinical outcome
One of the 18 patients out of 16 families with diseasecausing mutations in NPHS1 was treated with steroids
(A1116 II-5). This patient, who has compound heterozygous mutations in exon 10 (c.1234G>T, G412C) and
in exon 24 (c.3243_3250insG, V1084fsX1095), demonstrated with progressive proteinuria, stable renal function
and MCNS histology. He achieved a partial remission of
proteinuria with prednisone and is currently on a steroid
taper. In contrast, his older brother, who is also compound
heterozygous for the exon 10 and 24 mutations, developed
Wilms’ tumor at 3 years of age. He suffers low-grade proteinuria after nephrectomy of one kidney. Both patients were
screened for mutations in all exons of WT1 and none were
detected.
Development of ESRD was documented in 11 patients
from 16. Six patients developed ESRD. In these, the time interval from the onset of disease to the development of ESRD
was 1.2 years (median; range was 3.0–0.1 years). Two siblings had a homozygous frameshift mutation (A1357 II1, A1357 II-2). Two patients had a homozygous missense
mutation (A1416, A1433). One patient had compound heterozygous missense and frameshift mutations (A1831). Another patient had compound heterozygous novel missense
and novel splice site mutations (A1893) (Table 1).
Two patients (A1614 II-1, A1641 II-1) have normal renal function (serum creatinine: 0.4 mg/dl and 0.45 mg/dl) at
1.5 years and 6 months after the onset of disease, respectively. Patient A1614 II-1 has a novel missense mutation in
exon 16 (c.2126T>G, V709G), affecting the second amino
acid of the consensus of a potential N-glycosylation site of
the nephrin protein. Patient A1641 has a heterozygous nonsense mutation (c.3478C>T, R1160X) and a novel splice
site mutation (275–1G>A).

Discussion
In the present study we identified 13 novel mutations
in NPHS1 in a large, worldwide cohort of non-Finnish
CNS patients. Over the last 5 years, we ascertained 42
patients with CNS from all over the world. We have recently published that mutations in four genes only (NPHS1,
NPHS2, LAMB2 and WT12) explain 85% of all CNS cases
(94% of cases of European descent and 64% of cases of
Turkish descent) [11]. In this cohort of 42 patients with
CNS, disease-causing mutations in NPHS2, WT1 and
PLCE1 were detected in ten patients. All 10 patients were
excluded from further analysis. Thus, we analysed 32 nonFinnish patients from 29 different families with CNS for
mutations in NPHS1. In 55% of all families, diseasecausing mutations in NPHS1 were detected. In this study,
62% of all cases could be explained by mutations in NPHS1,
NPHS2, WT1 and PLCE1. This percentage might be slightly
lower than the 85% published by Hinkes et al., as our cohort consisted of more patients from Arab–Turkish descent
[11].
Until today, more than 80 different mutations have been
described, and we hereby expand the mutation spectrum
by >15%. Most patients with disease-causing mutations
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develop ESRD within the first 2 to 3 years of life. Surprisingly, however, two patients in our cohort (A1116
II-5 and A1614) showed a milder phenotype. Patient A1116
II-5 has a compound heterozygous truncating and missense
mutation in exon 10 and 24, respectively, and has achieved
a partial remission with steroid treatment. He has stable
renal function. His older brother developed Wilms’ tumor
at 3 years of age. As we did not detect mutations in any
of the 10 exons of WT1, A1116 II-3 probably developed
Wilms’ tumor de novo. It is difficult to say whether his
low-grade proteinuria is caused by a defect in the nephrin
protein as it could also be due to over filtration of the remaining kidney. The other patient with a milder phenotype
(A1614) has a homozygous novel missense mutation in
exon 16 (c.2126T>G, V709G) affecting the second amino
acid of the consensus of one the putative N-glycosylation
sites (NXT). This patient still has normal renal function 1.5
years after onset of disease. She received supportive treatment (albumin, diuretics and vitamin supplementation) but
no immunosuppressive treatment.
It has been previously reported in other studies that children with disease-causing mutations in NPHS1 may rarely
present with a milder phenotype than the typical severe CNF
phenotype described in the literature. Kitamura et al. recently published a report of two Japanese siblings with CNS
that manifested proteinuria at birth and at 10 months of age,
respectively [16]. Both had novel compound heterozygous
missense mutations in NPHS1 (C265R and V822M) and
showed an interesting disease course of frequent relapsing
nephrotic syndrome. Remission of proteinuria was attained
without immunosuppressive treatment. The heterozygous
C265R mutation disrupted formation of a disulfide bond
in the Ig-like domain 3. Expression studies showed, in
contrast to the V822M variant, entrapment of the mutant
protein in the endoplasmatic reticulum (ER). Liu et al.
showed that nephrin is a highly flexible protein, which misfolds easily and can become trapped in the ER as a result of
missense mutations [17]. However, these variants are insufficient in a heterozygous state to cause structural damage
and may thus be associated with a milder disease phenotype.
Beltcheva et al. observed that compound heterozygous mutations found in non-Finnish patients showed a milder disease progression [10]. Patrakka et al. reported of a patient
with a compound heterozygous Finminor and missense mutation who responded to enalapril and indomethacin therapy.
Microscopy showed that nephrin was expressed normally
and slit diaphragms were present [18].
We can conclude from the literature that some mutations result in milder disease phenotype and that (partial)
remission of proteinuria might be achieved by immunosuppressive treatment. Finmajor and Finminor mutations both lead
to absence of nephrin protein in the podocyte slit diaphragm
and cause severe steroid resistant nephrotic syndrome that
leads to ESRD at early age. Other mutations, however, result in impaired function of the protein or entrapment of
the protein in the endoplasmatic reticulum, but do not completely abolish the protein’s function.
The genetic heterogeneity due to the high frequency of
rare or private mutations makes genotype/phenotype correlation studies difficult. One could speculate that mutations
affecting certain Ig-like domains of the protein lead to a
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more severe disease phenotype than mutations affecting
other domains. However, with the wide distribution of mutations throughout the gene, we did not see a significant
correlation between Ig-like domain involvement and phenotype. Larger studies would facilitate genotype/phenotype
correlation. Functional studies are important to predict disease progression in CNF patients and to shed light on the
impact of mutations on the nephrin protein.
In our cohort, we did not detect disease-causing mutations in NPHS1, NPHS2, PLCE1 or WT1 in 14 cases from
13 different families. We cannot exclude mutations in regulatory elements or introns in these cases. Also, we cannot
exclude heterozygous whole exon deletions as the missing
allele. Novel gene products that interact with nephrin or
other proteins essential for slit diaphragm integrity could
also be responsible for the disease in these patients.
Our study expands the number of novel mutations in
NPHS1 by >15%. We also confirm that, rarely, mutations
in NPHS1 lead to a milder phenotype. In order to shed
light on this genotype–phenotype correlation, it remains
important to report novel mutations in order to classify
mutations according to their phenotype.

Supplementary data
Supplementary data is available online at http://ndt.
oxfordjournals.org
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