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Podocyte and hereditary nephrotic syndromes
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Background: In the past few years, genetic studies
of familial steroid-resistant nephrotic syndrome and
generation of murine models of these diseases have
resulted in tremendous progress in the understanding of
the physiology and pathology of podocyte

Data sources: Based on recent original publications
and the experience with the disease of our group, we
review the different genetic forms of autosomal recessive
and dominant nephrotic syndrome, and indicate the
possible, cellular and functional consequences of the
gene defects.

Results: The major role of the glomerular slit
diaphragm in the formation and the maintenance of the
glomerular ultrafiltration barrier has been demonstrated.
This knowledge has improved the diagnosis and
management of steroid-resistant nephrotic syndromes,
especially in children. Familial nephrotic syndrome is
characterized by clinical and genetic heterogeneneity, but
most histological lesions are non-specific.

Conclusions: The recognition of the genetic origin
of the disease and, if possible, the detection of the
resultant mutation are useful clinically. They allow to
avoid unnecessary and aggressive immunosuppressive
treatments, to predict the absence of recurrence after
transplantation, and to provide prenatal diagnosis to
families at risk.
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the external surface of glomerular capillary

tufts. Their voluminous cell bodies protrude into
the urinary space and give rise to long cytoplasmic
processes that run toward the capillaries, divide into
pedicels or foot processes, and attach to the glomerular
basement membrane (GBM) through adhesion proteins,
the a3p1 integrin and the dystroglycan complex. The
filtration slit between adjacent pedicels derived from
different podocytes is bridged at the basis of pedicels
by the slit diaphragm (Fig. 1).

The podocyte synthesizes most of collagenic and
non-collagenic components of the GBM, and their
defects are responsible for hereditary glomerulopathies:
Alport syndrome linked to type IV collagen mutations
and Pierson disease due to laminin beta2 mutations.
In addition, the prominent role of podocytes in plasma
ultrafiltration during primary urine formation has been
recently highlighted by the characterization of genes
coding for podocyte proteins, and the demonstration
of their involvement in hereditary, syndromic or
nonsyndromic, autosomal recessive or dominant steroid-
resistant nephrotic syndrome (SRNS) (Table).

Podocytes are highly specialized cells covering

Autosomal recessive nephrotic syndromes

Congenital nephrotic syndrome of the Finnish type
and NPHSI1 gene

Congenital nephrotic syndrome of the Finnish type
(CNF) is frequent in Finland but has also been reported
from all over the world. The disease is characterized
by massive proteinuria starting in utero. Babies are
usually premature with a low birth weight for age
and a large placenta weighing over 25% of the baby's
birth weight. Severe nephrotic syndrome (NS) present
from birth (with serum albumin <10 g/L) is resistant
to steroids and immunosuppressive drugs. Before
active treatment, patients usually died within the first 6
months of various complications."’ Prolonged survival
is now possible, but patients progress to end-stage
renal disease (ESRD) between 3 and 8 years of age.
Usually there is no extrarenal symptoms, but 6 of the
70 patients observed in Finland developed muscular
dystonia and athetosis.” Early renal biopsy specimens
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Table. Hereditary nephrotic syndromes

Hereditary nephrotic syndromes

Genes

Autosomal recessive nephrotic syndromes

Congenital nephrotic syndrome of the Finnish type NPHS1

Familial steroid-resistant nephrotic syndrome ~ NPHS2

Familial steroid-resistant nephrotic syndrome  Genes to be identified
Schimke syndrome SMARCAL
Tetraspanin disease CDI51

Familial steroid-resistant nephrotic syndrome
and deafness

Gene ?, locus:14q24.2

Galloway-Movat syndrome Gene ?
Isolated diffuse mesangial sclerosis Gene ?
Animal models of nephrotic syndromes Kreisler, CD2AP,
Nephl, mFAT
Autosomal dominant nephrotic syndromes
Familial focal segmental glomerulosclerosis
FSGS 1 ACTN4
FSGS 2 TRPC6
Familial focal segmental glomerulosclerosis Genes to be identified
Epstein and Fechtner syndromes MYH9
Denys-Drash and Frasier syndromes WT1
Nail-patella syndrome LMXI1B
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Fig. 1. Electron micrograph through the peripheral part of normal
glomerular capillary walls. The podocyte attachs to the GBM
through the foot processes. The thin slit diaphragm is focally seen
between adjacent foot processes (uranyl acetate, lead citrate, original
magnification x 8000) (insert x 20 000).

Fig. 2. Congenital nephrotic syndrome of Finnish type (2-month-
old infant). Glomeruli show moderate mesangial proliferation.
Focal dilatation of proximal tubules is associated (PAS, original
magnification x 120).
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Fig. 3. Congenital nephrotic syndrome of Finnish type (2-month-
old infant). Diffuse effacement of foot processes and microvillous
transformation. The thin glomerular basement membrane is related
to the young age of the patient (electron microscopy, lead citrate and
uranyl acetate, original magnification x 9900).

