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Introduction

Nephrotic syndrome (NS) is one of the most common pediat-
ric kidney diseases seen in pediatric nephrology clinics,
affecting approximately 16 per 100,000 children.1 It is the
most prevalent diagnosis in children receiving maintenance
dialysis in the North American Pediatric Renal Trials and
Collaborative Studies registry.2 NS is defined as a constella-
tion of clinical signs and symptoms including massive pro-
teinuria (>40 mg/m2/h or urine protein to creatinine ratio of
>2 g/g) hypoalbuminemia (<2.5 g/dL), and edema. Life-
threatening complications including infection and thrombo-
sis can be observed in affected children owing to specific
protein losses in the urine.3 NS can also be categorized by age

of presentation with congenital nephrotic syndrome (CNS)
presenting in thefirst 3months of life, infantile NS presenting
between the age of 4 and 12 months, and childhood NS in
children older than 1 year.4

Most children older than 1 year with NS (�80%) have
steroid-sensitive nephrotic syndrome (SSNS) and go into
remission after treatment with corticosteroids demonstrat-
ing complete resolution of their symptoms.5 Unfortunately,
approximately 20% of children older than 1 year and a
majority of children younger than 1 year presenting with
NS will have steroid-resistant nephrotic syndrome (SRNS).
While some children with SRNS will go into remission
with alternate immunosuppressive therapy, others remain
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Abstract Nephrotic syndrome (NS) is a common pediatric kidney disease and is defined as
massive proteinuria, hypoalbuminemia, and edema. Dysfunction of the glomerular
filtration barrier, which is made up of endothelial cells, glomerular basement mem-
brane, and visceral epithelial cells known as podocytes, is evident in children with NS.
While most children have steroid-responsive nephrotic syndrome (SSNS), approximately
20% have steroid-resistant nephrotic syndrome (SRNS) and are at risk for progressive
kidney dysfunction. While the cause of SSNS is still not well understood, there has been
an explosion of research into the genetic causes of SRNS in the past 15 years. More than
30 proteins regulating the function of the glomerular filtration barrier have been
associated with SRNS including podocyte slit diaphragm proteins, podocyte actin
cytoskeletal proteins, mitochondrial proteins, adhesion and glomerular basement
membrane proteins, transcription factors, and others. A genetic cause of SRNS can
be found in approximately 70% of infants presenting in the first 3 months of life and 50%
of infants presenting between 4 and 12 months, with much lower likelihood for older
patients. Identification of the underlying genetic etiology of SRNS is important in
children because it allows for counseling of other family members who may be at risk,
predicts risk of recurrent disease after kidney transplant, and predicts response to
immunosuppressive therapy. Correlations between genetic mutation and clinical
phenotype as well as genetic risk factors for SSNS and SRNS are reviewed in this article.

received
December 5, 2014
accepted after revision
January 21, 2015

Issue Theme Genetic Advances in
Childhood Nephrological Disorders;
Guest Editor: Patrick D. Brophy, MD,
MHCDS

Copyright © by Georg Thieme Verlag KG,
Stuttgart · New York

DOI http://dx.doi.org/
10.1055/s-0035-1557109.
ISSN 2146-4596.

Review Article

mailto:rheau002@umn.edu
http://dx.doi.org/10.1055/s-0035-1557109
http://dx.doi.org/10.1055/s-0035-1557109


nephrotic and have a high risk of progressive loss of kidney
function to the point of needing kidney dialysis or transplan-
tation.6 Landmark genetic studies over the past 15 years have
identified more than 30monogenic causes of SRNS, mostly in
genes that regulate the function of the glomerular filtration
barrier (GFB) (►Table 1). Identification of the underlying
genetic etiology of SRNS is important in children because it
allows for counseling of other family members who may be
affected, predicts risk of recurrent disease after kidney trans-
plant, predicts response to immunosuppressive therapy and
may also present unique opportunity for secondary preven-
tion of progression to end-stage kidney disease by putting in
place measures that can slow down progression of kidney
disease such as control of hypertension and reduction of
asymptomatic proteinuria.7

