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Introduction

Hereditary forms of nephrotic syndrome (NS) have been

considered as infrequent disorders; however, 3–6% of the

cases with NS have an affected sibling (1–3). Over the

last decade, screening of large cohorts of pediatric patients

presenting with steroid-resistant nephrotic syndrome

(SRNS) for gene mutations has revealed the importance

of genetic disorders in the pathogenesis of proteinuric

glomerulopathies. At least 66% of the cases presenting

with SRNS during the first year of life have an underlying

genetic disease (4). In cases with infantile and juvenile

SRNS, the overall proportion of genetic forms appears

significantly lower, although the precise frequency

remains unknown. Because autosomal recessive diseases

may present as sporadic cases, the incidence of hereditary

forms of NS is certainly underestimated. From a clinical

perspective, most patients with hereditary SRNS will be

resistant to immunosuppressive agents and do not expe-

rience relapse after transplantation (5–7).

Gene discovery efforts aimed at unraveling the causes

of Mendelian forms of nephrotic syndrome have resulted

in the identification of mutations in novel genes that

encode proteins crucial for the establishment and main-

tenance of the glomerular filtration barrier. These dis-

coveries have helped decipher the pathophysiologic

mechanisms of the glomerular filtration process. Muta-

tions in six genes have been implicated in different forms

of non-syndromic SRNS (> Table 27-1, > Fig. 27-1).

Mutations in NPHS1, encoding nephrin, are responsible

for most of the cases with congenital nephrotic syndrome

(CNS) and might be found in infantile forms of SRNS

(8, 9). Mutations in the NPHS2 gene, encoding podocin,

are the most frequent cause of early-onset autosomal

recessive SRNS (10), and account for 37.5% of the cases

with NS presenting in the first year of life among Europe-

an populations (4). Some dominant forms of juvenile

and adult onset SRNS are due to mutations in ACTN4
-Verlag Berlin Heidelberg 2009
and TRPC6 (11, 12), encoding the cytoskeletal protein

a-actinin-4 and the transient receptor potential ion chan-

nel (TRPC) 6, respectively. More recently, mutations

in PLCE1, which encodes for phospholipase C-epsilon-1,

were found in patients with early-onset SRNS and diffuse

mesangial sclerosis (DMS) (13).

Syndromic forms of SRNS are less common

(> Table 27-1, > Fig. 27-2) and may be due to mutations

in several genes with varied functions including transcrip-

tion factors, mitochondrial and lysosomal proteins or con-

stituents of the glomerular basement membrane (GBM).

Frasier syndrome (14–16), Denys-Drash syndrome (17–

20) andWAGR syndrome (21) are caused by mutations in

WT1, which encodes for a transcription factor, the Wilms’

tumor protein. Furthermore, isolated forms of SRNS may

be due to mutations inWT1 (22). Most cases with Pierson

syndrome carry mutations in the LAMB2 gene, encoding

laminin b2, a main component of the GBM (23). Muta-

tions in LMXB1, encoding the LIM homeobox transcrip-

tion factor 1b, are associated with nail-patella syndrome

(24). In addition, mutations in the ITGB4 (epidermolysis

bullosa) (25), SMARCAL1 (Schimke syndrome) (26),

MTTL1 (MELAS syndrome) (27, 28) and SCARB2 (action

myoclonus-renal failure syndrome) genes (29) have been

found in patients with diverse extrarenal manifestations

associated with SRNS. Patients with primary coenzyme

Q10 deficiency due to mutations in COQ2 and PDSS2

may develop nephrotic syndrome in addition to neuro-

muscular symptoms (30–32), although patients with

isolated SRNS have been described as well.

This chapter will review the available epidemiologic

data, genotype-phenotype correlations and the mechan-

isms by which mutations in genes implicated in hereditary

forms of isolated SRNS lead to proteinuric glomerular

disease. A genetic overview on recently discovered genes

responsible for rarer cases of hereditary syndromic SRNS

and advances in the study of familial Steroid Sensitive

Nephrotic Syndrome (SSNS) are presented, as well.
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Isolated Steroid-Resistant Nephrotic
Syndrome

Mutations in the NPHS2 Gene Encoding
Podocin

Gene Identification and Protein
Characterization

In 1995, Fuchshuber et al. mapped a genetic locus on

chromosome 1q25-31 (SRN1, MIM #600995) in a group

of patients from Europe and Northern Africa who pre-

sented with childhood onset SRNS, autosomal recessive

inheritance, renal histologic findings of Focal Segmental

Glomerular Sclerosis (FSGS) and absence of extra-renal

disorders (33). These patients rapidly progressed to end-

stage renal disease but no recurrence occurred after renal

transplantation. Boute et al. used a positional cloning

approach thereafter and identified mutations in the

NPHS2 gene, encoding a novel protein podocin (10).

Subsequent studies further defined the phenotype asso-

ciated with mutations in the NPHS2 gene, revealing that

patients usually develop NS from birth to 6 years of age,

do not respond to immunosuppressive agents and reach

ESRD before the end of the first decade of life (4–6, 34).

Histologic findings range from minimal glomerular chan-

ges, in patients biopsied early, to FSGS at later stages (10).

Mutations in theNPHS2 gene are responsible for 39 to

48% of familial and for 10 to 28% of sporadic cases of

SRNS (5, 6, 35–37). Interestingly, NPHS2 mutations have

also been identified in patients presenting with congenital

onset of NS (4–6, 38). Hinkes et al. demonstrated that

among central European patients with NS presenting in

the first 3 months of life, podocin mutations comprise

51.4% of all mutations identified (4). In addition, linkage

to the chr 1q25-31 locus and mutations in the NPHS2

gene have been described in patients with late-onset

FSGS; therein further broadening the spectrum of pheno-

types attributable to podocin mutations (39, 40).

The NPHS2 gene spans a 25 kb region, consists of

eight exons, and encodes podocin, a predicted 42-kDa

protein with 383 amino acid residues. Podocin is a lipid

raft-associated protein bearing strong homology with

stomatin, an integral membrane protein of human ery-

throcytes which regulates monovalent cation transport

and acts as a cytoskeletal anchor (41). Stomatin is also

expressed in vertebrate sensory neurons where it plays a

role in mechanotransduction (42–44). Moreover, the

podocin orthologue in C. elegans is the protein MEC-

2 (10), which links a neuronal mechanosensory channel

involved in touch with the microtubular and cytoskeletal
framework and leads to the opening of ion channels (45).

Podocin is predicted to be an integral membrane protein

with a single transmembrane domain and intracellular

NH2- and COOH-terminal ends; thus, forming a hairpin-

like structure (10). Immunolocalization studies have loca-

lized podocin exclusively in kidney at the slit diaphragm

of podocytes (46, 47).
Podocin Expression and Interactions

At the mRNA level, podocin is expressed as early as the

S-shaped stage, concomitant with vascularization of the

interior cleft of the developing nephron (10); whereas

protein expression has been documented beginning at

the later capillary stage (47). Podocin was demonstrated

to accumulate in an oligomeric form in lipid rafts of the

slit diaphragm, in complex with nephrin and CD2AP

(46), suggesting a potential role of podocin as a scaffold-

ing protein. Nephrin-induced signaling is greatly en-

hanced by podocin, which binds to the C-terminus of

nephrin (48). Interactions of podocin with nephrin,

NEPH1, CD2AP and TRPC6 are crucial for structural

organization and regulation of filtration function of the

slit diaphragm, mechanosensory signaling, podocyte sur-

vival, cell polarity and cytoskeletal organization (46, 49–

53). In addition, podocin binds cholesterol and creates

large protein-cholesterol supercomplexes in the slit dia-

phragm, thereby regulating the activity of associated

TRPC ion channels (51, 52).
Allelic Variants and Genotype/Phenotype
Correlations

Mutations in the NPHS2 gene include a full spectrum of

protein-truncating nonsense and frameshift mutations,

splice-site variants and missense changes and involve all

eight coding exons (6, 10, 35). To date, more than 90

pathogenic mutations and 25 variants of unknown signif-

icance have been reported. Mutations are frequently

found in pediatric patients with SRNS originating from

central Europe and North America, Turkey, Middle East,

North Africa and South America (4, 6, 10, 35, 37, 38, 40,

54–61). However, NPHS2 mutations are rarely detected

in cases from Japan (62–65), China (66, 67), Korea and

sub-Saharan Africa (68, 69). Several founder mutations

have been identified, including p.R138Q in Europe (10,

35), p.R138X in Israeli-Arab population (55), p.V260E

in the Comoros island and p.A284V in South America



. Figure 27-1

Clinical and genetic approach in patients with non-syndromic SRNS. An exhaustive investigation of extra-renal

manifestations must be performed during the first clinical evaluation and subsequent follow-up. In cases in which

mutations in NPHS1, NPHS2, NPHS3 and WT1 have been excluded, mutational screening of LAMB2, COQ2 and PDSS2 might

be performed. A first approach genetic screening is proposed according to the phenotype; a negative result implies

additional genetic testing if applicable MCD: minimal change disease, FSGS: focal segmental glomerulosclerosis, DMS:

diffuse mesangial sclerosis, PT: proximal tubular, AR: autosomal recessive and AD: autosomal dominant.
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(Antignac, unpublished data). Considering the two larg-

est cohorts comprising pediatric patients with SRNS (5,

37), the most common mutation is p.R138Q, which

represents up to 32% of mutant alleles (5).