Fig. 4. Familial nephrotic syndrome linked to NPHS2 mutation.
Light microscopy showing no glomerular changes on the early biopsy
specimen (A) and focal and segmental glomerulosclerosis on the late
one (B) (trichrome light green, original magnification x 180).

show mild to moderate mesangial cell proliferation,
extensive effacement of foot processes, and lack of slit
diaphragms (Figs. 2 and 3). Microcystic dilatations of
proximal tubules are common but not specific.”!

After exclusion of 8 candidate genes encoding GBM
proteins, the gene NPHSI responsible for CNF has been
localized on chromosome 19 by Kestild et al,”” then
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identified, using the positional cloning technology. It
contains 29 exons and, within the kidney, is exclusively
expressed in the podocyte. Nephrin, the gene product,
is a transmembrane protein of the immunoglobulin
family of cell adhesion molecules. Within the kidney, it
is specifically located at the podocyte slit diaphragm.”
Both structure and localization suggested that the
large extracellular part of nephrin molecules from
adjacent foot processes could interact with each other
to form the zipper-like structure of the slit diaphragm
described at the ultrastructural level.l” Recently, the in
vitro demonstration of homodimeric and heterodimeric
interactions between the extracellular domains of
nephrin and NEPHI1, another slit diaphragm protein,
confirmed this hypothesis.”’

In Finland, two main mutations, Fin-major (2bp
deletion leading to stop codon in exon 2) and Fin-minor
(nonsense mutation in exon 26) account for over 94%
of mutations, suggesting a founder effect. They are
truncating mutations always associated with a severe
disease.”” Proteinuria reoccured in 20% of the patients
after transplantation because of the development of anti-
nephrin antibodies and not to the reproduction of the
primary disease.”'”’ Nearly all of the patients have Fin-
major/Fin-major genotype, which leads to the absence
of nephrin in the native kidney. In non-Finnish patients,
all types of mutations spanning over the whole gene
have been found. Some of them are associated with a
relatively slow disease progression.”"" For example, the
nonsense R1160X mutation resulting in the loss of the
last 81 residues in the intracellular domain of the protein
has been found in 13 patients of 11 families, some of
them have a severe disease, others with normal renal
function at 5 to 19 years of age and a possible response
to anti-proteinuric drugs.""

The structural importance of nephrin in the
formation of the slit diaphragm was confirmed by
the occurrence of massive proteinuria, effacement of
podocyte foot processes, absence of slit diaphragms,
and neonatal death in Nphsl-/-mice.""”

Autosomal recessive steroid-resistant nephrotic
syndrome

Another type of autosomal recessive NS has been
identified by Antignac C's group.”’ Typically, the
disease, more frequent than CNF, is characterized
by early onset of proteinuria, usually before five
years of age, resistance to steroid treatment or
immunosuppressive drugs, rapid progression to ESRD,
absence of recurrence after renal transplantation,
and absence of extra-renal manifestations. Recently,
however, cardiac anomalies have been detected in 16 of
18 affected children of six consanguineous kindreds of
Arab descent."?!

Renal lesions are not specific: with minimal
glomerular changes including effacement of foot
processes and absence of slit diaphragms observed in
early biopsy specimens and focal segmental glomerulo-
sclerosis at later stages (Fig. 4). The lesions affect a
proportion of glomeruli and have a segmental distribution
in the glomerular tuft. They are characterized by the
obliteration of the capillary lumens by a combination of
membranoid material and hyalin deposits. Progression
to ESRD is related to the progressive extension of this
scarring process.

In a whole genome analysis, one causative gene,
NPHS2, was mapped to 1q25-1q31 and identified."”
The genetic heterogeneity of the disease was
demonstrated, some families being not linked to the
locus. NPHS2 comprises 8 exons, and the protein
product, a new podocyte protein, was named podocin.
Podocin is an integral membrane protein with a single
membrane domain forming a hairpin-like structure,
and with both N- and C-terminal domains in the
cytosol. It belongs to the stomatin protein family of
lipid-raft associated proteins which have scaffolding
function and are involved in mechano-sensation.">"”
In the kidney, NPHS2 is exclusively expressed in the
podocytes, as soon as there is glomerular formation."”
The corresponding protein is located specifically
at the basis of the foot processes, facing the slit
diaphragm."®

All types of NPHS2 pathogenic mutations have been
found in children with SRNS. According to the different
European studies, the detection rate of mutations in the
homozygous or compound heterozygous state is 40% to
50% for family cases, confirming genetic heterogeneity.
Interestingly, NPHS2 mutations are also detected in
10% to 33% of sporadic cases of SRNS, showing that
mutation analysis should be performed in all children
with SRNS."*"?* Two mutations, R138Q and R138X,
are recurrent; the first observed in patients originating
from Germany or the Netherlands,"” and the second in
families of Israeli-Arab descent."” In China and Japan,
NPHS2 mutations have also been detected but they
do not appear to be a major cause of SRNS.”** No
pathogenic mutations have been found in patients with
familial or sporadic steroid responsive NS or in patients
with diffuse mesangial sclerosis.

