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Background: Congenital nephrotic syndrome (CNS),
defined as heavy proteinuria, hypoalbuminemia,
hyperlipidemia and edema presenting in the first 0-3
months of life, may be caused by congenital syphilis,
toxoplasmosis, or congenital viral infections (such as
cytomegalovirus). However, the majority of CNS cases are
caused by monogenic defects of structural proteins that
form the glomerular filtration barrier in the kidneys. Since
1998, an increasing number of genetic defects have been
identified for their involvements in the pathogenesis of CNS,
including NPHS1, NPHS2, WT1, PLCE1, and LAMB?.

Data sources: We searched databases such as PubMed,
Elsevier and Wanfang with the following key words:
congenital nephrotic syndrome, proteinuria, infants,
neonate, congenital infection, mechanism and treatment;
and we selected those publications written in English that
we judged to be relevant to the topic of this review.

Results: Based on the data present in the literature, we
reviewed the following topics: 1) Infection associated CNS
including congenital syphilis, congenital toxoplasmosis,
and congenital cytomegalovirus infection; 2) genetic
CNS including mutation of NPHS1 (Nephrin), NPHS?2
(Podocin), WT1, LAMB2 (Laminin-£2), PLCE1 (NPHS3);
3) Other forms of CNS including maternal systemic lupus
erythematosus, mercury poisoning, renal vein thrombosis,
neonatal alloimmunization against neutral endopeptidase.

Conclusions: At present, the main challenge in CNS
is to identify the cause of disease for individual patients.
To make a definitive diagnosis, with the exclusion of
infection-related CNS and maternal-associated disorders,
pathology, family history, inheritance mode, and other
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accompanying congenital malformations are sometimes,
but not always, useful indicators for diagnosing genetic
CNS. Next-generation sequencing would be a more
effective method for diagnosing genetic CNS in some
patients, however, there are still some challenges with
next-generation sequencing that need to be resolved in the
future.
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Introduction

rimary nephrotic syndrome, described as the
Ptetralogy of massive proteinuria, hypoalbuminemia,

hyperlipidemia and edema, is the most common
glomerular disorder in children, with an incidence of
approximately 1-3 per 100 000 children <16 years of
age.""! Furthermore, congenital nephrotic syndrome
(CNS), defined as nephrotic syndrome (NS) presenting
in the first 3 months of life, is a rare glomerular disease
worldwide, compared with infantile nephrotic syndrome
(appears 4-12 months after birth). Nephrotic syndrome
manifesting after 3 months of age is called childhood
nephrotic syndrome. The rationale for this classification
is based on the difference in etiology,” clinical features
and treatment strategy between CNS and late-onset NS,
though a great deal of published evidence has suggested
that massive proteinuria by a particular gene defect or
pathogen can manifest at various ages throughout the
lifespan.”’

The etiology of CNS is heterogeneous, and genetic
defects account for the vast majority of CNS cases.
Infections, such as congenital syphilis and toxoplasmosis,
are possible pathogens, especially in developing
countries. Infection should be excluded as the cause of
CNS before the establishment of genetic CNS because
it is important for selecting a treatment strategy and for
long-term prognosis in these cases.

In our opinion, the current main challenge for CNS
is how to identify the cause of CNS for the individual
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patient. Establishing a treatment strategy is also a major
challenge, but it is not the primary problem because
it depends on the cause of CNS. For that reason, the
objective of our study is to list the possible causes of
CNS, to identify the causes before the start of therapy,
and to exclude false causes for CNS, such as CMV
infections in some patients, before the initiation of
therapy. In the present review, we summarized the
current knowledge of genetic and non-genetic causes of
CNS, the rational scheme for molecular sequencing, and
current problems and challenges.

Infection-associated CNS

Congenital syphilis

Congenital syphilis has long been known to cause CNS
and it is common in developing countries.” Early treatment
with penicillin can be curative. Neonates with congenital
syphilis may present with fever, hepatosplenomegaly,
persistent rhinitis, neurosyphilis, hepatitis, anemia,
erythematous patches with superficial bullae, or
desquamations. The extent of clinical renal involvement
may vary from microscopic hematuria to more significant
features, such as nephrotic syndrome.” Nephrotic
syndrome generally appears between the 2 and 3 months
of age.!”! Niemsiri et al'” reported a 2.4% prevalence of
congenital syphilis that caused CNS among 455 neonate
or infants in Thailand. Membranous nephropathy
is a common finding in renal biopsy, with immune
deposits in the region of the glomerular basement
membrane; this observation implicates the immune
system in the pathogenesis of syphilis-associated CNS.
If the diagnosis was made early, the prognosis is good
because antimicrobial therapy, usually penicillin, is
curative, provided that irreversible renal lesions have
not developed."”

[4]

Congenital toxoplasmosis

Toxoplasmosis is a rare cause of nephrotic syndrome,
with the majority of cases being associated with
congenital infection.” Roussel et al'” reported a case
of a 1-month-old infant presenting with congenital
toxoplasmosis associated with nephrotic syndrome
and microscopic hematuria. Percutaneous renal biopsy
showed a diffuse mild increase in mesangial cells and
matrix, but immunofluorescence was negative. Fan et
al"" reported that a 3-month-old girl presented with
massive proteinuria, anasarca, hypoalbuminemia and
positive serum antibody IgM for toxoplasmosis. Her
mother also presented with positive serum IgM antibody
to toxoplasmosis. After treatment with spiramycin for
3 weeks, the patient became negative for proteinuria,
and serum toxoplasmosis IgM antibody titer will vanish
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simultaneously. Beale et al'*! described two infants
who had extensive glomerulosclerosis manifested by
nephrotic syndrome, severe oliguria, and progressive
renal failure. Both patients had intrauterine infections.
Therefore, screening for congenital toxoplasmosis
infection is necessary for hing-risk CNS patients.

Congenital cytomegalovirus infection

An association of neonatal cytomegalovirus (CMV)
infection and CNS has also been reported.”"* " In
many cases, diffuse mesangial sclerosis (DMS) in
histology is often found and the patients clearly respond
to ganciclovir therapy. Besbas et al”! described CNS
associated with cytomegalovirus infection in a 2-month-
old girl. Histological examination on renal biopsy
showed diffuse mesangial sclerosis and cytomegalic
inclusion bodies in the tubular cells and in some
glomeruli. Cytomegalovirus (CMV) polymerase chain
reaction (PCR) titer in the serum was high. Remission
of pulmonary and renal symptoms was achieved with
ganciclovir in 3 weeks. No recurrence of proteinuria
was observed during the 14-month follow-up period.
Their findings suggested a causal relationship between
congenital nephrotic syndrome and CMV infection.