Individuals bearing pathogenic NPHS2 mutations in

the homozygous or compound heterozygous state mani-

fested earlier than those in whom pathogenic mutations

were not identified, for both familial and sporadic cases

(5, 37). The mean age at onset of NS in patients carrying

two pathogenic mutations ranges between 2.6 and 3.4

years of age (5, 37). Weber et al. also found that patients

with frameshift or nonsense mutations in the homozygous

or compound heterozygous states led to an earlier onset

of nephrotic syndrome than those carrying missense

mutations (5). In addition, individuals homozygous for

the p.R138Q mutation present with early-onset disease

(5, 37). At least two mutations, p.V180M and p.R238S,

are associated with a milder phenotype, including later

age at onset of NS and age at ESRD (5). The p.R138X

mutation has been associated with a high incidence of
cardiac abnormalities in children (70), although this

finding has not been confirmed in patients carrying

other mutations (71).

The p.R229Q variant is the most frequently reported

non-synonymous NPHS2 variant in Caucasians (72), par-

ticularly among Europeans, in whom the observed fre-

quency of heterozygotes ranges from 0.03 to 0.13 (5, 6, 40,

72–74). In African-Americans and sub-Saharan popula-

tions the p.R229Q allele is infrequent (72). In vitro studies

demonstrated decreased binding of the p.R229Q mutant

protein to nephrin, suggesting that this variant may be

pathogenic (40). Indeed, the p.R229Q variant has been

associated with microalbuminuria in a cohort of Brazilian

individuals of mixed European and African ancestries

(73). Furthermore, the frequency of the p.R229Q allele

is significantly higher among individuals of European

descent with FSGS compared with controls of similar

origin (Machuca et al, in press) (40, 72). This observation

has not been confirmed in cohorts with a high proportion

of individuals of African-American origin or in patient



. Figure 27-2

Clinical and genetic approach in patients with syndromic nephrotic syndrome. Proposed algorithm to decide for directed

mutational screening according with the main extra renal manifestations and histological findings in the kidney biopsy.
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cohorts with a presumed immune form of nephrotic

syndrome (75, 76). In SRNS patients, the p.R229Q poly-

morphism is frequently found in a compound heterozy-

gous state with a pathogenic NPHS2 mutation, whereas

this association has never been detected among controls

(5, 40). These patients present with nephrotic syndrome

and ESRD in the second and third decades of life, respec-

tively, markedly contrasting them from patients bearing

two pathogenic NPHS2 mutations (Machuca et al, in

press). By contrast, R229Q in the homozygous state has

been reported in patients with NS as well as in controls

(5, 37, 59), and more likely has a modulatory effect on

the risk of developing renal disease. These observations

support a pathogenic role of the p.R229Q variant.

Finally, tri-allelic inheritance of NPHS1 and NPHS2

mutations has been occasionally reported (36, 54, 77), but

additional studies are needed to better understand the

complex genetics of renal disease progression in the

setting of nephrotic syndrome.

The identification of NPHS2 mutations in children

presenting with nephrotic syndrome may have important

clinical implications. Screening of NPHS2 mutations

in patients with SSNS (6), late steroid resistance (78),

steroid-dependence or frequent relapses and those with

sensitivity to cyclophosphamide have failed to identify

pathogenic mutations (6, 36, 79). Patients with mutations

in the NPHS2 gene do not respond to steroid or immuno-

suppressive therapy; although in a small number of cases a

partial reduction of proteinuria has been reported with

cyclosporine A (4, 6). Avoidance or withdrawal of im-

munosuppressive therapies in these patients would spare

them from the potential risks and side-effects associated

with these drugs.

NPHS2mutations are rare in patients presenting with

FSGS and relapse after transplantation (5). Indeed,

patients with two pathogenic NPHS2 mutations have a

significantly lower risk of relapse after transplantation

than cases in whom mutations were not identified (8%

vs. 30%) (5, 6, 80, 81). Patients bearing mutations in the

heterozygous state have a risk comparable to those with-

out mutations (82). In the few patients reported with

two NPHS2 mutations who developed proteinuria post-

transplant (5, 6, 83–86), the clinical evolution and renal

histology did not correspond to the classic picture of NS

relapse after transplantation (5, 83, 85). This potentially

suggests de novo glomerulopathy or drug toxicity. In

contrast with the mechanism of relapse in cases with

NPHS1 mutations, there is no evidence to support a role

for anti-podocin antibodies (5, 83, 87). To-date, the path-

ophysiologic mechanisms of recurrence of proteinuria in

these patients are unclear.
Functional Studies

Functional studies have elucidated some of the mecha-

nism by which missense podocin mutations lead to dis-

ease. In vitro studies have shown that podocin missense

mutations may either maintain proper intracellular tar-

geting to the plasma membrane or be retained in the

endoplasmic reticulum (ER) (88). Interestingly, patients

with missense mutations retained in the ER had an earlier

onset of disease than patients with mutations that traffic

to the membrane (20.8 � 4 vs. 128.7 � 9 months) (88).

Plasma membrane localization of p.V180M and p.R238S

mutations suggests that their deleterious effect could af-

fect the function of the protein by directly modifying its

signaling properties and/or altering its interaction with

other proteins at the slit diaphragm (88). Moreover, the

p.R138X podocin mutant is able to traffic to the plasma

membrane (88); however, nephrin is not recruited to lipid

rafts, from which downstream signaling events are gener-

ated (50). In cells expressing ER-retained podocinmutants,

nephrin is similarly retained in the endoplasmic ER (89).

A potential therapeutic strategy that might delay the

onset and ameliorate the severity of glomerular disease in

patients with missense mutations in genes encoding pro-

teins located in the plasmamembrane (i.e., slit-diaphragm)

relies on chemical chaperones. Several of these molecules

have been used in in vitro systems, allowing for targeting of

the mutant protein to the plasma membrane (90).
Animal Models

Podocin-null mice (Nphs2�/�) mice are massively protei-

nuric at birth, NS progresses rapidly, and animals die in

the first 5 weeks of life with end-stage renal failure (91).

Interestingly, disease progression rate is strongly deter-

mined by genetic background and appear to be subject

not only to genetic modification, but also to the effects of

the maternal environment in which mice are nourished

prior to weaning (92). Nephrogenesis appears to be nor-

mal in podocin null mice and kidney size at birth is

similar to that in wild-type littermates. Unexpectedly,

Nphs2�/� mice do not show FSGS lesions, but display

typical features of diffuse mesangial sclerosis (DMS). In

addition, severe arteriolar lesions characterized by marked

thickening of the arteriolar wall, endothelial cell hypertro-

phy, diffuse dilatation of peritubular capillaries, and mul-

tiple foci of interstitial hemorrhages predominating in the

superficial cortex are observed. By electron microscopy,

podocyte foot processes are only occasionally seen, are

abnormal and lack slit diaphragms (91). Resembling the
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phenotype of a Nphs2 null mouse, a mouse model in

which the p.R138Q mutant is expressed, leading to mis-

localization of the mutant podocin in the ER, develops

early-onset severe nephrotic syndrome, display features of

DMS, progress rapidly to ESRD and dies at 5 weeks after

birth (93). Similarly, mice deficient for CD2AP or NEPH1

develop progressive DMS as the one observed in mice

lacking podocin (94, 95).