Age at onset of NS is earlier in patients with two
pathogenic NPHS2 mutations (41 months), especially
in those with frameshift, truncating and the R138Q
missense mutations, than in SRNS patients without
detected mutations (108 months).”” Some genotype-
phenotype correlations have been shown that occurrence
of NS at birth is often associated with R138Q mutation
whereas late onset NS is observed in patients with
VI80M and R238S mutations;”"** and that proteinuria
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develops between the first and third decade of life
in carriers of the association of R229Q variant with
other NPHS2 mutations.””*) NPHSI-NPHS2 digenic
inheritance has been observed in a few patients without
any obvious effect on the phenotype.""***? Recurrence
of NS after renal transplantation is unlikely in patients
with two pathogenic mutations. It has been reported in
5 of 65 patients, with mild clinical impact and favorable
response to immunosuppressive treatment in most
cases.”"*

The functional consequences of NPHS2 mutations
have been studied in HEK cells overexpressing normal
podocin or various types of mutants.”**”) Compared
with the normal plasma membrane localization of
wild type protein, most mutants are not targeted to the
plasma membrane but are retained in the endoplasmic
reticulum or localized in late endosomes. In patients'
kidneys, truncated mutations result in the absence or
normal localization of podocin whereas most abnormal
proteins resulting from missense mutations are retained
in the cytoplasm. In all situations, podocin defect is
associated with changes in the podocyte distribution of
nephrin and other slit diaphragm associated proteins,
CD2AP and a-actinin.”

Mice lacking podocin develop a severe glomerular
disease and die of massive mesangial sclerosis in the
first days of life.”” All of these data as well as the in
vitro demonstration of the interaction with nephrin and
CD2AP" indicate that podocin plays an important role
in the maintenance of the slit diaphragm.

Schimke immuno-osseous dysplasia

This rare and severe disease is characterized by the
autosomal recessive transmission of spondyloepiphyseal
dysplasia and characteristic dysmorphic features,
lymphocytopenia and/or T-cell immunodeficiency, and
renal dysfunction including proteinuria and NS with
development of focal segmental glomerulosclerosis
and progression to ESRD. The causative gene
SMARCALLI, a chromatin remodeling protein, has been
identified.""*" Podocyte genes potentially regulated by
SMARCAL remain to be identified.

Tetraspanin CD151 disease

This disease has been found in three patients of
Jewish origin."” It is characterized by the association
of nephrotic syndrome progressing to ESRD, with
GBM ultrastructural changes, sensorineural deafness,
pretibial epidermolysis, and B-thalassemia minor. It is
linked to mutations of CD151 encoding the tetraspanin
CDI51 (MER2 blood group antigen) that forms stable
laminin binding complexes with integrins.

Steroid-resistant nephrotic syndrome with deafness

This association of early onset NS progressing to ESRD
before the age of 10 years with congenital deafness
has been seen in one large Palestinian consanguineous
family. A gene locus was identified on chromosome
14q24.2.PY

Galloway-Mowat syndrome

This rare autosomal recessive syndrome is characterized
by the association of early onset SRNS, progression
to ESRD before the age of 3 years, microcephaly with
gyral abnormalities, developmental delay, and hiatus
hernia. Various types of glomerular lesions have been
described and the genetic defect is still unknown.”"

Isolated diffuse mesangial sclerosis

Diffuse mesangial sclerosis (DMS) is characterized
by early onset SRNS, rapid progression to ESRD,
and characteristic glomerular changes. It may be
isolated or part of the Denys-Drash syndrome.”” The
renal phenotype is similar in the two conditions (see
later). Isolated DMS appears to be transmitted as an
autosomal recessive trait, with a 25% risk of recurrence
of the syndrome in siblings. The defective gene(s) is
still unknown. The antenatal detection of affected
fetuses is not possible at present, except in the rare
forms of antenatal onset of the disease.

Animal models of autosomal recessive nephrotic
syndrome

CD2-associated protein, an adapter protein that
anchors CD2 at sites of cell contact, is involved in T
cell activation. Surprisingly, CD2-AP-knock-out mice
develop congenital NS and die from renal failure at 6
to 7 weeks of age.”” The podocyte expression of CD2-
AP and the in vitro demonstration of its association
with nephrin suggest that it could play a role in the
maintenance of the slit diaphragm, perhaps by anchoring
the nephrin/podocin complex to the submembranous
actin meshwork cytoskeleton. CD2-AP heterozygous
mice have increased susceptibility to glomerular injury
and DNA variants were found in 10/45 nephrotic
patients, suggesting that CD2-AP haploinsufficiency is
also linked to glomerular susceptibility in humans.””
NEPH], a novel mouse protein strongly expressed in
podocytes and structurally related to nephrin, has been
identified by the gene trapping technology. Inactivation
of Nephl results in severe congenital NS and perinatal
mortality.”” The role of the giant protocadherin
mFAT]1 in the formation of the slit diaphragm has been
demonstrated by podocyteabnormalities in mFATI-
/-mice.”” To date, no mutations in the corresponding
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human homologue genes have been described.