On the contrary, Frishberg et al” reported a girl with
CNS associated with CMV infection; and histological
findings on renal biopsy suggested a causal relationship
between CNS and CMYV infections. However, she was
subsequently found to be homozygous for a nonsense
mutation in the NPHS2 gene encoding podocin
(R138X), which is the true cause of her CNS. So when
antiviral treatment is not effective in the patient with
cytomegalovirus infection and CNS, one should consider
other causes of CNS, especially the genetic factors.

Other pathogens
About 40% of all HIV-infected children in the United
States present with renal complications.!”’ Massive
proteinuria and nephrotic syndrome usually appear in
children older than 1 year, but no affected infants have
been reported.">'" Severe proteinuria is more prevalent
in African children.!"” To date, no CNS cases caused by
HIV infection have been reported, but this remains a
diagnostic consideration in newborn and young infants.
According to some literature,"*'” Hepatitis B virus-
related nephropathy can occur at any age but is more
common in children. Furthermore, rare infants with
CNS associated with congenital rubella have been
described.”**"

Current problems for infection-related CNS
Using the present diagnostic procedure, the incidence
of infection-related CNS may be over-estimated.
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congenital syphilis,” toxoplasmosis,”'” HIV** and
cytomegalovirus™?* infection have long been known
to cause congenital nephrotic syndrome. Although
other pathogens, such as rubella, hepatitis B virus,
and hemoplasmodium, are reported to possibly cause
congenital nephrotic syndrome in some literatures,"
their roles in the pathogenesis of CNS remained to be
identified further. At present, no causal relationship
between these pathogens and CNS has been established.

As the kidney is the major organ of the excretory
system, it is reasonable that many pathogens can be
detected in the renal tubular lumen, tubular epithelial
cell body, and especially in the glomerular capillary
loops. The neonatal and early infant period is such a
critical time when many pathogens may enter into the
physical body of a host. Some of these pathogens may
cause the given disease in the host body but some may
not, because some pathogens enter and exit via the
kidney and other excretory organs. For that reason, the
diagnosis of a pathogen-related glomerulopathy may
not be established even if the patients presented with
signs of glomerulopathy and evidence of the deposited
pathogen is simultaneously detected in the kidney.
Therefore, response to treatment would be the important
criterion for confirming the diagnosis of a pathogen-
related glomerulopathy.

Frishberg et al'"”! provided a good example in 2003.
They described presumed CMV-associated CNS in a
girl based on the histological findings on renal biopsy
with a single inclusion body in the distal tubule. The
nephrotic syndrome was not improved after treatment
with intravenous ganciclovir, and her renal function
deteriorated, reaching end-stage renal disease at the
age of 21 months. She was finally identified to have
a homozygous R138X mutation in the NPHS2 gene.

The conclusion from this report reinforces the idea that
one should be cautious when making the diagnosis
of infection-related CNS, especially when pathogen-
specific treatment is not effective in the patient.

Other forms of non-genetic CNS
In addition to infections, non-genetic CNS has been
associated with maternal systemic lupus erythematosus,
mercury poisoning,”” renal vein thrombosis,”**” and
more recently with neonatal alloimmunization against
neutral endopeptidase present on podocytes.”™

Debiec et al” reported that anti-neutral endopeptidase
(NEP) antibodies produced by a pregnant woman were
transferred to her fetus, in which a severe form of
membranous glomerulonephritis developed prenatally.
The mother had a deficiency of NEP. Further, they
identified that, during pregnancy, the absence of the
NEP protein induces an alloimmunization process
against NEP presented by fetal cells.”” The fetal
podocyte insult and ensuing nephron loss could
lead to chronic renal failure in early adulthood.
Alloimmunization against NEP should be considered
as a leading cause of membranous glomerulopathy
early in life. This new disease might also account
for idiopathic chronic renal failure detected during
adolescence in individuals who can be identified by
searching for anti-NEP antibodies in their mother and
by metallomembrane endopeptidase gene mutation
analysis.

Genetic forms of CNS

Since 1998, more and more genetic defects have emerged

Table 1. The principle genes involved in congenital nephrotic syndrome and in associated syndromes

Genes Locus Protein Phenotype
AD
WT1 11P13 Wilms tumor 1 IDMS, DDS, Frasier syndrome, WAGR syndrome, ISRNS
LMXIB 17q11 Lim homeobox transcription factor 1-4 Nail-patella syndrome
INF2 14q32.33 Inverted formin-2 FSGS
CD2A4P 6pl2 CD2-associated protein FSGS (adult)
AR
NPHS1 19q13.1 Nephrin CNF
NPHS?2 1q25-31 Podocin Idopathic CNS, SRNS
LAMB?2 3p21 Laminin 42 chain Pierson's syndrome
PLCEI 10923 Phospholipse C epsilon 1 SRNS, DMS
PDSS2 6q21 Decaprenyl disphosphate synthase, subunit 2 NS with Leigh syndrome
ITGA3 17q21.33 Integrin a3 NS with intestitial lung disease
ARHGDIA 17q925.3 Rho GDP dissociation in inhibitor 2 Idiopathic CNS
SCARB2 4g21.1 Scuvenger receptor class B, number 2 Action myoclonus-renal failure syndrome
Unknown Galloway-Mowat syndrome

AD: autosomal dominant; AR: autosomal recessive; IDMS: idiopathic diffuse mesangial sclerosis; DDS: Denys-Drash syndrome; WAGR: Wilm's
tumor, aniridia, genitourinary abnormalities and mental retardation; FSGS: focal segmental glomerulosclerosis; CNS: congenital nephrotic
syndrome; CNF: CNS of the Finnish type; SRNS: steroid-resistant nephrotic syndrome; DMS: Denys-Drash syndrome.
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for the pathogenesis of CNS,”" and these genetic defects
account for the great majority of CNS.”*****) According
to the inheritance model, they may be divided as
autosomal recessive (AR) or autosomal dominant (AD)
model (Table 1).

NPHS1

CNS of the Finnish type (CNF; MIM No. 256300) is the
most common cause of CNS and is named because of its
high incidence in Finland of 1:8200 live births.”® And
it is the a recessively inherited disorder firstly described
in highly inbred Finnish communities.”* By positional
cloning,”"" CNF was shown to be caused by mutations
in NPHS1. CNF is characterized by massive proteinuria
at birth, a large placenta, marked edema, premature birth
and mutations in NPHS! present with NS in the first
week of life.”” Irregular microcystic dilatation of the
proximal tubules is the most typical feature in histology.
Mutations in the NPHSI gene encoding nephrin,”'’ one
of the most important molecules in maintaining the
structural and functional integrity of the slit diaphragm
and glomerular filtration barrier, are the most common
cause for CNS worldwide.