In addition to mouse models, the zebrafish proneph-

ros has been used as a model of glomerular maturation

and development of the filtration barrier. Zebrafish podo-

cin shares 46% identity with the human protein, is specif-

ically expressed in pronephric podocytes, and is required

for the development of pronephric podocyte cell struc-

ture. Knockdown of podocin expression using antisense

morpholino-oligonucleotides results in a loss of slit dia-

phragms, failure to form normal podocyte foot processes

and loss of podocyte barrier function in the mature

pronephros (96, 97).
Mutations in the NPHS1 Gene Encoding
Nephrin

NPHS1 has been identified as the major gene involved in

congenital nephrotic syndrome of the Finnish type (CNF)

(8). However, recent findings have broadened the spec-

trum of renal disease related to nephrin mutations since

patients with childhood-onset SRNS may have NPHS1

mutations (9, 98). The clinical aspects of CNF, the identi-

fication of the NPHS1 gene and characterization of

nephrin are extensively described in chapter 25.
Epidemiologic Overview of NPHS1
Mutations

In the Finnish population, 94% of patients with CNF

bear either of two protein-truncating mutations in the

NPHS1 gene (8). The Fin-major mutation (c.121delCT;

p.L41fsX91) leads to a frameshift deletion of two base

pairs in exon two, resulting in a premature stop codon.

The Fin-minor mutation (c.3325C>T; p.R1109X) gener-

ates a premature truncation of the terminal 132 amino

acids of the protein. The Fin-major and Fin-minor muta-

tions account for 78% and 16% of the mutated alleles in

Finnish CNF patients, respectively (8); but are rare in

other ethnic groups, therein suggesting founder effects

(54). Other founder mutations have been sequenced

among Old Order Mennonite patients from Lancaster,
Pennsylvania (c.1481delC; p.S494fsX548) and patients

from Malta (c.3478C > T; p.R1160X) (54, 99).

More than 100 NPHS1 mutations have been reported

worldwide in patients with CNF, most of which are pri-

vate mutations found in non-Finnish patients (4, 38, 54,

64, 100–106). In Europe, North Africa and North America,

theNPHS1mutation detection rate is estimated to be 66%

(107). Among central European and Turkish patients

presenting with NS in the first 3 months of life, NPHS1

mutations were found in 34.3% and 54.5% of cases,

respectively (4). However, NPHS1 mutations were identi-

fied in only 2/13 patients in Japan (64). The lower fre-

quency of congenital cases attributable to NPHS1

mutations in these ethnic groups compared to Finnish

population points to the genetic heterogeneity of congen-

ital nephrotic syndrome.
Milder and Unusual Phenotypes Associated
with NPHS1 Mutations

The spectrum of NPHS1 mutations includes protein-

truncating nonsense and frameshift insertion/deletion

mutations, splice-site changes and missense variants.

Most of these mutants are retained in the endoplasmic

reticulum (ER), although Liu et al. have demonstrated

that in vitro treatment with a chemical chaperone

may allow for trafficking to the plasma membrane (108,

109). These mutations lead to a severe CNF phenotype,

although some NPHS1 mutations have been reported in

milder cases.

The p.R1160X mutation results in an unexpectedly

milder phenotype in about 50% of cases, most of whom

were females, suggesting a gender effect (54). This muta-

tion is predicted to form a truncated protein lacking the

C-terminal 82 amino acids implicated in the interaction

with podocin. Surprisingly, all affected cases were homo-

zygous for this mutation and, among those in which renal

biopsy was performed, histologic findings were consistent

with CNF. Nevertheless, these patients either had mild

proteinuria or were in remission between the ages of

5 and 19 years.

Recently, NPHS1 mutations were identified in a co-

hort of 160 patients presenting with SRNS after 3 months

of age (9). Mutations in the NPHS2 gene were excluded,

as were mutations in exons 8 and 9 of the WT1 gene in

phenotypically female patients (9). The mean age of onset

of NS was 3 years (range 6 months to 8 years). Six patients

had preserved renal function after 6 years of age, based

on a normal serum creatinine. Renal biopsy performed at

the time of presentation revealed that most cases had
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MCD or FSGS. All patients were resistant to corticoster-

oids, as well as other immunosuppressive agents when

tried. Nine patients out of 98 with sporadic SRNS, and

1 family with 2 affected siblings among 44 families with

familial SRNS, carried pathogenic NPHS1 mutations.

Affected cases were compound heterozygotes for at least

one ‘‘mild’’ missense mutation, which exhibited normal

trafficking to the plasma membrane and maintained the

abilities to form nephrin homodimers and to heterodi-

merize with NEPH1. These findings may explain the lesser

severity of disease observed in these cases.

Finally, Kitamura et al. described the clinical course

of two siblings bearing compound heterozygous NPHS1

missense mutations (98). The severe c.793T>C (p.C265R)

mutation leads to ER retention, whereas the mild

c.2464G>A (p.V822M) mutation encodes a protein that

partially retains plasma membrane targeting. Both

patients presented with mild to moderate persistent pro-

teinuria detected from birth to 10 months of age, with

several self-limited episodes of nephrotic syndrome trig-

gered by upper airway infections. Kidney histology in

both cases revealed minimal changes.

These recent studies highlight the importance of

NPHS1 mutation screening in cases of childhood onset

NS, particularly in those in whom mutations in podocin

were not found. Studies of large patient cohorts with a

broader range of disease onset and ethnic backgrounds

are needed to better define the frequency and phenotypic

spectrum of nephrin mutations.
Animal Models

Mouse models in which the Nphs1 gene has been inacti-

vated revealed lesions reminiscent of histological changes

observed in CNF patients and absence of slit diaphragms,

corroborating the crucial role of nephrin in the establish-

ment and maintenance of the glomerular filtration barrier.

Nphs1 inactivation resulted in massive nonselective pro-

teinuria, edema immediately after birth and death within

24 h (110–112). Histological characterization revealed

slightly enlarged kidneys, dilated proximal and distal

tubules, and microcysts in the cortex and medulla (110).

No prominent changes in the branching morphogenesis

of the developing collecting ducts could be found (112).

Bowman spaces were enlarged and glomeruli were scle-

rotic and showed hypercellularity and excessive extracel-

lular matrix deposition (112). Electron microscopy

revealed effacement of podocyte foot processes and ab-

sence of slit diaphragms (110). The glomerular basement

membrane appeared normal, and the expression of several
basement membrane proteins including type IV collagen,

laminin, nidogen, and perlecan, as well as podocyte-specific

proteins such as podocin, CD2AP, a-actinin-4, synaptopo-
din, integrin a3, and a3, a4 and a5 chains of type IV

collagen were normal (111).

The nephrin homologue in zebrafish shares only 36%

identity with human nephrin; however, both have a simi-

lar predicted secondary structure. Nephrin is expressed

in the zebrafish pronephros, specifically in the slit

diaphragms of podocyte foot processes (96). Nephrin

targeting with morpholino antisense oligonucleotides

resulted in pericardial edema progressing to generalized

edema (96). Nephrin morphant embryos demonstrated

podocyte foot process effacement, lacked slit diaphragms

and showed filtration barrier dysfunction in the mature

pronephros (96). These findings resemble those found in

podocin and CD2AP morphant embryos (96, 97).
Mutations in PLCE1 Encoding Phospholipase
C Epsilon 1

The NPHS3 gene locus was identified on chromosome

10q23.32-q24.1 in seven consanguineous SRNS families

(13). A positional cloning approach coupled to gene ex-

pression profiling in rat glomeruli identified the PLCE1

gene, encoding phospholipase C epsilon 1, as a good

candidate. Mutational analysis subsequently revealed

truncating and missense mutations in several of its 34

exons (13). In the 12 affected individuals carrying trun-

cating mutations, proteinuria and edema, manifested at a

median age of 0.8 years (range 0.2–4.0 yrs) and progressed

to ESRD by 5 years of age (13). Furthermore, individuals

bearing truncating mutations demonstrated lesions of

DMS on renal biopsy, whereas FSGS was found in the

affected cases homozygous for missense mutations. In the

affected individuals presenting with DMS, immunofluo-

rescence studies revealed that PLCE1 mutations may lead

to an arrest of glomerular development at the S-shaped

stage, suggesting a potential role not only in cell junction

and signaling events, but in development, as well (13).