Autosomal dominant proteinuria/nephrotic
syndromes

Familial focal segmental glomerulosclerosis

Familial forms of isolated proteinuria/NS which possibly
progress to renal failure associated with focal segmental
glomerulosclerosis (FSGS) have been recognized,
most of them with an autosomal dominant inheritance.
Evaluation of large kindreds with familial FSGS may
lead to the identification of two genes on chromosomes
11g22-24 and 19q13 respectively, but most families are
not linked to these locus demonstrating the large genetic
heterogeneity of the disease.

The gene involved in FSGSI located at 19ql3
has been identified."” This gene, ACTN4, encodes
a-actinin-4, an actin-binding and cross-linking
protein localized to podocytes in the renal glomerulus,
predominantly in the foot process. In vitro, the FSGS-
associated mutations increase the binding of a-actinin
to actin filaments. The same effect may be expected
in vivo, resulting in alteration of the mechanical
glomerular podocyte properties. a-actinin-4 nul mice
have severe glomerular disease.”"

The gene TRPC6 on chromosome 11 has been found
to be mutated in FSGS2 patients.">*' This gene encodes
a transient receptor potential cation channel expressed
in podocytes, which mediates calcium entry into cells.
It has been shown that some mutant TRPC6 enhance
calcium entry into the cell, in response to agonists,
such as angiotensin II, suggesting a mechanism for the
progressive alteration of podocyte function.

Epstein/Fechtner syndromes

The association of familial progressive hematuric
nephritis and deafness with megathrombocytopenia
(plus cataract and leukocyte inclusions in Fechtner
syndrome) has long been regarded as an Alport
syndrome variant, presumably due to collagen IV
defect. Recently it has been shown that mutations in
MYH9, a gene encoding the non muscle myosin heavy
chain IIA expressed in the kidney, the inner ear and the
platelets, were responsible for these syndromes."***”

Nail-patella syndrome (NPS)

Glomerular symptoms, proteinuria/NS, are observed
in approximately 40% of NPS patients. The presence
of fibrillar collagen within thickened GBM segments
initially suggested that it was a GBM disease. Using
different approaches, two groups identified the causative
gene."*" This gene, LMXIB, is a transcription factor

involved in dorsoventral patterning of the limb. It is
also expressed in the podocyte from the early stages
of differentiation. In the mouse, LMXIB regulates the
expression of type IV collagen alpha4 and alpha3 chains,
and of podocyte proteins podocin and CD2AP, a possible
explanation for the occurrence of glomerular disorder
in human.”**" However, no significant changes in their
expression were detected in NPS patients with severe
glomerular disease.”"

Denys-Drash and Frasier syndromes

These two syndromes result from mutations in the gene
WT1 (Wilms tumor 1) initially reported as a tumor
suppressor gene. Actually, WT1 encodes a transcription
factor, with a zinc finger structure, required for early
kidney and male gonad development.”>>” The presence
of two alternative splicing regions leads to the synthesis
of four isoforms with definite and stable proportions.”"
WT1 is normally expressed in podocytes from early
steps of nephrogenesis.

Denys-Drash syndrome (DDS) is characterized
by the association of early onset glomerulopathy with
diffuse mesangial sclerosis.”>*>*" The initial stage of the
disease is characterized by fibrillar increase in mesangial
matrix without mesangial cell proliferation associated
with podocyte hypertrophy and vacuolation (Fig. 5).
The fully developed lesion consists of the combination
of thickening of the glomerular basement membranes
and massive enlargement of mesangial areas, leading
to reduction of the capillary lumens. The mesangial
sclerosis eventually contracts the glomerular tuft into a
sclerotic mass still surrounded by large and vacuolated
podocytes, within a dilated urinary space (Fig. 5). Uni-
or bilateral Wilms tumour may be the first symptom
of the disease. However, they are detected after the NS
in nearly half of the cases of DDS. Systematic renal
echographic survey is imperative in these patients. Male
pseudohermaphroditism characterized by ambiguous
genitalia or female phenotype with dysgenetic testis
or streak gonads has been observed in all except one
46,XY patients. Consequently, the finding of a normal
male phenotype usually excludes the diagnosis of DDS.
By contrast, all 46,XX children have a normal female
phenotype with normal ovaries when information
is available. WT1 mutations may be found in young
XX females with apparently "isolated DMS", who
underwent early binephrectomy (preventing the possible
development of Wilms tumour) because of the rapid
progression to ESRD.

In DDS patients, dominant negative point mutations
affect the zinc fingers of the WTI protein and,
consequently, its DNA binding,”” and result in abnormal
podocyte expression of PAX?2 and growth factors PDGF
and TGFB1.>%*
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Fig. 5. Diffuse mesangial sclerosis. Light microscopy showing two
different stages of DMS. Early stage showing increase in mesangial
matrix and hypertrophy of podocytes (A). Fully developed glomerular
lesion characterized by massive enlargement of the mesangial areas
associated with retraction of capillary loops. Podocytes are still
hypertrophied and vacuolized (B) (PAS, original magnificationx250)

The mutations are different in Frasier syndrome
characterized by male pseudohermaphroditism with
complete sex reversal and streak gonads frequently at
the origin of gonadoblastomas, associated with slowly
progressive glomerulopathy.® They are intronic
mutations in the second splicing site of the gene.'”
They result in the significant reduction of the isoforms
containing the KTS sequence (lysine, tryptophane,
serine), demonstrating that a strict equilibrium between
the different WT1 isoforms is required for normal renal
and testicular development.