The Finmajor mutation (nt121delCT, L41fsX91)
and Finminor mutation (c.3325 C>T, R1109X) in the
NPHS1 gene were the first mutations to be discovered
and the most prevalent mutations of CNF in the Finnish
population (98% of cases).”"! However, these mutations
are also found in other ethnic groups.” Screening for
NPHSI mutations in patients of non-Finnish origin has
shown that the frequency of NPHS! mutations is lower
than that in Finnish patients, accounting for 39%-50%
of non-Finnish cases with CNS.”” On the other hand,
rare cases with a manifestation beyond the age of 90
days have also been published, indicating that different
mutations in NPHS1 might cause a spectrum of clinical
severity.” ! To date, 173 different mutations in NPHS!/
have been described (http://www.biobase-international.
com). The present data demonstrate that the spectrum
of NPHSI mutations is still expanding, involving new
exons, in patients from diverse ethnic backgrounds all
over the world.

The course of the disease is progressive, leading
to end-stage renal disease by 2-3 years of age. Kidney
survival is worse in patients with NPHSI mutations
compared with NPHS2 gene mutations.””! Maori
children with congenital nephrotic syndrome in New
Zealand exhibit a moderate clinical course compared
with Caucasian children. Maori patients with a defined
nephrin mutation had significantly longer patient and
renal survival than Caucasians."*” This result implied
that the prognosis of CNF varied within different
ethnic backgrounds. One recent study*"’ found that the
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female patients with NPHSI mutations survived longer
than their male counterparts, but that gender did not
affect age at diagnosis, and an earlier study'” reported
that female CNS patients with NPHSI mutations had
slightly longer renal survival than males. Meanwhile,
NPHSI mutations can cause childhood-onset steroid-
resistant nephrotic syndrome.”

NPHS2

Podocin is a member of the stomatin family and
localizes to lipid rafts. Its mutation induces injury
in part via its effects on nephrin and the actin
cytoskeleton."”! More than 100 pathogenic NPHS?2
mutations have been reported that involve nonsense and
frameshift mutations in exons. Though, mutations
in NPHS?2 are typically responsible for childhood-
onset steroid-resistant nephrotic syndrome,”” even in
young adult patients, complete loss of function may
significantly alter glomerular development and cause
CNS."#** Hinkes et al'*” investigated the genotype—
phenotype correlation between podocin mutations and
age of onset, and concluded that the onset of nephrotic
syndrome in patients with truncating or homozygous
R138Q mutations is significantly earlier than for any
other podocin mutations. Consistent with the major role
of nephrin at the slit diaphragm, NPHSI mutations are
associated with an earlier onset of disease and worse
renal outcomes than NPHS2 mutations.”” Sako et al™*”
reported in 13 unrelated Japanese patients with CNS: 4
patients carried an NPHSI mutation, 2 carried an NPHS?2
mutation, and neither WT1 or ACTN4 mutations were
found in the other patients. Maruyama et al'*” sequenced
11 Japanese children with steroid resistant FSGS, and no
causative mutations were detected.

WTI1

The Wilms' tumor suppressor gene (WT1), identified
in 1990, encodes a transcription factor that regulates
the expression of many genes through DNA binding.
It plays a critical role during kidney and genital
development and, when mutated, in the occurrence of
kidney tumors and glomerular diseases.

Mutation of WTI could potentially result in the
following: WAGR syndrome,"**’ Denys-Drash syndrome
(DDS),™ the syndrome characterized by the association
of early onset nephrotic syndrome progressing
rapidly to end-stage renal disease (ESRD), male
pseudohermaphroditism and Wilms' tumor, isolated
diffuse mesangial sclerosis (IDMS),”” the syndrome
characterized by the glomerulopathy similar to the DDS
nephropathy but without the other elements of the triad;
and Frasier syndrome, characterized by its association
with male pseudohermaphroditism, gonadoblastoma
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and progressive glomerulopathy. Furthermore, WT'/
mutations may be responsible for the occurrence of a
glomerulopathy, with isolated steroid resistant nephrotic
syndrome (ISRNS) by focal segmental glomerular
sclerosis (FSGS), in genetically female patients.”"
Among these complex associations between WT1
mutation and clinical glomerulopathy, early onset of
proteinuria and congenital nephrotic syndrome may
be present in patients with IDMS, ISRNS and DDS.
For that reason, in CNS patients with or without
genitourinary malformations, it is necessary to screen
for WT'l gene mutation.

LAMB?

Laminins are a large family of conserved, multidomain
trimeric basement membrane proteins that contribute
to the structure of extracellular matrix and influence
the behavior of associated cells.”” In vitro protein and
cell culture studies, gene manipulation in animals,
and laminin gene mutations in human diseases have
provided insight into the specific functions of some
laminins. According to literature, Laminin-$2 chain is
essential for postnatal GBM function.”*" Mutations in
human LAMB?2 lead to Pierson syndrome, a severe and
often early lethal disorders with central nervous system
and eyes involvements. Pierson syndrome is a rare
autosomal recessive disease characterized by congenital
nephrotic syndrome/diffuse mesangial sclerosis, distinct
ocular abnormalities including microcoria (small
pupils), muscular hypotonia, and impairments of vision
and neurodevelopment.”" Children affected by Pierson
syndrome usually die within days or weeks after birth
from renal failure. LAMB2-null mice appear to have
normal glomeruli and GBMs, but neonatally severe
proteinuria develops which causes early lethality.””
Missense mutations of LAMB?2 present with a spectrum
of symptoms ranging from isolated early-onset NS
to intermediate phenotypes,”® whereas patients with
truncating LAMB2 mutations present with the full
syndromic phenotype of Pierson syndrome with NS,
diffuse mesangial sclerosis, distinct eye anomalies,
and mental retardation.”” Hinkes et al”” reported that
in 46 cases of CNS, mutations were found in NPHSI,
NPHS2, WT1, or LAMB?2 genes in 84.8% (39 of 46) of
all families. The distribution for NPHS1, NPHS2, WTI,
and LAMB2 was: 39.1% (18 of 46), 39.1% (18 of 46),
2.2% (1 of 46), and 4.4% (2 of 46) in Europe.