Interestingly, two patients bearing truncating mutations

achieved complete remission when treated early and re-

main free of proteinuria after several years of follow-up;

hence potentially opening a window of opportunity for

therapy of some forms of hereditary NS (13, 113). Subse-

quently these investigators have shown that mutations in

the PLCE1 gene account for 28.6% of cases of isolated

DMS in a cohort of 40 patients from 35 families mostly

of Turkish origin (114). An additional report has de-

scribed 4 patients with early-onset SRNS, DMS and
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PLCE1 mutations (38). In our cohort of patients with

SRNS, we have identified several cases carrying truncating

PLCE1 mutations presenting with early-onset SRNS

and exhibiting FSGS on renal biopsy (Antignac, personal

observation).

PLCe1 is a phospholipase enzyme that catalyzes the

hydrolysis of phosphatidylinositol-4,5-biphosphate and

generates two secondmessengers: inositol 1,4,5-triphosphate

(IP3) and diacylglycerol (DAG) (115). IP3 releases Ca2+

from intracellular stores, and DAG stimulates protein

kinase C. These products initiate a cascade of intracellular

responses that result in cell growth and differentiation.

Based on the observation that nephrin levels were dimin-

ished in the glomeruli of patients bearing mutations in

PLCE1, it has been shown that PLCe1 interacts with the

C-terminal half of IQGAP-1 (13), a cell junction-asso-

ciated protein and binding partner of nephrin involved in

cell morphology and adhesion (116).

The PLCe1 zebrafish orthologue shares 65% identity

with the human protein sequence, suggesting conserved

function among evolutionarily distant organisms. Plce1

targeting using antisense morpholino oligonucelotides

induced edema and glomerular filtration barrier dysfunc-

tion, similar to zebrafish nephrin and podocin loss-of-

function morphants (96). Surprisingly, PLCe1 null mice

have no obvious developmental defects or evidence of

glomerular filtration barrier abnormalities (13, 117).
Mutations in CD2AP

CD2AP is a 70-kilodalton adaptor protein that was origi-

nally cloned as an interaction partner of CD2, a signaling

protein expressed on the surface of T lymphocytes (118).

It has been shown that CD2AP is involved several pro-

cesses including the regulation of the actin cytoskeleton

(119–121), endocytosis (122, 123), in the phosphatidyli-

nositol 3-kinase/AKT survival pathway and in the repres-

sion of TGF-b induced apoptosis (50, 124).

In the kidney, CD2AP is expressed in podocytes,

proximal tubules and collecting ducts. Cd2ap null mice

developed proteinuria 2 weeks after birth and die by 6 to

7 weeks of age due to advanced renal insufficiency (94).

Renal histology showed increased glomerular size and cellu-

larity, foot-process effacement at 1 week, and subsequent

abnormal mesangial matrix deposition and glomerular

sclerosis 4 weeks after birth (94). Cd2ap+/� mice did not

develop proteinuria when followed up to 1 year; however,

exhibited variable degrees of increased mesangial expan-

sion and hypercellularity at 9 months of age. Two out of

30 patients with idiopathic FSGS were found to carry a
heterozygous truncating mutation in the CD2AP gene

(125), which lead to a reduce expression at the mRNA

and protein level. These results suggested that CD2AP

could act as a determinant of human susceptibility to

glomerular disease.

Recently, Löwik et al. described a patient presenting at

10 months of age with failure to thrive, anemia, hypoal-

buminemia and massive proteinuria (126). Renal biopsy

showed global glomerular sclerosis and was suggestive of

collapsing FSGS. Mutation analysis of the CD2AP gene

revealed a novel truncating mutation in the homozygous

state, which displayed significantly decreased F-actin

binding efficiency in vitro. The mutant allele was not

expressed in the patient’s lymphocytes. At the age of

5 years the patient was transplanted, without relapse of

proteinuria (126). Both parents were heterozygous for

the mutation and had normal glomerular filtration rate

and no proteinuria. An additional patient bearing a

heterozygous missense mutation in CD2AP in association

with a missense mutation inNPHS2 was recently reported

(127). This patient presented with SRNS and relapse after

transplantation. Both parents had normal serum creati-

nine and no proteinuria (127). Mutational screening of

large cohorts of SRNS patients will be crucial to elucidate

the frequency of CD2AP mutations and the spectrum

of phenotypes.
Autosomal Dominant Forms of SRNS

Autosomal dominant (AD) forms of FSGS are infrequent

and generally observed in adults. Variable degree of pro-

teinuria is detected between the third and fourth decades

of life and slowly progresses to ESRD (128, 129). So far,

two loci have been mapped in cases with non-syndromic

AD FSGS; nevertheless, genetic heterogeneity is likely,

since no linkage to those loci has been found in several

families with similar phenotype (129).
Mutations in ACTN4 Encoding a-actinin-4

A genome-wide scan performed in a 100-member kindred

allowed Mathis et al. to map the first locus of AD FSGS on

chromosome 19q13 (130, 131). Linkage analysis includ-

ing additional families helped to reduce the size of

the region and led to the identification of 3 nonconserva-

tive missense mutations in the ACTN4 gene. ACTN4

encodes for the actin-binding protein a-actinin-4, which
is highly expressed in podocytes (11). Affected cases pre-

sented with proteinuria starting in the teenage years
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or later, slowly progressed to renal insufficiency and de-

veloped ESRD in the fifth decade of life (11, 132). Disease

was incompletely penetrant, since several individuals

from 2 out of 3 families carried a disease allele without

clinical symptoms. In affected cases, kidney histology

revealed lesions consistent with FSGS and no evidence

of a primary basement membrane defect or of immune

complex deposition.

Further mutation screening of the ACTN4 gene in

cases with familial and sporadic forms of FSGS allowed

the identification of several additional patients carrying

mutations (133, 134). In one affected case, proteinuria

was diagnosed at 5 years of age and rapidly progressed to

ESRD. Unexpectedly, this patient presented recurrence of

proteinuria after transplantation. A superimposed immune

form of SRNS or a de novo glomerulopathy may better

explain the outcomes in this patient. Additional screening

of small cohorts of patients with sporadic adult-onset

FSGS and congenital SRNS have failed to identify

ACTN4 mutations (62, 64, 135). Overall, ACTN4 muta-

tions seem to account for approximately 4% of familial

FSGS (134), although the precise proportion of AD forms

in which this gene is mutated is unknown.

The mechanisms by which a-actinin-4 mutations

cause disease in humans have been partially elucidated

through functional studies and the characterization of

mouse models. These studies suggest that the phenotypes

in mice and humans involve both gain-of-function

and loss-of-function mechanisms (11, 134, 136, 137).

Alpha-actinin-4 has a key role in the maintenance of

podocyte architecture cross-linking and bundling of actin

filaments (138). Disease-associated mutations occur in the

actin-binding domain, increasing actin-binding activity

in vitro and diverting its normal localization from actin

stress fibers and focal adhesions in vivo (11, 134, 137).

Moreover, over-expression of GFP-fusion mutant pro-

teins in cultured podocytes led to the formation of aggre-

gates adjacent to the nucleus, confirming the subcellular

mislocalization of mutants (134). Further supporting the

hypothesis of loss-of-function, Yao et al. showed increased

degradation of a-actinin-4 in cells from knock-in mice

carrying an Actn4 point missense mutation homologue,

in comparison to that found in humans with FSGS (136).

Finally, a b1-integrin-dependent, a-actinin-4 mediated

adhesion is necessary to maintain podocyte attachment

to the-glomerular basement membrane (139, 140). Con-

sequently, podocytes from a-actinin-4 deficient mice

showed reduced adherence to GBM components type IV

collagen and laminin-10 and -11 (140).