Until recently, these syndromes were regarded as
sporadic diseases. However, female patients with WT1
mutations have normal genital development. They now
survive to ESRD because of hemodialysis and renal
transplantation and are able to become pregnant. They
have a 50% risk of transmitting the mutated gene and
the disease to their children.

Maternally inherited glomerulopathies
Recently, a number of cases of glomerulopathies,

isolated or associated with extrarenal symptoms
(mostly diabetes and/or hearing loss), have been found
in patients with mitochondrial cytopathy.*' The
clinical presentation of the renal disease is nonspecific:
occurrence of proteinuria at various ages, progressive
increase with age, possible development of NS and
FSGS, and variable rate of progression to ESRD.
Glomerular lesions of FSGS are associated with
hyaline arteriolar lesions that represent individual
myocyte necrosis in afferent arterioles and small
arteries.®” In some cases, the increased number of
abnormal mitochondria of various shapes and sizes
has been observed in podocytes, or more frequently
in proximal tubular cells, despite the absence of
tubular symptoms. Interestingly, most patients with
mitochondrial glomerulopathy share the same mutation
of mitochondrial tRNA"" gene (A3243G) resulting
in the defective synthesis of several mitochondrial
proteins. These observations indicate that, in addition
to specific defect in podocyte proteins, defect in energy
production may result in podocyte dysfunction.

In conclusion, the study of familial NS and
the analysis of murine models resulted in major
progresses in the knowledge of podocyte physiology
and pathology. Numerous proteins participating in the
composition of the slit diaphragm region have been
identified. The importance of several of them (nephrin,
podocin, CD2AP, Nephl) in the maintenance of the
glomerular filtration barrier, has been demonstrated
by the occurrence of massive proteinuria when they
are defective. The role of the cytoskeleton has been
revealed by the occurrence of NS in patients with
ACTN4 or MYH9 mutation and the development of
early and severe NS in alpha-actinin-4 deficient mice.
The importance of precise regulation of podocyte
calcium entry has been shown by the implication
of TRPC6 in familial NS. Further advances may be
expected in the future from the study of additional
forms of NS.

Most histological lesions in genetic diseases of
podocytes are unspecific. However, the identification of
the genetic basis of the disease is useful for the patient:
it allows to avoid unnecessary immunosuppressive
treatments, to predict the absence of recurrence after
transplantation, and to provide prenatal diagnosis to
families at risk.

Acknowledgements

Many thanks to all the INSERM U574 members who intensely
work on hereditary renal diseases, to M Lacoste and M Sich for their
technical help, and to E Le Gall for preparing the illustrations.

World J Pediatr, Vol 3 No 1 - February 15, 2007 - www.wjpch.com

~
)
<
Ld
)
=
)
=~
==
)
—
)




World Journal of Pediatrics

Funding: This study was supported by the Institut National
de la Santé et de la Recherche Médicale and by grants from
the Association pour 1'Utilisation du rein Artificiel and the
Association pour I'Information et la Recherche sur les Maladies
Rénales Génétiques.

Ethical approval: Not needed.

Competing interest: None.

Contributors: GMC is the only author of the article. He thanked
globally all the contributors in the lab.

References

1 Huttunen NP. Congenital nephrotic syndrome of Finnish type.
Study of 75 patients. Arch Dis Child 1976;51:344-348.

2 Laakkonen H, Lonnqvist T, Uusimaa J, Qvist E, Valanne L,
Nuutinen M, et al. Muscular dystonia and athetosis in six
patients with congenital nephrotic syndrome of the Finnish
type (NPHSI). Pediatr Nephrol 2006;21:182-189.

3 Rapola J, Sariola H, Ekblom P. Pathology of fetal congenital
nephrosis: immunohistochemical and ultrastructural studies.
Kidney Int 1984;25:701-707.

4 Kestild M, Lenkkeri U, Mannikké M, Lamerdin J, McCready
P, Putaala H, et al. Positionally cloned gene for a novel
glomerular protein—nephrin—is mutated in congenital
nephrotic syndrome. Mol Cell 1998;1:575-582.

5 Ruotsalainen V, Ljungberg P, Wartiovaara J, Lenkkeri U,
Kestild M, Jalanko H, et al. Nephrin is specifically located at
the slit diaphragm of glomerular podocytes. Proc Natl Acad
Sci USA 1999;96:7962-7967.

6 Rodewald R, Karnovsky MIJ. Porous substructure of the
glomerular slit diaphragm in the rat and mouse. J Cell Biol
1974;60:423-433.

7 Gerke P, Huber TB, Sellin L, Benzing T, Walz G.
Homodimerization and heterodimerization of the glomerular
podocyte proteins nephrin and NEPHI1. J Am Soc Nephrol
2003;14:918-926.

8 Beltcheva O, Martin P, Lenkkeri U, Tryggvason K. Mutation
spectrum in the nephrin gene (NPHSI) in congenital nephrotic
syndrome. Hum Mutat 2001;17:368-373.