Zhao et al® reported the first Chinese case of
Pierson syndrome, which presented with childhood-
onset heavy proteinuria, bilateral miosis and nystagmus.
Two novel mutations were identified, C757fsX767 and
P1413fsX1451, which predicted truncated proteins of
laminin-f2. Further, Togawa et al®”’ described the first
Japanese case of Pierson syndrome with congenital
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nephrotic syndrome and bilateral microcoria at birth,
and the patient developed end-stage renal disease at 2
months of age. Direct sequencing for LAMB?2 revealed
the compound heterozygous mutations ¢.3974 3975insA
(p.N1325KfsX1331, maternal, novel) in exon 25 and
c.4519C—T (p.Q1507X, paternal) in exon 27.

Galloway-Mowat syndrome (GMS) is a rare
autosomal recessive disorder characterized by early-
onset nephrotic syndrome and microcephaly with
various anomalies of the central nervous system. GMS
likely represents a heterogeneous group of disorders
with hitherto unknown genetic etiology.”® The clinical
phenotype, to some extent, overlaps with that of Pierson
syndrome.

PLCEI (NPHS3)

Diffuse mesangial sclerosis (DMS) is characterized by
mesangial expansion and sclerosis that evolves towards
obliteration of the capillary lumen and contraction of
the glomerular tuft. This type of renal histology has
been described as part of syndromes such as Denyse
Drash syndrome or Pierson syndrome, caused by
mutations in the WT1 and LAMBZ2 genes, respectively.
More recently, PLCEI mutations have been found as a
novel cause of DMS.” In this study,”” Hinkes referred
to a 2-month-old infant presenting with steroid-resistant
but Cyclosporine A-sensitive nephrotic syndrome, and
proteinuria remained in remission at 13 years during
follow-up. Another patient with 1-year onset of steroid
sensitive nephrotic syndrome was identified to have
a homozygous p.Q1854X mutation. Gilbert et al*”
described a phenotypically completely normal adult that
carried a pathogenic homozygous mutation, while two
of his children presented with congenital or infantile
nephrotic syndrome and were homozygous for a four-
base pair deletion in exon 3 of the PLCE! gene, which
created a premature translational stop codon. Their
results stated that persons with these mutations in PLCE1
may have the phenotype of a completely normal adult,
possibly due to other genes or environmental factors
modifying the effect of PLCE! mutations."” Therefore,
mutation within PLCE] is not always sufficient to
cause diffuse mesangial sclerosis.

PDSS and COQ

Only one case of infant-onset nephrotic syndrome with
pathogenic mutations in PDSS2 confirms the molecular
and clinical heterogeneity of primary CoQ10 deficiency
reported by Lopez et al./”!

ITGA3
The laminin-binding integrin, a3/1, is expressed at high
levels in lung epithelium and in kidney podocytes. In
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podocytes, a3f1 associates with the tetraspanin, CD151,
to maintain a functional filtration barrier. Nicolaou
et al'® reported on a patient homozygous for a novel
missense mutation in the human /7GA3 gene, which
caused fatal interstitial lung disease and congenital
nephrotic syndrome. Further, Shukrun et al'® described
a patient within the initial cohort harboring an /7GA3
mutation resulting in a unique phenotype at birth,
including severe unilateral renal hypodysplasia. Their
studies support the role of integrin a341 in maintaining
the functional integrity of podocytes and the glomerular
filtration barrier.

CD2AP

Very little is known about CD2A4P in human kidney
diseases, as yet, only one heterozygous CD2AP
mutation detected in two adult patients with primary
FSGS has been reported.[“] To date, no case of CNS
reported with a CD24P mutation.'

NEPH1

No published study reported on patients with proteinuria
and only animal models reported and association
between proteinuria and glomerulopathy.

The challenges for genetic CNS

During the past few years, our knowledge of the genetic
and non-genetic basis of CNS has greatly increased,
although there are still some problems to be elucidated
in future.

As mentioned above, genetic forms of CNS are
commonly caused by mutations of NPHSI, NPHS?2,
WTI, LAMB2, or PLCE]. In addition to these genes,
there are some reports on combinations of CNS/early
onset of proteinuria and extra-renal defects, including
CNS-associated mitochondrial cytopathy,'” nail-
patella syndrome'® (LMX1B), congenital disorder of
glycosylation type 1,/ Herlitz junctional epidermolysis
bullosa,”” mutations in coenzyme Q10 biosynthesis
monooxygenase 6 (COQ6) producing CNS with
sensorineural deafness,”"! ITGA3 mutation,'” ITGB4

Table 2. The important published papers on congenital nephrosis syndrome

mutation,”” MYH9/4POLI mutation,"”” SCARB2
mutation,” MafB mutation,'””’ CD151 mutation,”®
PTPRO mutation,"”” SMARCALI mutation,""
ARHGDIA mutation,””*” ARHGAP24 mutation,™"
INF2 mutation,™ and others. The facts that CNS could
be caused by mutations from many renal-specific or
universally expressed genes make genetic screening
more difficult and time-consuming. Table 2 summarizes
the important published papers with columns of
country, number of cases assessed and genetic defects
found.

Pathology is not at all diagnostic for different
forms of CNS. The value of kidney biopsies in
distinguishing different genetic disease etiologies is
limited. As summarized by Liapis,"*” minimal change
diseases (MCD) can be found in CNS patients with
NPHS1, NPHS2 and WTI mutations, diffuse mesangial
sclerosis (DMS) can be found in CNS patients with
WTI, LAMB2 and PLCE1 mutations, FSGS be found in
CNS patients with NPHS2, CD2AP, WTI and PLCE]
mutations, while collapsing glomerulopathy can be
found in CNS patients with COQ2 mutations. For these
reasons, pathological findings may overlap within
different gene mutations in patients with CNS or early-
onset of nephrotic syndrome.

Family history and inheritance mode
Genes causing familial FSGS may also participate in
sporadic versions of FSGS.™ Dominant mutations of
ACTN4 are associated with early-onset proteinuria,
and dominant mutations of WTI are also associated
with Denys-Drash syndrome (DDS), Frasier syndrome,
WAGR syndrome and IDMS, while autosomal-
recessive CNS might be caused by mutations in
NPHS1, NPHS2, LAMB2, PLCEI and COQ2, to name
a few. Thus, the family history and inheritance model is
only occasionally useful for differentiation of patients
with family history.