The phenotype seen in Actn4�/� mice is more aggres-

sive than the human disease. Actn4 null mice exhibited
abnormalities only in the kidneys. At 5 weeks of age, mice

had only focal areas of podocyte foot process effacement,

whereas FSGS was evident by 10 weeks. Proteinuria

was observed with increasing age in most, but not all

mice. Progressive renal insufficiency led to death at

12 weeks after birth. Mice heterozygous for the targeted

allele (Actn4+/�) showed no obvious phenotype up to

6 months of age (141).

Resembling human disease, a transgenic mouse devel-

oped by Michaud et al. (142), which expressed both

endogenous wild-type and a K256E-mutant a-actinin-4
transgene, developed proteinuria at 10 weeks, elevated

blood pressure and histological features consistent with

FSGS. Interestingly, not all ACTN4 mutant mice were

proteinuric, and only a few among those with proteinuria

had reduced renal function. Detailed histological analysis

revealed segmental sclerosis and tuft adhesion of some

glomeruli, tubular dilatation, mesangial matrix expansion,

podocyte vacuolization and foot process fusion (142).

A mouse model in which one Actn4 allele was replaced

with a copy bearing a disease-associated mutation in

humans (K256E) was developed by Yao et al. (136). Al-

though this model is genetically closer to the human dis-

ease, homozygous mutant mice had no glomerular defects

evident using light microscopy, although focal areas of foot

process effacement and abnormal electron-dense structures

in the podocyte cell bodies were observed at the electron

microscopic level. Careful assessment of Actn4 heterozy-

gous mutant mice confirmed that they do not develop

evident FSGS, but exhibit focal glomerular hypertrophy

and mild glomerular ultrastructural changes (143). The

mechanisms underlying the differences between the

human and mouse phenotypes remain unknown. Addi-

tional modulating factors appear to play a role in the

development of ACTN4-mediated human disease.
Mutations in TRPC6 Encoding the Transient
Receptor Potential Cation Channel 6

Winn et al. identified a second locus for autosomal dom-

inant FSGS on chr 11q21-22 in a large family from

New Zealand (144). Affected cases presented with ne-

phrotic range proteinuria in their third or fourth decade

and developed progressive renal insufficiency within

10 years after NS presentation. Using fine-mapping and

candidate gene screening, the same group of investigators

subsequently detected a missense mutation in the TRPC6

gene, encoding the transient receptor potential cation

channel, subfamily C, member 6 (12). TRP channels are

involved in mechanosensation (145), ion homeostasis,
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cell growth and PLC dependent calcium entry into cells

(146). The proline to glutamine substitution at position

112 (p.P112Q) found in the index family, was shown to

enhance TRPC6-mediated calcium signals in response to

angiotensin II, suggesting that mutations in this gene

disrupt glomerular cell function by amplifying injurious

signals triggered by ligands, such as angiotensin II (12).

Subsequently, Reiser et al. identified TRPC6mutations

in five other unrelated families of diverse ethnic origin

(53). Only two of the five mutations were associated with

an increase in calcium influx, suggesting that diverse

mechanisms may result in dysregulation of the ion chan-

nel or may affect the interaction with other slit diaphragm

proteins (53). In addition, they demonstrated that TRPC6

is expressed in podocytes, specifically at the slit dia-

phragm where it interacts with podocin and nephrin (53).

In our cohort, we have found one patient bearing a

de novo missense mutation in exon 13 of TRPC6, com-

prising a highly conserved region in the cytoplasmic tail of

the protein (Antignac, unpublished data). This patient

presented with NS at 6.5 years of age and reached ESRD a

few months after diagnosis. Renal histology revealed ad-

vanced FSGS. No relapse was observed after transplanta-

tion. Mutation screening of large cohorts of patients is

needed to evaluate the epidemiologic relevance of TRPC6

mutations and the phenotypic spectrum of renal disease

attributable to the TRPC6 gene.

The contribution of animal models to understand the

mechanisms underlying mutations in TRPC6 has been

limited. Targeted deletion of Trpc6 in mice was not asso-

ciated with a renal phenotype; although, mice exhibited

an elevated blood pressure and enhanced agonist-induced

contractility of isolated aortic rings, as well as cerebral

arteries (147). An animal model carrying a missense point

mutation in the Trpc6 gene, homologous to those found

in humans, will be required to confirm a gain-of-function

mechanism as the triggering event leading to glomerular

disease. An evaluation of the role of TRPC6 in kidney

disease using zebrafish has not been possible since TRPC6

was not detected at RNA level in developing and adult

zebrafish podocytes (148).
Syndromic Steroid-Resistant Nephrotic
Syndrome

Pierson Syndrome: Mutations in LAMB2
Encoding Laminin b2

In 1963, Pierson et al. described two patients with congen-

ital nephrotic syndrome, unique ocular abnormalities and
histopathological features of DMS (149). Subsequently,

several isolated case reports appeared in the literature

(150–154). Zenker et al. designated this disorder Pierson

syndrome, refining the phenotype based on the descrip-

tion of eleven affected cases from two large consanguine-

ous families and after reviewing previous case reports

(155). Clinical findings include nephrotic syndrome

and oliguria presenting at birth or within the first days of

life, enlarged or large appearing cornea in some cases

suggesting buphthalmos, extremely narrow, nonreactive

pupils (microcoria) and DMS with an irregular basement

membrane (155).

In two consanguineous families, a genome-wide

scan and homozygosity mapping allowed the identification

of a potential locus in chromosome 3p (23). Subsequent

positional cloning was greatly facilitated by the previous

description of the development of congenital nephrotic

syndrome in Lamb2 null mice (156). Affected cases from

five families had truncating or missense mutations of the

LAMB2 gene, either in the homozygous or compound

heterozygous states, leading to absent or reduced expres-

sion, respectively, of laminin b2 in the kidneys (23).

Interestingly, mutation screening in additional families

revealed patients bearing missense mutations in LAMB2

who presented with congenital nephrotic syndrome,

minor or no ocular defects (transient fundus hypopig-

mentation, nistagmus and myopia) and normal psycho-

motor development (157–159). Childhood onset of

Pierson syndrome has likewise been reported in a non-

consanguineous family with seven affected individuals,

with nephrotic syndrome and ESRD presenting between

5 and 10 years of age (160). Ocular problems paralleled

or even preceded the renal symptoms. Visual impairment

was progressive since affected individuals had no signs

of impaired vision in early infancy, and they all developed

blindness around 2 years of age (160).

Laminins are heterotrimeric extracellular matrix pro-

teins that provide the basic scaffold for assembly of the

other components of the glomerular basement mem-

brane, including type IV collagen, nidogen/entactin and

sulfated proteoglycans (161). The glomerular basement

membrane is composed exclusively of laminin-521

(a5b2g1) (162). The a5 chain is required for GBM integ-

rity and glomerular vascularization (163), whereas the

b2 chain is dispensable for glomerulogenesis; concordantly,

Lamb2 null mice displayed no glomerular developmental

abnormalities at birth (164).

The clinical features observed in patients with Pierson

syndrome are consistent with the phenotype of Lamb2

null mice, which present with failure to thrive, heavy

proteinuria within the first weeks of life (156), and revealed
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foot-process effacement and increased GBM permeability

(164). In addition, mice show aberrantly formed and func-

tionally impaired neuromuscular junctions (165, 166), and

both structural and functional abnormalities in the retina

(167, 168). Indeed, these findings reflect the fact that

laminin b2 is highly expressed in the glomerulus, the

skeletal neuromuscular junction and the retina (167–169).
Denys-Drash, Frasier and WAGR Syndromes:
Mutations in WT1 Encoding the Wilms’
Tumor Protein

Through a positional cloning approach, the WT1 gene

was found to be inactivated in Wilms’ tumor (170–172).

The WT1 gene is located on chromosome 11p13 and

encodes a zinc finger transcription factor that functions

both as a tumor suppressor and as a critical regulator of

kidney and gonadal development (173–175). The key role

of WT1 in kidney development has been highlighted by

the development of animal and in vitro models showing

the failure of, arrest in or delayed development of nephro-

genesis in the absence of WT1 expression (174, 176, 177).

Mutations in the WT1 gene are associated with varied

syndromic forms of glomerular disease and genitourinary

abnormalities, as well as isolated cases of SRNS.