9 Patrakka J, Ruotsalainen V, Reponen P, Qvist E, Laine J,
Holmberg C, et al. Recurrence of nephrotic syndrome in
kidney grafts of patients with congenital nephrotic syndrome
of the Finnish type: role of nephrin. Transplantation
2002;73:394-403.

10 Wang SX, Ahola H, Palmen T, Solin ML, Luimula P,
Holthéfer H. Recurrence of nephrotic syndrome after
transplantation in CNF is due to autoantibodies to nephrin.
Exp Nephrol 2001;9:327-331.

11 Koziell A, Grech V, Hussain S, Lee G, Lenkkeri U,
Tryggvason K, et al. Genotype/phenotype correlations of
NPHS1 and NPHS2 mutations in nephrotic syndrome advocate
a functional inter-relationship in glomerular filtration. Hum
Mol Genet 2002;11:379-388.

12 Putaala H, Soininen R, Kilpeldinen P, Wartiovaara J,
Tryggvason K. The murine nephrin gene is specifically
expressed in kidney, brain and pancreas: inactivation of the
gene leads to massive proteinuria and neonatal death. Hum
Mol Genet 2001;10:1-8.

13 Boute N, Gribouval O, Roselli S, Benessy F, Lee H,
Fuchshuber A, et al. NPHS encoding the glomerular protein
podocin, is mutated in autosomal recessive steroid-resistant
nephrotic syndrome. Nat Genet 2000;24:349-354.

14 Frishberg Y, Feinstein S, Rinat C, Becker-Cohen R, Lerer I,
Raas-Rothschild A, et al. The heart of children with steroid-
resistant nephrotic syndrome: is it all podocin? J Am Soc
Nephrol 2006;17:227-231.

15 Schwarz K, Simons M, Reiser J, Saleem MA, Faul C, Kriz W,
et al. Podocin, a raft-associate component of the glomerular
slit diaphragm, interacts with CD2AP and nephrin. J Clin
Invest 2001;108:1621-1629.

16 Roselli S, Gribouval O, Boute N, Sich M, Benessy F, Atti¢
T, et al. Podocin localizes in the kidney to the slit diaphragm
area. Am J Pathol 2002;160:131-139.

17 Caridi G, Bertelli R, Carrea A, Di Duca M, Catarsi P, Artero
M, et al. Prevalence, genetics, and clinical features of patients
carrying podocin mutations in steroid-resistant nonfamilial
focal segmental glomerulosclerosis. J Am Soc Nephrol
2001;12:2742-2746.

18 Karle SM, Uetz B, Ronner V, Glaeser L, Hildebrandt F,
Fuchshuber A. Novel mutations in NPHS2 detected in both
familial and sporadic steroid-resistant nephrotic syndrome. J
Am Soc Nephrol 2002;13:388-393.

19 Frishberg Y, Rinat C, Megged O, Shapira E, Feinstein S, Raas-
Rothschild A. Mutations in NPHS2 encoding podocin are a
prevalent cause of steroid-resistant nephrotic syndrome among
Israeli-Arab children. ] Am Soc Nephrol 2002;13:400-405.

20 Weber S, Gribouval O, Esquivel EL, Moriniere V, Tete MJ,
Legendre C, et al. NPHS2 mutation analysis shows genetic
heterogeneity of steroid-resistant nephrotic syndrome and low
post-transplant recurrence. Kidney Int 2004;66:571-579.

21 Ruf RG, Lichtenberger A, Karle SM, Haas JP, Anacleto
FE, Schultheiss M, et al. Patients with mutations in NPHS2
(podocin) do not respond to standard steroid treatment of
nephrotic syndrome. ] Am Soc Nephrol 2004;15:722-732.

22 Caridi G, Perfumo F, Ghiggeri GM. NPHS2 (podocin)
mutations in nephrotic syndrome. Clinical spectrum and fine
mechanisms. Pediatr Res 2005;57:54R-61R.

23 Yu Z, Ding J, Huang J, Yao Y, Xiao H, Zhang J, et
al. Mutations in NPHS2 in sporadic steroid-resistant
nephrotic syndrome in Chinese children. Pediatr Nephrol
2005;20:902-908.

24 Maruyama K, lijima K, Ikeda M, Kitamura A, Tsukaguchi
H, Yoshiya K, et al. NPHS2 mutations in sporadic steroid-
resistant nephrotic syndrome in Japanese children. Pediatr
Nephrol 2003;18:412-416.

25 Tsukaguchi H, Sudhakar A, Le TC, Nguyen T, Yao J,
Schwimmer JA, et al. NPHS2 mutations in late-onset focal
segmental glomerulosclerosis: R229Q is a common disease-
associated allele. J Clin Invest 2002;110:1659-1666.

26 Ohashi T, Uchida K, Uchida S, Sasaki S, Nihei H. Intracellular
mislocalization of mutant podocin and correction by chemical
chaperones. Histochem Cell Biol 2003;119:257-264.

27 Roselli S, Gribouval O, Moutkine I, Benmerah A, Antignac C.
Plasma membrane targeting of podocin through the classical
exocytic pathway: effects of NPHS2 mutations. Traffic
2004;5:37-44.