Extra-renal phenotypes do not always present
within the first 3-months of life due to different
penetration rates of disease-causing genes. For example,

Authors Year of publication Countries No. of CNS (A/B/C)"  Genetic defects

Cil O 2015 Turkey, Iran, etc 80/80/58 NPHSI1, NPHS2, WT1, LAMB?2

Trautmann AP 2015 Europe, the Middle East, 08/83/55 NPHSI, WT1, NPHS2, PLCEI, SMARCALI,
and Latin America LAMB2, COQ6, etc

Kari JA® 2014 UK 31/9/7 NPHSI1, PLCEI

Santin S* 2011 Spain 15/15/15 NPHSI1, NPHS2, WTI

Machuca EP? 2010 Europe, Africa, etc 117/117/93 NPHS1, NPHS2, WT1, LAMB2

Hinkes BGP” 2007 European Cohort 54/46/39 NPHS1, NPHS2, WT1, LAMB2

Sako M¥ 2005 Japan 13/13/6 NPHS1, NPHS2

*: A is the number of reported patients with congenital nephrotic syndrome, B is the number of patients screened, and C is the number of patients

with causative mutations.
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WTI mutation causes congenital nephrotic syndrome
with IDMS, ISRNS and DDS, which means that some
CNS patients carrying W71 mutations may present with
male pseudohermaphroditism and Wilms' tumor, while
some present with isolated DMS or SRNS only. Another
sample comes from the LAMB2 gene mutation. Patients
with mutations of LAMB?2 present with a spectrum of
symptoms ranging from isolated early-onset NS to the
full syndromic phenotype of Pierson syndrome with
CNS, diffuse mesangial sclerosis, distinct eye anomalies,
and mental retardation.” Therefore, different penetrating
rates of genes alter the phenotype of affected patients,
including the onset of disease.

Furthermore, the phenotype of monogenic CNS
may be modified by the other underlying genes with
compensatory functions. The presence of an additional
heterozygous polymorphism in WTI in a patient with
NPHS1 mutation was associated with earlier-onset
disease, supporting modification of phenotype through
genetic epistasis.*® Lowik™” et al described a tri-allelic
hit that was found in a patient carrying compound
heterozygous NPHS2 mutations and a heterozygous
NPHSI mutation. We also reported on 5 children
carrying both NPHSI and NPHS2 mutations."”

Next-generation sequencing for molecular diagnosis

The traditional genetic test is based on the understanding
that mutations in single gene defects have invariably
been in the coding regions of the gene of interest,
interpretation of negative results is more problematic,
since the patient may have either a mutation in non-
coding regions of candidate genes or mutations in
novel genes. The rapid technological advances in "next
generation sequencing (NGS)" will likely decrease the
need for this candidate gene approach and may replace
it as the test of choice in the near future. Through
NGS, scientists are able to sequence hundreds of
thousands of genes and, in some cases, entire genomes
simultaneously to generate extensive data in a timely
and cost-effective manner, compared with Sanger
sequencing.™ McCarthy et al*® successfully conducted
the next generation sequencing to screen 446 genes,
including the 24 genes known to be associated with
hereditary steroid-resistant nephrotic syndrome. Their
study showed that NGS of pediatric steroid-resistant
nephrotic syndrome patients is accurate and revealing.
This analysis should be considered part of the routine
genetic workup of diseases such as CNS or childhood-
onset steroid-resistant nephrotic syndrome, where
the chance of genetic mutation is high but requires
sequencing of multiple genes. The figure shows a
variant analysis pathway in patients with congenital
nephrotic syndrome.

World J Pediatr, Vol 12 No 2 - May 15, 2016 - www.wjpch.com

[ Congenital onset of nephrotic syndrome |

| Congenital infections: congenital syphil

ectiol ) is, toxoplasmosis,
cytomegalovirus infection, rubella, HIV, and

BV, etc

Specific treatment

Follow-up

Associated with maternal systemic
upus erythematosus negnatal
alloimmunization anti-NEP, etc

No effect

Specific therapy

Genetic CNS

Follow-up
[ [ 1
Systemic Family history & Renal biopsy &
phenotypes inheritance model pathology
[ NPHSI |
I I
[ Yes | [ No ]

A
[Genetic diagnosis| [ AR | [AD/sporadic case ]

WTI

|—|NPHSI [«<— No ][ Yes |
|

A
[Genetic diagnosis| [ Next generation sequencing |

Fig. Flow diagram shows the variant analysis pathway in patients with
congenital nephrotic syndrome. HIV: human immunodeficiency virus;
HBYV: hepatitis B virus; NEP: neutral endopeptidase; CNS: congenital
nephrotic syndrome; AD: autosomal dominant; AR: autosomal
recessive.

Processing the large amount of data generated from
NGS can be costly and complicated, and data storage and
security may raise logistical and ethical concerns.”® Most
importantly, it is still troublesome to identify whether a
novel variant is phenotype-causing or not. Gilbert et
al®” described three children from one consanguineous
kindred of Pakistani origin with diffuse mesangial
sclerosis who presented with congenital or infantile
nephrotic syndrome. All affected children were
homozygous for a 4-base-pair deletion in exon 3 of the
PLCE] gene, which created a premature translational
stop codon. Analysis of the asymptomatic father of two
of the children revealed that he was also homozygous
for the same mutation. They concluded that this non-
penetrance may be due to compensatory mutations at
a second locus and that mutation within PLCE] is not
always sufficient to cause diffuse mesangial sclerosis.
Taken together, these reports suggest that identifying a
variant as disease-causing is sometimes very difficult
for clinicians.
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Conclusions

Congenital nephrotic syndrome, defined as the nephrotic
syndrome presenting in the first 0-3 months of life, may
be caused by congenital syphilis, toxoplasmosis, viral
infection, or more importantly, by genetic defects in
structural proteins that form the glomerular filtration
barrier. Since 1998, an increasing number of genetic
defects have emerged in the pathogenesis of CNS,
including NPHS1, NPHS2, WT1, LAMB2 or PLCEI. To
make a definitive diagnosis, next-generation sequencing
would be a more effective method than renal pathology,
family history and inheritance mode, and extra-renal
phenotypes in patients with genetic CNS. However,
there are challenges with next-generation sequencing
that need to be resolved in the future.

Funding: This project was supported by National Natural
Science Foundation of China (Grant Nos. 81270792, 81470939 and
81170664), Zhejiang Provincial Natural Science Foundation of
China (LH14H050002), Research Fund for the Doctoral Program
of Higher Education of China (20120101110018), and Zhejiang
Provincial Healthy Science Foundation of China (2012KYA119,
2014KYA123).

Ethical approval: Not needed.

Competing interest: None.

Contributors: Wang JJ and Mao JH contributed equally to the design
and interpretation of the study and further draft. Wang JJ wrote the
first version of the article under the supervision of Mao JH.