Denys-Drash syndrome (DDS, MIM 194080) is a

rare urogenital disorder comprising nephropathy due

to DMS, associated with male pseudohermaphroditism

andWilms’ tumors (17, 18). Nephrotic syndrome presents

in the first months of life, may be preceded by isolated

proteinuria and is always resistant to steroid therapy. Pro-

gression to ESRD occurs before 4 years of age and no

recurrence is observed after renal transplantation (178–

180). Wilms’ tumor may be the first presentation of the

disease or may be discovered later during the course of

nephropathy by systematic ultrasound screening. Patients

with Denys-Drash syndrome bear heterozygous mutations,

mostly de novo, in exons 8 and 9 of the gene, encoding the

second and third zinc finger domains (19, 20). In vitro

studies have confirmed that missense mutations in the

WT1 gene lead to a change in the structural organization

of the zinc finger domains, leading to loss or alteration of

their DNA-binding abilities (181). Isolated cases of DMS

have also been attributed to mutations inWT1 (182–184).

Frasier syndrome (FS, MIM 136680) is characterized

by male pseudohermaphroditism with normal female ex-

ternal genitalia, streak gonads and 46,XY karyotype.

Patients have an increased susceptibility to gonadoblasto-

mas, but do not develop Wilms’ tumors. FS is associated

with childhood-onset proteinuria, usually between 2 and
6 years of age, slowly progressing to ESRD towards the

adolescence or early adulthood, exhibiting histological

finding of FSGS on renal biopsy (15, 16). As in Denys-

Drash syndrome, inheritance is autosomal dominant, al-

though most cases are sporadic due to de novomutations.

TheWT1 gene encodes up to 36 different isoforms, which

are products of alternative translation start sites, alterna-

tive splicing and RNA editing (185).

Of particular interest are WT1(+KTS) and WT1

(-KTS) variants, which differ by the presence of the

three amino acids KTS between zinc fingers 3 and 4. The

presence of this insert influences the molecular and bio-

chemical properties of the resulting protein. While WT1

(�KTS) binds DNA efficiently and acts as a transcription-

al activator, WT1(+KTS) seems to have higher affinity to

RNA (186). Mutations in the donor splice site in intron 9

of the WT1 gene are causative of Frasier syndrome, and

leads to alternative splicing and loss of the +KTS isoform

of the protein (14). This results in an alteration of the

normal ratio of +KTS/-KTS isoforms in the cell (187).

De novo deletion of the 11p13 locus leads to WAGR

syndrome (MIM 194072), characterized by Wilms’

tumors, aniridia, genitourinary abnormalities and mental

retardation (21). Aniridia is due to the deletion of the

PAX6 gene, which resides in the same locus than WT1.

Mutations in WT1 have also been associated with the

development of isolated SRNS with kidney histology con-

sistent with FSGS in some phenotypic females (XX or XY

karyotype). Disease onset varies between few months of

age to the end of the first decade of life, with rapid

progression to ESRD (22, 188–190). Most of the cases

carry missense or splice-site mutations in exons 8 and 9

of the WT1 gene. In these patients, genetic counseling is

essential, since a male child from an affected XX female,

would either have Denys-Drash syndrome or Frasier syn-

drome, respectively (188, 189).
Nail-Patella Syndrome: Mutations in LMX1B
Encoding the LIM Homeobox Transcription
Factor 1 b

Nail-patella syndrome (NPS; MIM 161200) is an autoso-

mal dominant disorder with complete penetrance and

variable phenotypic expression, characterized by pleiotro-

pic developmental defects of dorsal limb structures. The

most characteristic finding is nail involvement. Nails may

be absent, hypoplastic or dystrophic. Defects are often

bilateral, symmetrical and may be observed at birth. An

additional pathognomonic feature of NPS are iliac horns,

which are bony processes that project posteriorly and
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laterally from the central part of the iliac bones of the

pelvis (191). Frequently, patellae may be hypoplastic or

absent; involvement of shoulders, elbows and ankles is less

common, and may be asymmetrical (192). Nephropathy

may occur in 25–50% of the cases (193–197), being more

frequent in women (197). This manifests as microalbu-

minuria progressing to proteinuria, usually associated

with hematuria. Proteinuria, which may be intermittent,

may present at any age, diagnosed in most of the cases

after the second decade of life. Overt nephrotic syndrome

is not a common feature and progression to ESRD occurs

in 5–14% of the cases, usually many years after protein-

uria onset (197, 198). To-date, no recurrence of protein-

uria after transplantation has been reported (193, 199).

Light microscopy of renal tissue usually reveals no specific

changes (200), while glomerular basement membrane

exhibits ultrastructural abnormalities that are the most

specific histological hallmark of NPS (193, 201–203).

Typically, there is irregular thickening and splitting of

the GBM glomerular basement membrane, with electron

lucent areas, and the presence of clusters of fibrillar type

III collagen within the GBM and the mesangial matrix.

Finally, primary open angle glaucoma and sensorineural

hearing impairment have been recognized as less frequent

features of the disease (197, 204).

Chen et al. demonstrated that targeted disruption of

the Lmx1b gene (LIM homeobox transcription factor 1 b)
in mice resulted in distinctive skeletal defects including

hypoplastic nails, absence of patellae, joint abnormalities

and glomerular basement membrane defects, recapitulat-

ing the phenotype of NPS (205). The disease phenotype

was observed only in homozygous mutant mice, whereas

heterozygous littermates did not exhibit any evident

abnormalities. Nevertheless, these results led to the iden-

tification of de novo heterozygous mutations in the

LMX1B gene in patients with NPS (24).

Approximately 85% of families with NPS present

mutations in LMX1B, which consistently segregate with

disease in an autosomal dominant pattern with complete

penetrance. The majority of mutations, including non-

sense mutations, small intragenic insertions/deletions or

splice-site mutations, results in protein truncation. Mis-

sense mutations generally involve substitutions in the

homeodomain region critical for DNA binding (195–197,

206, 207). Recently, entire-gene deletions were reported by

Bongers et al., confirming that haploinsufficiency of the

LMX1B transcription factor underlies this disease (208).

The precise role of LMX1B in the kidney remains par-

tially elucidated. Immunohistochemical studies in several

patients bearing heterozygous mutations in the LMX1B

gene revealed that the expression of the a3 and a4 chains
of type IV collagen, as well as podocin and CD2AP are no

different than normal controls (209). In mouse, Lmx1b is

expressed exclusively in glomeruli. Podocyte-specific

Lmx1b inactivation invariably leads to proteinuria, renal

insufficiency and death at 2 weeks after birth (210). In

addition, LMX1B may be critical for glomerular develop-

ment, since mice with podocyte-specific inactivation of

Lmx1b showed severely impaired glomerular develop-

ment and podocyte differentiation (211). Potential targets

of Lmx1b in the kidney have been demonstrated in the

shared 50 regulatory regions of Col4a3 and Col4a4 genes

(212), and in the promoter regions of the Nphs2 and

Cd2ap genes (211, 213). In Lmx1b-deficient mice, the

abundance of a(3)IV and a(4)IV chains of collagen were

markedly diminished (212), as were the levels of podocin

(211, 213), CD2AP (213), synaptopodin and VEGF (211).

Nevertheless, no downregulation in the expression of the

a3 and a4 chains of type IV collagen, podocin and

CD2AP, were observed in mice in which Lmx1b had

been inactivated specifically in podocytes (210). Interest-

ingly, immunohistochemical studies in two patients bear-

ing heterozygous mutations in the LMX1B gene revealed

no downregulation in the expression of the a3 and a4
chains of type IV collagen, and in podocin and CD2AP

(209). The latter findings may be explained by the fact

that these patients carry one functional and one mutated

alleles, whereas mice have two mutant alleles.
Schimke Immuno-Osseus Dysplasia:
Mutations in SMARCAL1, Encoding the swi/
snf-Related Matrix-Associated Actin-
Dependent Regulator of Chromatin,
Subfamily-A-Like-1

Schimke immuno-osseus dysplasia (SIOD, OMIM

242900) is a rare autosomal recessive disorder character-

ized by spondyloepiphyseal dysplasia, progressive renal

dysfunction due to focal segmental glomerulosclerosis

and T-cell immunodeficiency (214). Other additional,

although inconstant features include cerebral ischemia,

migraine-like headaches, deficiency of other blood cell

lineages, hyperpigmented macules, corneal opacities,

microdontia, intellectual delay, recurrent infections,

premature atherosclerosis, hypothyroidism, cerebellar at-

rophy and testicular hypoplasia with atrophy and azos-

permia (215–218). Kidney disease in patients with SIOD

manifests typically with proteinuria evolving to overt

nephrotic syndrome, which is diagnosed between the

first year of life and 14 years of age (215, 216). No response

to steroids has been documented in patients who have been



656 27 Idiopathic Nephrotic Syndrome: Genetic Aspects
treated; nevertheless, transient reductions in proteinuria

using ACE inhibitors, NSAID or even cyclosporin A have

been observed (216). Patients who survive infectious com-

plications progress to ESRD between 5 and 15 years of

age. Numerous cases have been transplanted without evi-

dence of relapse in the allograft (216); however, the evolu-

tion of cerebrovascular and infectious complications do

not seem to improve after transplantation.