Glomerular Filtration Barrier

The kidney GFB is composed of three layers that functionally
prevent passage of plasma proteins into the urine: endothe-
lium, glomerular basement membrane (GBM), and visceral
epithelial cells also known as podocytes. Podocytes are
highly differentiated cells that have a complex cellular struc-
ture made up of a cell body, major processes, and foot
processes.8 Adjacent foot processes are connected by a slit
diaphragm, which is a vital component of the kidney filtra-
tion barrier (►Fig. 1). Abnormalities in podocyte foot process
structure are observed on renal pathology examination in
children with NS. Minimal change disease (MCD) is the most
common histopathologic finding in children with SSNS,
although this can be observed in children with SRNS as
well.5Kidney biopsies frompatientswithMCDhave a normal
appearance by light microscopy.9 By electron microscopy
(EM), broadening and retraction of podocyte foot processes
“effacement” is evident. Foot process effacement is the
hallmark pathologic finding in NS and is present in most,
but not all, affected patients.10,11 In childrenwith SRNS, focal
segmental glomerulosclerosis (FSGS) is the most common
pathological correlate. In addition to podocyte effacement by
EM, biopsy samples from children with FSGS demonstrate
light microscopic findings of segmental hyalinosis and scle-
rosis within some glomeruli or segmental glomerular col-
lapse.12 Diffuse mesangial sclerosis (DMS) is another
pathologic variant of NS that is characterized by early-onset,
rapid progression and distinct histopathology including
mesangial matrix expansion, hypertrophied podocytes that
surround the glomerular tuft like a crown and thickened
basement membranes.13

In 1998, mutations in nephrin (NPHS1), a protein that
makes up an essential component of the podocyte slit dia-
phragm, were found to be causative for a subset of patients
with CNS.14 This discovery led to an explosion of research into
the structure and function of the podocyte in NS. Causative
mutations have since been found in several vital pathways
including those involved in slit diaphragm structure and
function, podocyte actin cytoskeletal organization, co-en-
zyme Q biosynthesis, lysosomal pathways, and adhesion to
the GBM.

Slit Diaphragm Proteins

Mutations in nephrin (NPHS1), a structural component of the
glomerular slit diaphragm, account for between 40 and 60% of
infants with CNS.14–16 Absence of the slit diaphragm and its
size selective barrier properties leads to massive loss of
proteins into the urine that begins in utero. Associated
perinatal findings can include prematurity, enlarged placen-
ta, and elevated maternal serum α-fetoprotein.17 Affected
infants develop clinical NS in the first 3 months of life with
progression to end-stage kidney disease in the first few years
of life. There is a high incidence of disease in patients with
Finnish ancestry owing to founder mutations in this popula-
tion (nt121delCT or R1109X) that lead to premature stop
codons and absence of detectable protein at the slit dia-
phragm.18 Less severe NPHS1 mutations have been reported
in other populations, including the New Zealand Maori
population founder mutation, which are reported to be
associated with prolonged renal survival, up to 30 years in
some affected individuals.19

Podocin (NPHS2) is a transmembrane protein that is
required for recruitment of nephrin to slit diaphragms.20

Patients with homozygous or compound heterozygous muta-
tions commonly present with isolated SRNS before the age of
6 years with FSGS on renal biopsy. Affected children rapidly
progress to end-stage renal disease (ESRD). Podocin muta-
tions account for 10.6% of infants with CNS and 10 to 40% of
older children with both familial and sporadic SRNS.15,21–23

More than 125 NPHS2 mutations have been described, in-
cluding an R138Q founder mutation that is prevalent in the
European population.20,23 Several polymorphisms have also
been described including R229Q, which is considered a non-
neutral polymorphism that leads to decreased binding of
podocin to nephrin in vitro.24 When associated with another
NPHS2 mutation, it may lead to a wide spectrum of disease
phenotypes with a typically slower progression of renal
disease.23 The R229Q polymorphism has also predisposes
patients with thin basement membrane disease to protein-
uria and progression to ESRD.25,26

Transient receptor potential cation channel type 6 (TRPC6)
is a nonselective calcium channel that localizes to podocyte
foot processes and interacts with nephrin and podocin.27

Mutations in TRPC6 are associated with autosomal-dominant
SRNSwith onset typically in the third or fourth decade of life;
however, early childhood onset has also been described.28,29

TRPC6mutations are a rare cause of SRNS and account for 2 to
4% of familial disease and <2% of sporadic cases.15,30,31 Most
described TRPC6 mutations lead to enhanced influx of calci-
um into podocytes; however, it is unclear how this leads to
the development of FSGS and NS.28 Mutations in TRPC6 have
also been found to promote angiotensin II–dependent in-
creases in calcium signaling, perhaps enhancing the deleteri-
ous effects of angiotensin II on the podocyte.32