References

1 Wong W. Idiopathic nephrotic syndrome in New Zealand
children, demographic, clinical features, initial management and
outcome after twelve-month follow-up: results of a three-year
national surveillance study. J Paediatr Child Health 2007;43:337-
341.

2 Jalanko H. Congenital nephrotic syndrome. Pediatr Nephrol
2009;24:2121-2128.

3 Besbas N, Bayrakci US, Kale G, Cengiz AB, Akcoren Z, Akinci
D, et al. Cytomegalovirus-related congenital nephrotic syndrome
with diffuse mesangial sclerosis. Pediatr Nephrol 2006;21:740-
742.

4 Niemsiri S. Congenital syphilitic nephrosis. Southeast Asian J
Trop Med Public Health 1993;24:595-600.

5 Vachvanichsanong P, Mitarnun W, Tungsinmunkong K,
Dissaneewate P. Congenital and infantile nephrotic syndrome in
Thai infants. Clin Pediatr (Phila) 2005;44:169-174.

6 Suskind R, Winkelstein JA, Spear GA. Nephrotic syndrome in
congenital syphilis. Arch Dis Child 1973;48:237-239.

7 Lago EG, Garcia PC. Congenital syphilis: an emerging
emergency also in Brazil. J Pediatr (Rio J) 2000;76:461-465.

8 Haskell L, Fusco MJ, Ares L, Sublay B. Disseminated
toxoplasmosis presenting as symptomatic orchitis and nephrotic
syndrome. Am J Med Sci 1989;298:185-190.

9 Shahin B, Papadopoulou ZL, Jenis EH. Congenital nephrotic
syndrome associated with congenital toxoplasmosis. J Pediatr
1974;85:366-370.

156

10 Roussel B, Pinon JM, Birembaut P, Rullier J, Pennaforte F.
Congenital nephrotic syndrome associated with congenital
toxoplasmosis. Arch Fr Pediatr 1987;44:795-797.

11 Fan SY, Zhang BL, Wang WH. One case of congenital nephrotic
syndrome secondary to congenital toxoplasmosis. Chin J
Nephrol 2005;21:644.

12 Beale MG, Strayer DS, Kissane JM, Robson AM. Congenital
glomerulosclerosis and nephrotic syndrome in two infants.
Speculations and pathogenesis. Am J Dis Child 1979;133:842-
845.

13 Frishberg Y, Rinat C, Feinstein S, Becker-Cohen R, Megged O,
Schlesinger Y. Mutated podocin manifesting as CM V-associated
congenital nephrotic syndrome. Pediatr Nephrol 2003;18:273-
275.

14 Giacomet V, Erba P, Di Nello F, Coletto S, Vigano A, Zuccotti G.
Proteinuria in paediatric patients with human immunodeficiency
virus infection. World J Clin Cases 2013;1:13-18.

15 Attolou V, Bigot A, Ayivi B, Gninafon M. Renal complications
associated with human acquired immunodeficiency virus
infection in a population of hospital patients at the Hospital and
University National Center in Cotonou. Sante 1998;8:283-286.

16 Ramsuran D, Bhimma R, Ramdial PK, Naicker E, Adhikari M,
Deonarain J, et al. The spectrum of HIV-related nephropathy in
children. Pediatr Nephrol 2012;27:821-827.

17 Bhimma R, Purswani MU, Kala U. Kidney disease in children
and adolescents with perinatal HIV-1 infection. J Int AIDS Soc
2013;16:18596.

18 Khedmat H, Taheri S. Hepatitis B virus-associated nephropathy:
an International Data Analysis. Iran J Kidney Dis 2010;4:101-
105.

19 Appel G. Viral infections and the kidney: HIV, hepatitis B, and
hepatitis C. Cleve Clin J Med 2007;74:353-360.

20 Menser MA, Robertson SE, Dorman DC, Gillespie AM, Murphy
AM. Renal lesions in congenital rubella. Pediatrics 1967;40:901-
904.

21 Esterly JR, Oppenheimer EH. Pathological lesions due to
congenital rubella. Arch Pathol 1969;87:380-388.

22 Rao TK, Friedman EA, Nicastri AD. The types of renal disease
in the acquired immunodeficiency syndrome. N Engl J] Med
1987;316:1062-1068.

23 Evans DG, Lyon AJ. Fatal congenital cytomegalovirus
infection acquired by an intra-uterine transfusion. Eur J Pediatr
1991;150:780-781.

24 Batisky DL, Roy S 3rd, Gaber LW. Congenital nephrosis and
neonatal cytomegalovirus infection: a clinical association.
Pediatr Nephrol 1993;7:741-743.

25 Miller S, Pallan S, Gangji AS, Lukic D, Clase CM. Mercury-
associated nephrotic syndrome: a case report and systematic
review of the literature. Am J Kidney Dis 2013;62:135-138.

26 Alexander F, Campbell WA. Congenital nephrotic syndrome and
renal vein thrombosis in infancy. J Clin Pathol 1971;24:27-40.

27 Kaplan BS, Chesney RW, Drummond KN. The nephrotic
syndrome and renal vein thrombosis. Am J Dis Child
1978;132:367-370.

28 Lenkkeri U, Mannikko M, McCready P, Lamerdin J, Gribouval
O, Niaudet PM, et al. Structure of the gene for congenital
nephrotic syndrome of the finnish type (NPHS1) and
characterization of mutations. Am J Hum Genet 1999;64:51-61.

29 Debiec H, Guigonis V, Mougenot B, Decobert F, Haymann JP,
Bensman A, et al. Antenatal membranous glomerulonephritis
due to anti-neutral endopeptidase antibodies. N Engl J Med

World J Pediatr, Vol 12 No 2 - May 15, 2016 - www.wjpch.com



Congenital nephrotic syndrome

2002;346:2053-2060.

30 Debiec H, Nauta J, Coulet F, van der Burg M, Guigonis V,
Schurmans T, et al. Role of truncating mutations in MME gene in
fetomaternal alloimmunisation and antenatal glomerulopathies.
Lancet 2004;364:1252-1259.

31 Kestila M, Lenkkeri U, Mannikko 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.

32 Gbadegesin RA, Winn MP, Smoyer WE. Genetic testing in
nephrotic syndrome--challenges and opportunities. Nat Rev
Nephrol 2013;9:179-184.

33 Machuca E, Benoit G, Nevo F, Tete MJ, Gribouval O,
Pawtowski A, et al. Genotype-phenotype correlations in non-
Finnish congenital nephrotic syndrome. J] Am Soc Nephrol
2010;21:1209-1217.