28 Zhang SY, Marlier A, Gribouval O, Gilbert T, Heidet
L, Antignac C, et al. In vivo expression of podocyte slit
diaphragm associated proteins in nephrotic patients with
NPHS2 mutation. Kidney Int 2004;66:945-954.

29 Roselli S, Heidet L, Sich M, Henger A, Kretzler M, Gubler
MC, et al. Early glomerular filtration defect and severe
renal disease in podocin-deficient mice. Mol Cell Biol
2004;24:550-560.

World J Pediatr, Vol 3 No 1 - February 15, 2007 - www.wjpch.com



Podocyte and hereditary nephrotic syndromes

30 Saraiva JM, Dinis A, Resende C, Faria E, Gomes C, Correia
AlJ, et al. Schimke immuno-osseous dysplasia: case report and
review of 25 patients. ] Med Genet 1999;36:786-789.

31 Boerkoel CF, Takashima H, John J, Yan J, Stankiewicz P,
Rosenbarker L, et al. Mutant chromatin remodeling protein
SMARCALI causes Schimke immuno-osseous dysplasia. Nat
Genet 2002;30:215-220.

32 Karamatic Crew V, Burton N, Kagan A, Green CA, Levene
C, Flinter F, et al. CDI151, the first member of the tetraspanin
(TM4) superfamily detected on erythrocytes, is essential
for the correct assembly of human basement membranes in
kidney and skin. Blood 2004;104:2217-2223.

33 Ruf RG, Wolf MT, Hennies HC, Lucke B, Zinn C, Varnholt
V, et al. A gene locus for steroid-resistant nephrotic syndrome
with deafness maps to chromosome 14q24.2. J Am Soc
Nephrol 2003;14:1519-1522.

34 Srivastava T, Whiting JM, Garola RE, Dasouki MJ, Ruotsalainen
V, Tryggvason K, et al. Podocyte proteins in Galloway-Movat
syndrome. Pediatr Nephrol 2001;16:1022-1029.

35 Habib R, Gubler MC, Antignac C, Gagnadoux MF. Diffuse
mesangial sclerosis: a congenital glomerulopathy with
nephrotic syndrome. Adv Nephrol 1993;22:43-56.

36 Shih NY, Li J, Karpitskii V, Nguyen A, Dustin ML, Kanagawa
O, et al. Congenital nephrotic syndrome in mice lacking CD2-
associated protein. Science 1999;286:312-315.

37 Kim JM, Wu H, Green G, Winkler CA, Kopp JB, Miner
JH, et al. CD2-associated protein haploinsufficiency
is linked to glomerular disease susceptibility. Science
2003;300:1298-1300.

38 Donoviel DB, Freed DD, Vogel H, Potter DG, Hawkins E,
Barrish JP, et al. Proteinuria and perinatal lethality in mice
lacking NEPHI, a novel protein with homology to NEPHRIN.
Mol Cell Biol 2001;21:4829-4836.

39 Ciani L, Patel A, Allen ND, Ffrench-Constant C. Mice
lacking the giant protocadherin mFAT1 exhibit renal slit
junction abnormalities and a partially penetrant cyclopia and
anophthalmia phenotype. Mol Cell Biol 2003;23:3575-3582.

40 Kaplan JM, Kim SH, North KN, Rennke H, Correia LA,
Tong HQ, et al. Mutations in ACTN4, encoding a-actinin-4,
cause familial focal segmental glomerulosclerosis. Nat Genet
2000;24:251-256.

41 Kos CH, Le TC, Sinha S, Henderson JM, Kim SH, Sugimoto
H, et al. Mice deficient in alpha-actinin-4 have severe
glomerular disease. J Clin Invest 2003;111:1683-1690.

42 Winn MP, Conlon PJ, Lynn KL, Farrington MK, Creazzo T,
Hawkins AF, et al. A mutation in the TRPC6 cation channel
causes familial focal segmental glomerulosclerosis. Science
2005;308:1801-1804.

43 Reiser J, Polu K, Moller CC, Kenlan P, Altintas MM, Wei
C, et al. TRPC6 is a glomerular slit-diaphragm associated
channel required for normal renal function. Nat Genet
2005;37:739-744.

44 The May-Hegglin/Fechtner syndrome consortium. Muta-
tion in MYH9 result in the May-Hegglin anomaly,
Fechtner syndrome, and Sebastian syndrome. Nat Genet
2000;26:103-105.

45 Arrondel C, Vodovar N, Knebelmann B, Griinfeld JP, Gubler
MC, Antignac C, et al. Expression of the non-muscle myosin
heavy chain IIA in the human kidney and screening for
MYH9 mutations in Epstein and Fechtner syndromes. ] Am
Soc Nephrol 2002;13:65-74.

46 Dreyer SD, Zhou G, Baldini A, Winterpacht A, Zabel B,

Cole W, et al. Mutations in LMXI1B cause abnormal skeletal
patterning and renal dysplasia in nail patella syndrome. Nat
Genet 1998;19:47-50.