CD2-associated protein (CD2AP) is an adapter molecule
originally identified as a ligand for the T-cell-adhesion pro-
tein CD2. In the podocyte, CD2AP acts as a bridge between the
slit diaphragm and the actin cytoskeleton.33 Homozygous
mutations in CD2AP cause CNS in mice.33 Mutations in
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Table 1 Steroid resistant nephrotic syndrome

Gene Protein Mode of inheritance Syndrome or extrarenal
manifestations

Slit diaphragm associated

CD2AP CD2-associated protein Autosomal recessive/
autosomal dominant

NPHS1 Nephrin Autosomal recessive

NPHS2 Podocin Autosomal recessive

PLCE1 Phospholipase C, ε1 Autosomal recessive

TRPC6 Transient receptor potential cation
channel, subfamily C, member 6

Autosomal dominant

Actin cytoskeleton

ACTN4 α-Actinin 4 Autosomal dominant

ANLN Anillin Autosomal dominant

ARHGAP24 Rho GTPase activating protein 24 Autosomal dominant

ARHGDIA RhoGDP dissociation inhibitor α Autosomal recessive

INF2 Inverted formin 2 Autosomal dominant Charcot–Marie–Tooth

MYO1E Nonmuscle myosin 1e Autosomal recessive

Mitochondrial proteins

ADCK4 aarF domain containing kinase 4 Autosomal recessive

COQ2 Coenzyme Q2 4-hydroxybenzoate
polyprenyl transferase

Autosomal recessive Seizures, encephalopathy

COQ6 Coenzyme Q6 monooxygenase Autosomal recessive Sensorineural deafness

MTTL1 tRNA-LEU Unknown Mental retardation, diabetes mellitus,
MELAS syndrome

PDSS2 Prenyl diphosphate synthase subunit 2 Autosomal recessive Encephalomyopathy, Leigh syndrome

Adhesion and glomerular basement membrane proteins

COL4A3 α3 type IV collagen Autosomal recessive Sensorineural deafness

COL4A4 α4 type IV collagen Autosomal recessive Sensorineural deafness

COL4A5 α5 type IV collagen X-linked Sensorineural deafness

ITGA3 Integrin α3 Autosomal recessive Interstitial lung disease,
epidermolysis bullosa

ITGB4 Integrin β4 Autosomal recessive Epidermolysis bullosa

LAMB2 Laminin β2 Autosomal recessive Pierson syndrome

Nuclear transcription factors

LMX1B LIM homeobox transcription factor 1β Autosomal dominant Nail–patella syndrome

NXF5 Nuclear RNA export factor 5 X-linked Cardiac conduction disorder

SMARCL1 SMARCA-like protein Autosomal recessive Schimke immuno-osseous dysplasia

WT1 Wilms tumor 1 Autosomal dominant Denys-Drash, Frasier syndrome

Others

CFH Complement factor H Autosomal recessive Atypical hemolytic uremic syndrome

CUBN Cubilin Autosomal recessive Megaloblastic anemia

DGKE Diacylglycerol kinase ε Autosomal recessive Atypical hemolytic uremic syndrome

MEFV Pyrin Autosomal recessive Mediterranean fever

NEIL1 Nei endonuclease VIII-like 1 Autosomal recessive

PMM2 Phosphomannomutase 2 Autosomal recessive Congenital defects of glycosylation

(Continued)
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CD2AP have only very rarely been described in human
SRNS.34,35

Phospholipase C epsilon 1 (PLCε1) is a signaling protein for
many G protein–coupled receptors that catalyzes the hydro-
lysis of polyphosphoinositides to generate second messen-
gers that influence cell growth, differentiation, and gene
expression.36 PLCε1 interacts with nephrin at the slit dia-
phragm through the adaptor protein IQGAP1 and may be
required for normal glomerular development.37 PLCε1 muta-
tions are amajor cause of isolated DMS, occurring in 28 to 33%

of affected families.38,39 Mutations are also observed in
patients with sporadic and familial FSGS, although at lesser
frequency.15,38 The age of disease onset for children with
PLCε1mutations is earlier for thosewith splice sitemutations
compared with C-terminal truncating mutations or missense
mutations.15 At least two patients have been described in the
literature with PLCε1mutations who responded to treatment
with corticosteroids or cyclosporine.37 Interestingly, several
unaffected patients have been described in the literaturewith
homozygous PLCε1 mutations that were associated with