34 Trautmann A, Bodria M, Ozaltin F, Gheisari A, Melk A, Azocar
M, et al. Spectrum of Steroid-Resistant and Congenital Nephrotic
Syndrome in Children: The PodoNet Registry Cohort. Clin J Am
Soc Nephrol 2015;10:592-600.

35 Cil O, Besbas N, Duzova A, Topaloglu R, Peco-Antic A,
Korkmaz E, et al. Genetic abnormalities and prognosis in
patients with congenital and infantile nephrotic syndrome.
Pediatr Nephrol 2015;30:1279-1287.

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

37 Hinkes BG, Mucha B, Vlangos CN, Gbadegesin R, Liu J,
Hasselbacher K, et al. Nephrotic syndrome in the first year of life:
two thirds of cases are caused by mutations in 4 genes (NPHSI,
NPHS2, WT1, and LAMB2). Pediatrics 2007;119:¢907-¢919.

38 Philippe A, Nevo F, Esquivel EL, Reklaityte D, Gribouval
O, Tete MJ, et al. Nephrin mutations can cause childhood-
onset steroid-resistant nephrotic syndrome. J] Am Soc Nephrol
2008;19:1871-1878.

39 Mao JH, Zhang Y, Du LZ, Dai YW, Gu WZ, Liu AM, et al.
NPHS1 and NPHS2 gene mutations in Chinese children with
sporadic nephrotic syndrome. Pediatr Res 2007;61:117-122.

40 Wong W, Morris MC, Kara T. Congenital nephrotic syndrome
with prolonged renal survival without renal replacement therapy.
Pediatr Nephrol 2013;28:2313-2321.

41 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.

42 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.

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

44 Lipska BS, Balasz-Chmielewska I, Morzuch L, Wasielewski
K, Vetter D, Borzecka H, et al. Mutational analysis in podocin-
associated hereditary nephrotic syndrome in Polish patients:
founder effect in the Kashubian population. J Appl Genet
2013;54:327-333.

45 Hinkes B, Vlangos C, Heeringa S, Mucha B, Gbadegesin R,
Liu J, et al. Specific podocin mutations correlate with age of
onset in steroid-resistant nephrotic syndrome. J Am Soc Nephrol
2008;19:365-371.

46 Sako M, Nakanishi K, Obana M, Yata N, Hoshii S, Takahashi
S, et al. Analysis of NPHS1, NPHS2, ACTN4, and WT1 in

World J Pediatr, Vol 12 No 2 - May 15, 2016 - www.wjpch.com

Japanese patients with congenital nephrotic syndrome. Kidney
Int 2005;67:1248-1255.

47 Maruyama K, lijima K, TIkeda 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.

48 Call KM, Glaser T, Ito CY, Buckler AJ, Pelletier J, Haber DA,
et al. Isolation and characterization of a zinc finger polypeptide
gene at the human chromosome 11 Wilms' tumor locus. Cell
1990;60:509-520.

49 Fujita S, Sugimoto K, Miyazawa T, Yanagida H, Tabata N,
Okada M, et al. A female infant with Frasier syndrome showing
splice site mutation in Wilms' tumor gene (WT1) intron 9. Clin
Nephrol 2010;73:487-491.

50 Habib R, Gubler MC, Antignac C, Gagnadoux MF. Diffuse
mesangial sclerosis: a congenital glomerulopathy with nephrotic
syndrome. Adv Nephrol Necker Hosp 1993;22:43-57.

51 Denamur E, Bocquet N, Mougenot B, Da Silva F, Martinat L,
Loirat C, et al. Mother-to-child transmitted WT1 splice-site
mutation is responsible for distinct glomerular diseases. J] Am
Soc Nephrol 1999;10:2219-2223.

52 Domogatskaya A, Rodin S, Tryggvason K. Functional diversity
of laminins. Annu Rev Cell Dev Biol 2012;28:523-553.

53 Zhao D, Ding J, Wang F, Fan Q, Guan N, Wang S, et al. The first
Chinese Pierson syndrome with novel mutations in LAMB?2.
Nephrol Dial Transplant 2010;25:776-778.

54 Chen YM, Kikkawa Y, Miner JH. A missense LAMB2 mutation
causes congenital nephrotic syndrome by impairing laminin
secretion. J Am Soc Nephrol 2011;22:849-858.

55 Zenker M, Aigner T, Wendler O, Tralau T, Muntefering H,
Fenski R, et al. Human laminin beta2 deficiency causes
congenital nephrosis with mesangial sclerosis and distinct eye
abnormalities. Hum Mol Genet 2004;13:2625-2632.

56 Hasselbacher K, Wiggins RC, Matejas V, Hinkes BG, Mucha
B, Hoskins BE, et al. Recessive missense mutations in LAMB2
expand the clinical spectrum of LAMB2-associated disorders.
Kidney Int 2006;70:1008-1012.

57 Togawa H, Nakanishi K, Mukaiyama H, Hama T, Shima Y,
Nakano M, et al. First Japanese case of Pierson syndrome with
mutations in LAMB2. Pediatr Int 2013;55:229-231.

58 Dietrich A, Matejas V, Bitzan M, Hashmi S, Kiraly-Borri C, Lin
SP, et al. Analysis of genes encoding laminin beta2 and related
proteins in patients with Galloway-Mowat syndrome. Pediatr
Nephrol 2008;23:1779-1786.

59 Hinkes B, Wiggins RC, Gbadegesin R, Vlangos CN, Seelow
D, Nurnberg G, et al. Positional cloning uncovers mutations in
PLCEI responsible for a nephrotic syndrome variant that may be
reversible. Nat Genet 2006;38:1397-1405.

60 Gilbert RD, Turner CL, Gibson J, Bass PS, Haq MR, Cross E, et
al. Mutations in phospholipase C epsilon 1 are not sufficient to
cause diffuse mesangial sclerosis. Kidney Int 2009;75:415-419.

61 Boyer O, Benoit G, Gribouval O, Nevo F, Pawtowski A, Bilge I,
et al. Mutational analysis of the PLCE1 gene in steroid resistant
nephrotic syndrome. J Med Genet 2010;47:445-452.

62 Lopez LC, Schuelke M, Quinzii CM, Kanki T, Rodenburg RJ,
Naini A, et al. Leigh syndrome with nephropathy and CoQ10
deficiency due to decaprenyl diphosphate synthase subunit 2
(PDSS2) mutations. Am J Hum Genet 2006;79:1125-1129.