A genome-wide scan, performed in four families,

detected significant linkage at chromosome 2q35, and

mutations were identified in the SMARCAL1 gene (26).

This gene encodes a member of an SNF2 subfamily

of proteins that mediate DNA-nucleosome restructuring

during gene regulation and DNA replication, recombina-

tion, methylation and gene repair (swi/snf-related matrix-

associated actin-dependent regulator of chromatin,

subfamily-a-like-1 gene). The gene consists of 18 exons

and encodes a 106-kDa protein with 954 amino acid

residues. Themajority ofmutations identified involve non-

sense and frameshifting mutations, likely leading to loss-of

function (26). Recently, Clewing et al. showed that

SMARCAL1 biallelic mutations accounted for the pheno-

type in 38 of 72 independent cases with SIOD (219),

revealing the genetic heterogeneity of this syndrome.

Patients with two missense mutations tended to have a

milder course of disease, surviving beyond 15 years of age.

The functional targets of SMARCAL1 remain unidentified.
Action Myoclonus-Renal Failure Syndrome:
Mutations in SCARB2 Encoding the Lysosome
Membrane Protein 2

Action myoclonus-renal failure syndrome (AMRF, MIM

254900) is a rare autosomal recessive disease characterized

by progressive myoclonic epilepsy associated with renal

failure. It typically presents at 15–25 years of age with

neurological symptoms including tremor, action myoclo-

nus, seizures and later ataxia, while cognitive function is

preserved. Proteinuria is usually diagnosed concomitantly

with the onset of neurologic symptoms at a median age of

19 years (220), although proteinuria may also be the first

symptom. Progression of renal impairment to ESRD

occurs generally within 5 years after onset of proteinuria

(220, 221). The renal pathology is characterized by focal

glomerulosclerosis, sometimes with features of glomeru-

lar collapse (220). In three unrelated families, Berkovic

et al. identified a region on chromosome 4q13-21 linked

to AMRF. Subsequently, using gene expression profiling

to prioritize gene sequencing within the region, they

identified homozygous truncating mutations in the
SCARB2 gene (encoding LIMP-2). These mutations led

to a downregulation of SCARB2 mRNA and undetectable

protein levels in western blots of cell lysates from lympho-

blastoid B cell lines from the two affected subjects (29).

LIMP-2 is a transmembrane protein of the CD36

superfamily, which is ubiquitously expressed and is main-

ly found in lysosomes and late endosomes, where it is

required for their biogenesis and maintenance (222–224).

It has been shown that LIMP-2 acts as a trafficking recep-

tor for b-glucocerebrosidase (b-GCase) (225), a lysosomal

enzyme deficient in most cases of Gaucher disease. Inter-

estingly, a nonsense mutation involving the interaction

domain of LIMP-2/b-GCase was recently identified in two
patients with ARMF in which a severe b-GCase deficiency
was detected in cultured skin fibroblast (221). The patho-

physiologic events leading to NS and FSGS in patients

with SCARB2 mutations remain to be elucidated.

In mouse, the Limp2 gene is expressed in a range of

tissues including brain and kidney. Interestingly, a Limp2-

deficient mouse model presents with hearing impair-

ment, demyelinating neuropathy, cerebral and cerebellar

cytoplasmic inclusions, hydronephrosis caused by uretero-

pelvic junction obstruction, mesangial proliferation and

foot-process effacement, but does not recapitulate the

glomerular lesions seen in humans (29, 223). Proteinuria

is present, but occurs only with aged mice (29).
Mitochondropathies Manifesting with
Nephrotic Syndrome

The mitochondropathies are a diverse group of disorders

due to structural, biochemical, or genetic derangements

of mitochondria (226). Renal dysfunction is a rare event,

and may result from mutations in the mitochondrial

or nuclear genomes. The mitochondrial genome encodes

for 13 essential subunits of the mitochondrial respiratory

chain, aswell as the 22 transferRNA(tRNA) and2 ribosomal

RNA (rRNA) genes (227). The c.3243A>G point mutation

in the tRNALeu(UUR) gene is associated with MELAS

syndrome (myopathy, encephalopathy, lactic acidosis,

and stroke-like episodes) (27). Some patients carrying

tRNALeu(UUR) gene mutations may present with diabetes

and deafness (228, 229), cardiomyopathy (230), progres-

sive external ophthalmoplegia and FSGS (231–236), with

or without the nephrotic syndrome (234–240). Although

most of the affected cases are diagnosed in adulthood and

have glomerular disease associated with other manifesta-

tions of mitochondrial disease, some patients present with

isolated nephropathy or may have an earlier onset during

the adolescence (235, 238, 240, 241).
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Nephrotic syndrome has, likewise, been described in

coenzyme Q10 (CoQ10) deficiency (MIM 607426), in as-

sociation with encephalomyopathy and multisystemic

involvement (30, 242, 243). The COQ2 gene is part of

the coenzyme Q10 pathway, a component of the mito-

chondrial respiratory chain vital for the transport of elec-

trons from complexes I and II to complex III. Mutations

in the COQ2 gene were identified in several patients pre-

senting with early-onset nephrotic syndrome, with or

without neuromuscular symptoms (244). The clinical

presentation varied from severe oliguric renal failure due

to crescentic GN on the fifth day of life to development of

SRNS at 18 months in association with collapsing glomer-

ulopathy (244). In all renal biopsies dysmorphic mito-

chondria were characteristic (244).

Lopez et al. recently described an infant with fatal

Leigh syndrome, CoQ10 deficiency in muscle and fibro-

blasts, nephrotic syndrome, and compound heterozygous

mutations in the PDSS2 gene (245). The PDSS2 gene

encodes a subunit of decaprenyl diphosphate synthase,

the first enzyme of the CoQ10 biosynthetic pathway

(245). Similarly, the kd/kdmouse, which develops collaps-

ing glomerulopathy, carries mutations in the murine

orthologue of the human PDSS2 gene (246). Moreover,

mice in which the Pdss2 gene has been conditionally inac-

tivated in podocytes exhibit proteinuria and foot pro-

cess effacement (247). Recently, Saiki et al. showed that

coenzyme Q10 supplementation rescues renal disease in

Pdss2 kd/kd mice (248).

It is likely that mutations in other genes involved in

the CoQ10 biosynthetic pathway are responsible for cases

of NS with or without neuromuscular manifestations. In

cases with CoQ10 deficiency, early ubiquinone supple-

mentation may be crucial for the resolution of renal

symptoms and for preventing neurologic damage, as

demonstrated in patients and animal models (248, 249).

Finally, a deletion in the mitochondrial DNA has been

associated with FSGS in a cohort of Japanese patients and

in a Turkish patient (239, 250).
Hereditary Multisystemic Disorders of
Unknown Cause Associated with Steroid-
Resistant Nephrotic Syndrome

Galloway-Mowat syndrome

Galloway-Mowat syndrome is a rare disorder, of autosomal

recessive inheritance, characterized by SRNS, microcephaly

and severe neurological impairment (251). Disease fre-

quency is unknown; however more than 70 cases have
been reported since the original description in 1968 (251).

Inconstant morphological defects include hiatus hernia,

micrognathia, arachnodactyly and floppy ears. Proteinuria

is usually discovered within the first year of life; although

congenital onset is not unusual as are cases in which the

onset of NS is close to the third year of life (251–259).