Table 1 (Continued)

Gene Protein Mode of inheritance Syndrome or extrarenal
manifestations

PTPRO GLEPP1 Autosomal recessive

SCARB2 Lysosomal integral membrane protein type 2 Autosomal recessive Action myoclonus, renal failure
syndrome

WDR73 WD repeat domain 73 Autosomal recessive Galloway-Mowat syndrome

ZMPSTE24 Zinc metalloproteinase STE24 Autosomal recessive Mandibuloacral dysplasia

Abbreviation: MELAS, mitochondrial myopathy, encephalopathy, lactic acidosis, and strokelike episodes.

Fig. 1 Schematic of the podocyte and the glomerular filtration barrier (GFB). The GFB is composed of the podocytes, the glomerular basement
membrane (GBM), and the fenestrated endothelial cells. The podocyte has a unique actin cytoskeleton made up of F-actin and nonmuscle myosin
such as nonmuscle myosin heavy chain 9 (MYH9) and myosin 1E (MYO1E). Its other structural components include actin-binding proteins such as
synaptopodin and α-actinin 4 (ACTN4) and actin polymerization regulatory protein inverted formin 2 (INF2). Wilms tumor 1 gene is a nuclear
transcription factor important in podocyte gene development. The cell–cell junction of the podocyte (the slit diaphragm) is formed by nephrin,
podocin, CD2-associated protein, and NEPH1. Podocin is associated with lipid rafts, a signaling domain of the slit diaphragm. It recruits nephrin
and NEPH1 to form a signaling complex with other molecules such as transient receptor potential cation channel 6 (TRPC6), growth factor
receptor–bound protein 2, and phospholipase C epsilon-1 (PLCE1) at the slit diaphragm. The apical membrane of the podocyte is formed by
negatively charged molecules such as podocalyxin, podoplanin, podoendin, and glomerular epithelial protein-1. RhoA-activated Rac1 GTPase-
activating protein (ARHGAP24) and its regulator RhoGDIα (ARHGDIA) are critical for maintaining podocyte cell shape and membrane dynamics.
COQ6 and other regulators of the coenzyme Q10 biosynthesis pathway are important in podocyte energy regulation. The basal part of the
podocyte contains α3β1 integrin and α- and β-dystroglycans that anchor the podocyte to the GBM. Talin, paxillin, and vinculin (TPV) interact with
different laminins in the GBM, especially laminin β2. Mutations in many of the aforementioned proteins have been associated with nephrotic
syndrome.
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disease in other family members.38,40 Modifier genes or a
“second-hit” may be required for development of NS in
patients with PLCε1 mutations; however, the modifier genes
are yet to be identified.

Actin Cytoskeleton

Podocytes require a highly organized actin cytoskeleton to
maintain their specialized shape. During the development of
NS, there is reorganization of the actin cytoskeleton from a
core of parallel actin bundles surrounded by a branched
subcortical actin network into a dense branched network
with loss of actin bundles.41 Mutations in several proteins
that regulate podocyte actin cytoskeletal arrangement have
been described in association with SRNS.

Alpha-actinin 4 (ACTN4) is an F-actin-binding and cross-
linking protein with widespread distribution, including the
podocyte foot process.42 Mutations in ACTN4 are associated
with autosomal-dominant, adult-onset SRNS with FSGS on
renal biopsy.43 Mutations in ACTN4 lead to altered binding
affinity for actin and abnormal adhesion of podocytes to the
GBM.44,45

Inverted formin 2 (IFN2) is a member of the formin
family of actin-regulating proteins that accelerates actin
polymerization. Mutations in INF2 can be found in 9 to 17%
of families with autosomal-dominant FSGS and rarely in
patients with sporadic FSGS.30,46–48 Affected patients de-
velop SRNS in their teens through early adulthood.46 The
majority of mutations in INF2 cluster in the diaphanous
inhibitory domain.46,48 In addition to its actin regulatory
function, IFN2 interacts with nephrin and PLCε1 through
the adaptor protein IQGAP1, and disruption of this interac-
tion may play a role in the pathogenesis of FSGS in affected
patients.47 Mutations in INF2 are also responsible for dis-
ease in patients with Charcot–Marie–Tooth disease with
FSGS.49 Affected patients develop FSGS at a median age of
18 years with onset of peripheral-nerve dysfunction at a
median age of 13 years.