63 Nicolaou N, Margadant C, Kevelam SH, Lilien MR, Oosterveld
MJ, Kreft M, et al. Gain of glycosylation in integrin alpha3
causes lung disease and nephrotic syndrome. J Clin Invest
2012;122:4375-4387.

157



World Journal of Pediatrics

64 Shukrun R, Vivante A, Pleniceanu O, Vax E, Anikster Y, Dekel
B, et al. A human integrin-alpha3 mutation confers major renal
developmental defects. PLoS One 2014;9:¢90879.

65 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.

66 Lowik MM, Groenen PJ, Pronk I, Lilien MR, Goldschmeding
R, Dijkman HB, et al. Focal segmental glomerulosclerosis
in a patient homozygous for a CD2AP mutation. Kidney Int
2007;72:1198-1203.

67 Goldenberg A, Ngoc LH, Thouret MC, Cormier-Daire V,
Gagnadoux MF, Chretien D, et al. Respiratory chain deficiency
presenting as congenital nephrotic syndrome. Pediatr Nephrol
2005;20:465-469.

68 Bongers EM, Gubler MC, Knoers NV. Nail-patella syndrome.
Overview on clinical and molecular findings. Pediatr Nephrol
2002;17:703-712.

69 van der Knaap MS, Wevers RA, Monnens L, Jakobs C, Jacken J,
van Wijk JA. Congenital nephrotic syndrome: a novel phenotype
of type I carbohydrate-deficient glycoprotein syndrome. J Inherit
Metab Dis 1996;19:787-791.

70 Hata D, Miyazaki M, Seto S, Kadota E, Muso E, Takasu K, et al.
Nephrotic syndrome and aberrant expression of laminin isoforms
in glomerular basement membranes for an infant with Herlitz
junctional epidermolysis bullosa. Pediatrics 2005;116:¢601-607.

71 Heeringa SF, Chernin G, Chaki M, Zhou W, Sloan AJ, Ji Z, et al.
COQ6 mutations in human patients produce nephrotic syndrome
with sensorineural deafness. J Clin Invest 2011;121:2013-2024.

72 Kambham N, Tanji N, Seigle RL, Markowitz GS, Pulkkinen
L, Uitto J, et al. Congenital focal segmental glomerulosclerosis
associated with beta4 integrin mutation and epidermolysis
bullosa. Am J Kidney Dis 2000;36:190-196.

73 Voskarides K, Demosthenous P, Papazachariou L, Arsali M,
Athanasiou Y, Zavros M, et al. Epistatic role of the MYH9/
APOLI1 region on familial hematuria genes. PLoS One
2013;8:€57925.

74 Berkovic SF, Dibbens LM, Oshlack A, Silver JD, Katerelos M,
Vears DF, et al. Array-based gene discovery with three unrelated
subjects shows SCARB2/LIMP-2 deficiency causes myoclonus
epilepsy and glomerulosclerosis. Am J Hum Genet 2008;82:673-
684.

75 Moriguchi T, Hamada M, Morito N, Terunuma T, Hasegawa
K, Zhang C, et al. MafB is essential for renal development and
F4/80 expression in macrophages. Mol Cell Biol 2006;26:5715-
5727.

76 Karamatic Crew V, Burton N, Kagan A, Green CA, Levene C,
Flinter F, et al. CD151, 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.

158

77 Ozaltin F, Ibsirlioglu T, Taskiran EZ, Baydar DE, Kaymaz F,
Buyukcelik M, et al. Disruption of PTPRO causes childhood-
onset nephrotic syndrome. Am J Hum Genet 2011;89:139-147.

78 Santangelo L, Gigante M, Netti GS, Diella S, Puteo F, Carbone
V, et al. A novel SMARCAL1 mutation associated with a mild
phenotype of Schimke immuno-osseous dysplasia (SIOD). BMC
Nephrol 2014;15:41.

79 Gupta IR, Baldwin C, Auguste D, Ha KC, El Andalousi J,
Fahiminiya S, et al. ARHGDIA: a novel gene implicated in
nephrotic syndrome. J Med Genet 2013;50:330-338.

80 Gee HY, Saisawat P, Ashraf S, Hurd TW, Vega-Warner V, Fang
H, et al. ARHGDIA mutations cause nephrotic syndrome via
defective RHO GTPase signaling. J Clin Invest 2013;123:3243-
3253.

81 Akilesh S, Suleiman H, Yu H, Stander MC, Lavin P, Gbadegesin
R, et al. Arhgap24 inactivates Racl in mouse podocytes, and
a mutant form is associated with familial focal segmental
glomerulosclerosis. J Clin Invest 2011;121:4127-4137.

82 Lee HK, Han KH, Jung YH, Kang HG, Moon KC, Ha IS, et al.
Variable renal phenotype in a family with an INF2 mutation.
Pediatr Nephrol 2011;26:73-76.

83 Kari JA, Montini G, Bockenhauer D, Brennan E, Rees L,
Trompeter RS, et al. Clinico-pathological correlations of
congenital and infantile nephrotic syndrome over twenty years.
Pediatr Nephrol 2014;29:2173-2180.

84 Santin S, Bullich G, Tazon-Vega B, Garcia-Maset R, Gimenez
I, Silva I, et al. Clinical utility of genetic testing in children and
adults with steroid-resistant nephrotic syndrome. Clin J Am Soc
Nephrol 2011;6:1139-1148.

85 Liapis H. Molecular pathology of nephrotic syndrome in
childhood: a contemporary approach to diagnosis. Pediatr Dev
Pathol 2008;11:154-163.

86 McCarthy HJ, Bierzynska A, Wherlock M, Ognjanovic M,
Kerecuk L, Hegde S, et al. Simultaneous sequencing of 24 genes
associated with steroid-resistant nephrotic syndrome. Clin J] Am
Soc Nephrol 2013;8:637-648.

87 Lowik M, Levtchenko E, Westra D, Groenen P, Steenbergen E,
Weening J, et al. Bigenic heterozygosity and the development
of steroid-resistant focal segmental glomerulosclerosis. Nephrol
Dial Transplant 2008;23:3146-3151.

88 Lovric S, Fang H, Vega-Warner V, Sadowski CE, Gee HY,
Halbritter J, et al. Rapid detection of monogenic causes of
childhood-onset steroid-resistant nephrotic syndrome. Clin J Am
Soc Nephrol 2014;9:1109-1116.

89 Tilley L, Grimsley S. Is Next Generation Sequencing the future
of blood group testing? Transfus Apher Sci 2014;50:183-188.

Received December 22, 2014
Accepted after revision May 11, 2015

World J Pediatr, Vol 12 No 2 - May 15, 2016 - www.wjpch.com