47 Vollrath D, Jaramillo-Babb VL, Clough MV, Mclntosh I,
Scott KM, Lichter PR, et al. Loss-of-function mutations in the
LIM-homeodomain gene, LMX1B, in nail patella syndrome.
Hum Mol Genet 1998;7:1091-1098.

48 Morello R, Zhou G, Dreyer SD, Harvey SJ, Ninomiya
Y, Thorner PS, et al. Regulation of glomerular basement
membrane collagen expression by LMX1B contributes to renal
disease in nail patella syndrome. Nat Genet 2001;27:205-208.

49 Miner JH, Morello R, Andrews KL, Li C, Antignac C, Shaw
AS, et al. Transcriptional induction of slit diaphragm genes by
Lmx1b is required in podocyte differentiation. J Clin Invest
2002;109:1065-1072.

50 Rohr C, Prestel J, Heidet L, Hosser H, Kriz W, Johnson RL, et
al. The LIM-homeodomain transcription factor Lmx1b plays a
crucial role in podocytes. J Clin Invest 2002;109:1073-1082.

51 Heidet L, Bongers EM, Sich M, Zhang SY, Loirat C, Meyrier
A, et al. In vivo expression of putative LMX1B targets in nail-
patella syndrome kidneys. Am J Pathol 2003;163:145-155.

52 Pritchard-Jones K, Fleming S, Davidson D, Bickmore W,
Porteous D, Gosden C, et al. The candidate Wilms' tumor
gene is involved in genito-urinary development. Nature
1990;346:194-197.

53 Kreidberg JA, Sariola H, Loring JM, Maeda M, Pelletier
J, Housman D, et al. WT-1 is required for early kidney
development. Cell 1993;74:679-691.

54 Haber DA, Sohn RL, Buckler AJ, Pelletier J, Call KM,
Housman DE. Alternative splicing and genomic structure
of the Wilms' tumor gene WY1. Proc Natl Acad Sci USA
1991;88:9618-9622.

55 Habib R, Loirat C, Gubler MC, Niaudet P, Bensman A,
Levy M, et al. The nephropathy associated with male
pseudohermaphroditism and Wilms' tumor (Denys-Drash
syndrome): a distinctive glomerular lesion, report of 10 cases.
Clin Nephrol 1985;24:269-278.

56 Gubler MC, Jeanpierre C. WT1-associated disorders. In: Vize
PD, Woolf AS, Bard JBL, eds. The kidney. From normal
development to congenital abnormalities. London: Academic
Press, 2003: 395-409.

57 Pelletier J, Bruening W, Kashtan CE, Mauer SM, Manivel JC,
Striegel JE, et al. Germline mutations in the Wilms' tumor
suppressor gene are associated with abnormal urogenital
development in Denys-Drash syndrome. Cell 1991;67:437-447.

58 Yang Y, Jeanpierre C, Dressler GR, Lacoste M, Niaudet P,
Gubler MC. WT1 and PAX-2 podocyte expression in Denys-
Drash syndrome and isolated diffuse mesangial sclerosis. Am
J Pathol 1999;54:181-192.

59 Yang Y, Zhang SY, Sich M, Beziau A, Van den Heuvel L,
Gubler MC. Glomerular extracellular matrix, platelet-derived
growth factor A, transforming growth factor 1, in diffuse
mesangial sclerosis. Pediatr Nephrol 2001;16:429-438.

60 Moorthy AV, Chesney RW, Lubinsky M. Chronic renal
failure and XY gonadal dysgenesis: "Frasier" syndrome—
a commentary on reported cases. Am J Med Genet Suppl
1987;3:297-302.

61 Barbaux S, Niaudet P, Gubler MC, Griinfeld JP, Jaubert
F, Kutten F, et al. Donor splice-site mutations in WT1 are
responsible for Frasier syndrome. Nat Genet 1997;17:467-470.

62 Jansen JJ, Maassen JA, van der Woude FJ, Lemmink HA, van
den Ouweland JM, t'Hart LM, et al. Mutation in mitochodrial

World J Pediatr, Vol 3 No 1 - February 15, 2007 - www.wjpch.com



World Journal of Pediatrics

tRNA [Leu (UUR)] gene associated with progressive kidney 65 Hotta O, Inoue CN, Miyabayashi S, Furuta T, Takeuchi A,

disease. J Am Soc Nephrol 1997;8:1118-1124. Taguma Y. Clinical and pathologic features of focal segmental
63 Cheong HI, Chae JH, Kim JS, Park HW, Ha IS, Hwang YS, et glomerulosclerosis with mitochondrial tRNA"™""®  gene
al. Hereditary glomerulopathy associated with a mitochondrial mutation. Kidney Int 2001;59:1236-1243.
tRNA (Leu) gene mutation. Pediatr Nephrol 1999;13:477-480.
64 Moulonguet-Doleris L, Hill GS, Chedin P, Nochy D, Bellanne- Received February 18, 2006
Chantelot C, Hanslik T, et al. Kidney Int 2000;58:1851-1858. Accepted after revision August 3, 2006

=
o
<
L-dd
e
3
o
H
=.
S
—
S

World J Pediatr, Vol 3 No 1 - February 15, 2007 - www.wjpch.com