Nonmuscle myosin 1E (Myo1E) is an actin binding molec-
ular motor expressed in podocyte foot processes.50Mutations
inMYO1E cause autosomal-recessive SRNSwith FSGS on renal
biopsy.51 Affected patients present with SRNS in the first
decade of life. EM in affected patients is unique in that it
demonstrates focal thickening and disorganization of the
basement membranes with multilamination of the GBM,
similar to the appearance of theGBM inAlport syndrome.50,51

The organization of F-actin in podocytes, as well as all
other cells, is controlled by RhoGTPases known as RhoA, Rac,
and Cdc42.52 RhoA activity induces actin bundle formation,
whereas Rac and Cdc42 activity favor formation of a branched
actin network and the balance between the two is vital for the
maintenance of podocyte structure and the GFB.53 RhoGT-
Pase activity is tightly controlled in the cell by modifier
proteins known as guanine nucleotide exchange factors,
GTPase activating proteins (GAP), and guanine nucleotide
exchange inhibitors (GDI).52Mutations in at least two of these
modifier proteins cause SRNS. Mutations in ARHGAP24 (Rho
GTPase activating protein 24) lead to increased Rac activity in

podocytes and familial autosomal-dominant FSGS.54 Affected
individuals develop ESRD between the age of 12 and 29 years.
Mutations in ARHGDIA (RhoGDP dissociation inhibitor α) also
lead to increased Rac activity in podocytes.55,56 Mutations in
ARHGDIA cause CNS or early-onset SRNS within the first
2 years of life. Affected individuals have DMS on biopsy and
may have associated neurological deficits.55,56

More recently, mutations were reported in anillin (ANLN),
an F-actin binding cell cycle gene, as a new cause of FSGS.57

ANLN is very important in cytokinesis during development
and this may explain the reason why mutations in this
gene are rare in the general population. The mechanisms
by which mutant ANLN causes FSGS are unknown, but initial
data showed that mutant ANLN displays reduced binding
ability to the slit diaphragm-associated scaffold protein
CD2AP.57

Mitochondrial Proteins

Coenzyme Q10 (ubiquinone) is a lipid-soluble component of
cell membranes that is important in electron transport in the
respiratory chain of the mitochondrial inner membrane.
Primary coenzyme Q10 deficiency is primarily characterized
by neurological and muscular symptoms with rare renal
involvement. Mutations in several genes associated with
biosynthesis of coenzyme Q10 have been associated with
SRNS including COQ2, COQ6, prenyl diphosphate synthase
subunit 2 (PDSS2), and aarF domain containing kinase 4
(ADCK4). Mutations in any of these proteins leads to de-
creased coenzyme Q10 levels and reduced mitochondrial
respiratory enzyme activity, suggesting that regulation of
energy metabolism is important for normal podocyte func-
tion. Mutations in COQ2 cause collapsing FSGS, a variant of
FSGS characterized by podocyte proliferation and dedifferen-
tiation, in the first decade of life.58,59 EM demonstrates
increased number of abnormal mitochondria.59 Some affect-
ed patients with seizures and cardiomyopathy have been
described.60 Mutations in COQ6 cause onset of SRNS within
the first few years of life associated with sensorineural
deafness.61 Mutations in ADCK cause SRNS in the first two
decades of life.62 Mutations in PDSS2 were found in a patient
with onset of SRNS at age 7months and associated seizures.63

In addition, homozygous single-nucleotide polymorphisms
genotypes for variant alleles for the PDSS2 gene are more
common in European patients with FSGS than controls,
suggesting that PDSS2 may also be an FSGS susceptibility
gene.64 Interestingly, coenzyme Q10 levels were decreased in
cell lines derived from patients with FSGS, independent of the
PDSS2 haplotype.64 In one large study, mutations in the Q10
biosynthesis pathway were found in approximately 1% of
SRNS cases overall.15 If a mutation in the coenzyme Q10
biosynthetic pathway is identified, early supplementation
with coenzyme Q10 may be beneficial.61,65

Rare patients with FSGS and mitochondrial cytopathies
have been described with mutations in tRNA-LEU, a mito-
chondrial-specific transfer RNA.66,67 Patients are variably
affected with MELAS syndrome (mitochondrial encephalo-
myopathy, lactic acidosis, and stroke-like episodes).
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Adhesion and GBM Proteins

The mature GBM consists of type IV collagen (α3, α4, and α5
isoforms), laminin-521 (α5β2γ1), entactin/nidogen, and
agrin.68 Podocytes must adhere tightly to the GBM to main-
tain the GFB.69 The major adhesion receptor in podocytes is
integrin α3β1, which connects laminin-521 in the GBM to the
podocyte actin cytoskeleton through various adaptor pro-
teins.69 Mutations in several adhesion proteins as well as
components of the GBM have been demonstrated in patients
with SRNS.