Kidney histology may reveal either FSGS or DMS, the

later more frequent in early onset forms (254, 260–263).

In addition, a single patient with collapsing FSGS has

been recently reported (264). The great majority of

patients reach ESRD between 36 and 72 months after

birth, although there are rarer cases with preserved renal

function after this age (259, 263).

Thedistinctive neurological feature ismarkedmicroceph-

aly,whichmight be congenital (primary) ormaydevelop after

birth (secondary). Structural brain abnormalities include

cortical and cerebellar atrophy, severe myelination deficiency

and gyral defects (257, 263, 265–268). Profound mental

retardation, hypotonia and seizures are the most recurrent

neurological symptoms. In addition, choreoathetosis may

develop later in the course of the disease (Antignac, per-

sonal observation). Sensorineural blindness and deafness

have also been described. Patients may occasionally be

able to walk, interact with their families and eventually

develop a rudimentary monosyllabic language (Antignac,

personal observation). The association with microphthal-

mia and corneal defects has been occasionally reported

(252, 260, 261, 269–271). Undeniably, ocular malforma-

tions are a common feature of Pierson syndrome, in

which microcephaly might be occasionally observed

(272). Due to the overlapping phenotype with GMS,

screening of mutations in laminin-b2 and several related

proteins was performed by Dietrich et al. in 18 unrelated

patients with GMS (273). Unfortunately they failed to

find pathogenic mutations. Indeed, GMS represents a

heterogeneous group of diseases and so far, the underlying

genetic abnormalities have not been identified.
SRNS and Deafness

The association of SRNS and deafness has been described in

patients with familial forms of SRNS with both autosomal

dominant and recessive inheritance, revealing the genetic

heterogeneity of this clinical association. Excluding patients

carrying mutations in genes involved in the mitochondrial

respiratory chain, in which deafness and nephrotic syn-

dromemay be present in addition to neuromuscular symp-

toms, two loci have been identified to-date (274, 275).

Ruf et al. mapped the first locus on chr 14q24.2 in

a consanguineous Palestinian family (275). Congenital
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sensorineural deafness was diagnosed in the four affected

cases. The onset of NS ranged from 0.3 to 6.4 years and all

the patients progressed to ESRD before 10 years of age.

Kidney histology was compatible with FSGS. Three cases

were transplanted, with no relapse of proteinuria. Prakash

et al. described a 39-member kindred from India, consist-

ing of 7 affected members, showing male-to-male trans-

mission with an AD pattern of inheritance (274). Age at

presentation varied between 8 and 44 years of age. Five of

the affected cases also had sensorineural deafness. Renal

biopsies revealed FSGS with irregular GBM. A genome-

wide scan identified a novel locus on chr 11q24, after

exclusion of linkage to currently known loci for Alport

syndrome.
Epidermolysis Bullosa and FSGS

Nephrotic syndrome and renal failure may occur in

some patients with epidermolysis bullosa (276). The

most common histological finding is secondary amyloid-

osis (277–283). The association of FSGS and epidermo-

lysis bullosa has been reported in a male infant with

pyloric atresia, junctional epidermolysis bullosa and ne-

phrotic range proteinuria diagnosed 6 weeks after birth

(25). Renal biopsy revealed immature glomeruli, segmen-

tal sclerosis in the absence of microcystic tubular dilata-

tion, atrophy and interstitial fibrosis. Ultrastructural

changes included a thin glomerular basement membrane,

extensive foot process effacement and microvillous trans-

formation of podocytes. Mutation analysis of the b4- and
a6-integrin genes ITGB4 and ITGA6 revealed a homozy-

gous missense mutation in exon 31 of the ITGB4 gene,

resulting in a substitution of tryptophan for arginine at

codon 1281. This mutation affects the second fibronectin

type III domain which is involved in the interaction with

bullous pemphigoid antigen 1 (BPAG1) and plectin.

Moreover, in one patient with pyloric atresia, epidermo-

lysis bullosa and nephrotic proteinuria diagnosed at 5

months of age, mutation screening of the ITGB4 gene

revealed a c.4851delCA truncating mutation (Dr. Fran-

çoise Broux, Rouen, France; personal communication).

The mechanisms by which mutations in the ITGB4 gene

induce glomerular disease remain unknown.
Familial Forms of Steroid-Sensitive
Nephrotic Syndrome

The incidence of SSNS in pediatric population ranges

between 2 and 7/100,000. Although most of the cases are
sporadic, several reports have confirmed the existence of

hereditary forms of this disease (1, 284–289). The exact

incidence of familial forms of SSNS is unknown, but

according to a single survey, it may represent up to 3%

of the cases (1). Based on six cases reports describing 58

patients from 21 families, the most common pattern of

inheritance was autosomal recessive. There was a male-to-

female preponderance of 3 to 1 and the average age of

onset was 4 years. Kidney histology revealed minimal

change disease. Most of the cases presented with multiple

episodes of relapse and achieved complete remission at

the end of adolescence (284–289). Analysis of our own

cohort consisting of 46 affected cases from 23 families,

revealed similar results (Antignac, unpublished data).

At least two attempts to identify a putative disease

locus have been performed (288, 289). Ruf et al. per-

formed a genome-wide scan in a consanguineous SSNS

kindred allowing the identification of a locus on chr 2p12-

p13.2 between markers D2S292 and D2S289 (288). More

recently, Landau et al. studied an extended SSNS Bedouin

family with a high rate of consanguinity (289). A whole

genome scan was performed, using 382 microsatellite

markers; however, the index family was not linked to

any of the presently known loci associated with nephrotic

syndrome. It remains unanswered whether the primary

defect in hereditary SSNS lies in a gene that plays a central

role in the function of the immune system, or in a gene

expressed in podocytes.
Conclusion

Hereditary forms of NS are far more common than

previously thought 10 years ago, since the discovery of

mutations in causative genes in cases with Mendelian

inheritance, as well as in patients with sporadic disease.

Most of the cases with hereditary forms of NS have a

disease onset within early childhood, are resistant to

immunosuppressive therapy, and do not relapse after

kidney transplantation. The highest rates of mutation

detection are in patients presenting with proteinuria in

the first year of life and subsequently decrease among

older patients.

It is plausible that more complex patterns of inheri-

tance, as has been described in patients bearing bi- or tri-

allelic variants, may be associated with an increased risk of

developing NS. Indeed, disease predisposing mutations

may lead to variable disease expression and penetrance

depending upon unidentified environmental and genetic

factors. Moreover, common variants in genes expressed in

podocytes may account for an increased risk of FSGS and



Idiopathic Nephrotic Syndrome: Genetic Aspects 27 659
ESRD observed in selected ethnic groups, as has been

described recently with the MYH9 gene, in which several

haplotypes conferred a major-risk effect for FSGS in indi-

viduals of African ancestry (290–292).

The accessibility to custom genotyping chips and

deep-sequencing techniques will facilitate the screening

of mutations in a broader approach, including clusters of

podocyte-specific genes. To-date, several fascinating dis-

orders, such as Galloway-Mowat syndrome, involving

brain and kidney development, and familial forms of

SSNS, connecting podocyte physiology and the immune

system, remain unsolved.

Non-syndromic forms of NS are frequently restricted

to mutation in genes exclusively expressed in podocytes at

the slit-diaphragm, while the association with extrarenal

manifestations is observed in cases carrying mutations in

ubiquitously expressed genes, mostly transcription factors

or components of the mitochondrial respiratory chain.

Nevertheless, individuals with mutations in genes asso-

ciated with syndromic SRNS may present with a milder

phenotype and only with SRNS; thus, making directed

mutation screening a difficult task.

A promising therapy, still explored at a basic

level, include protein chaperones. These drugs redirect the

trafficking ofmissensemutant proteins to the plasmamem-

brane when abnormally retained in subcellular organelles.

Additional encouraging results have been obtained with

drugs, which stabilize the podocyte actin cytoskeleton.

It is now clear that genetic diagnosis of cases

with SRNS or familial NS is necessary to avoid ineffective

therapies, to allow for accurate genetic counseling and,

in the future, to offer specific mutation-based therapies.
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