Mutations in LAMB2 encoding laminin β2 cause Pierson
syndrome, an autosomal-recessive disorder characterized by
CNS with DMS on renal biopsy, microcoria, and neurodeve-
lopmental deficits.70 Isolated CNS is also caused by LAMB2
mutations in 2 to 5.5% of affected patients.15,16 Later-onset
disease within the first decade of life has also been described
with FSGS on renal biopsy.71 Genotype influences the pheno-
type in individuals with LAMB2 mutations. Truncating or
splice site mutations are more likely to be associated with
complete Pierson syndrome, whereas missense mutations or
small deletions are more likely to be associated with the
absence of neurologic abnormalities and higher age of onset
of renal disease.71

Mutations in ITGA3 encoding integrin α3 cause CNS asso-
ciated with interstitial lung disease and a mild variant of
epidermolysis bullosa.72 Mutations in another podocyte in-
tegrin, ITGB4, were identified in an infant with CNS, pyloric
atresia, and epidermolysis bullosa.73

Hemizygous or heterozygous mutations in COL4A5 encod-
ing the α5 isoform of type IV collagen classically are associat-
ed with X-linked Alport syndrome, a disorder characterized
by hematuria, progressive renal dysfunction, sensorineural
deafness, and ocular abnormalities.74Homozygous or hetero-
zygous mutations in COL4A3 and COL4A4 cause autosomal-
recessive Alport syndrome.Mutations in COL4A3–5 have been
found in up to 10% of families presenting with SRNS and FSGS
on renal biopsy, even in the absence of sensorineural deafness
and the typical basement membrane abnormalities seen by
EM in Alport patients.75–77

Nuclear Transcription Factors

The Wilms tumor 1 (WT1) gene encodes a zinc finder DNA-
binding protein that acts as a transcriptional activator or
repressor that is vital for kidney and urogenital develop-
ment.78 NPHS1 is a transcriptional target of WT1, along with
several other genes important in renal development.79–81

Mutations in WT1 are associated with SRNS in the context
of Denys-Drash syndrome, isolated DMS, Frasier syndrome,
and isolated FSGS.

Denys-Drash syndrome is the constellation of SRNS in the
first year of life, DMS on kidney biopsy, male pseudoher-
maphroditism, and Wilms tumor.78 Affected infants often
have mutations in exon 8 or 9 that code for zinc-fingers 2 and
3.82,83 WT1 mutations are found in around 8 to 13% of
patients with CNS and around 8.5% of patients with isolated
DMS on renal biopsy.15,31,39 Mutations in the second splice

donor site in intron 9 are observed in patients with Frasier
syndrome.84 Patients with Frasier syndrome present with
normal female external genitalia, streak gonads, XY karyo-
type, SRNSwith FSGS on renal biopsy, and gonadoblastoma.78

Primary amenorrhea may be the presenting symptom of this
disorder.85 WT1 mutations have also been described in
sporadic nonsyndromic FSGS.86

SMARCAL1 encodes an ATP-driven annealing helicase that
plays an essential role in DNA–nucleosome interactions and
chromatin remodeling during gene regulation and is ex-
pressed broadly in the kidney, including in podocytes.87

Mutations in SMARCAL1 cause Schimke immuno-osseous
dysplasia, a rare autosomal-recessive multisystem disorder
with disproportionate growth failure, impaired T-cell func-
tion, and SRNS with FSGS on renal biopsy.88

LIM homeobox transcription factor 1β (LMX1B) protein is
expressed in podocytes during development and is essential
for the maintenance of differentiated podocytes through
effects on actin cytoskeletal organization and transcriptional
regulation of COL4A3, COL4A4, NPHS2, and CD2AP.89 Muta-
tions in LMX1B cause nail-patella syndrome, a rare autoso-
mal-dominant disorder characterized by dystrophic nails,
hypoplasia or absence of the patellae, dysplasia of the elbows,
and iliac horns and SRNSwith FSGS in less than 50% of affected
patients.90,91 Affected patients generally have mild renal
diseasewith a 5 to 10% risk of progression to ESRD. Mutations
in LMX1B have also been described in patients with sporadic
nonsyndromic autosomal-dominant FSGS.15,92

Nuclear RNA export factor 5 (NXF5) encodes a nuclear pore
complex-associated protein that is involved in export of
mRNAs from the nucleus. Mutations in NXF5 cause X-linked
FSGS with associated heart block.93

Other Monogenic Causes of SRNS

Galloway-Mowat syndrome is a clinically heterogeneous
syndrome classically presenting withmicrocephaly, structur-
al brain anomalies, CNS, and developmental delay.94 Recently,
mutations in WD repeat domain 73 (WDR73), a WD40 repeat
containing protein, were found in two families with Gallo-
way-Mowat syndrome with later-onset NS between the ages
of 5 and 8 years.95 WDR73 is detectable in podocytes and
brain tissue and mutations may manifest as defects in micro-
tubule regulation.95 Other causative mutations for children
with Galloway-Mowat syndrome are likely to be found.

Mutations in the CUBN gene encoding cubilin cause a
hereditary form of megaloblastic anemia secondary to vita-
min B12 deficiency. Cubilin is essential for albumin reabsorp-
tion by proximal tubule cells.96 Some affected patients have
SRNS that may be treatable with vitamin B12.97

Mutations in lysosomal proteins can also cause SRNS.
SCARB2 encodes a lysosomal membrane protein and when
mutated causes action myoclonus renal failure syndrome, a
progressive neurologic diseases with collapsing variant of
FSGS.98,99

Rare patients with CNS and mutations in phosphomanno-
mutase 2 (PMM2)100 have been described. Rare cases of
childhood-onset SRNS have also been described in patients
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with mutations in PTPRO,101 DGKE,102 and NEIL1.103 Adult-
onset SRNS has been described in patients with mutations in
ZMPSTE24 causing mandibuloacral dysplasia, a rare autoso-
mal-recessive disorder characterized by skeletal abnormali-
ties of the mandible and clavicles and acro-osteolysis.104

Additional patients with adult-onset SRNS have been associ-
ated with mutations in CFH105 and MEFV.106

Genetic Risk Factors for SRNS

Variants in APOL1, denoted G1 (missense S342G and I384M)
and G2 (six base pair deletion near the C-terminus), are
common in patients of African ancestry and are found in
approximately 35% of African Americans.107,108 The APOL1
protein confers a form of innate immunity against the organ-
ism that causes African sleeping sickness, with increased
activity in the G1 and G2 variants that may have led to
positive selection pressure in this population. Individuals
homozygous or compound heterozygous for these risk alleles
have a 17-fold increased risk of developing FSGS and an
estimated 4% lifetime risk of developing FSGS.109

Glypicans are members of the cell surface heparan sulfate
proteoglycan family expressed in podocytes and endothelial
cells. Variants in GPC5, encoding glypican-5, are associated
with increased susceptibility for developing NS.110

Monogenic Causes of SSNS

Familial SSNS has been rarely described in the literature.111

Mutations in EMP2 were recently described in three unrelat-
ed families with autosomal-recessive SSNS.112 Age of onset
was within the first 3 years of life and one biopsied patient
demonstrated MCD. However, one family was reported to
have SRNS due to EMP2 mutation as well. The exact mecha-
nism by which mutations in EMP2 cause NS are unknown;
however, EMP2 localizes to glomeruli and regulates CAVEO-
LIN-1, a protein involved in podocyte endocytosis.

Genetic Risk Factors for SSNS

HLA-DQA1 missense coding variants were identified in a
large multiethnic cohort as a candidate risk locus for
SSNS.113 Variants at this locus account for only approximately
4.6% of the risk for SSNS, suggesting the presence of other risk
loci. PLCG2 is a transmembrane signaling enzyme that is
important in the regulation of the immune system. Variants
of PLCG2 are also associated with increased risk of SSNS.113

Both of these risk loci highlight the importance of the
immune system in the pathogenesis of SSNS.

Recommendation for Genetic Testing in
Children with NS

There are several benefits of having a genetic diagnosis for
children with NS. With genetic information, counseling can
be provided to family members who may also be at risk of
having or passing on disease-associated genes. It also allows
for appropriate choice of donor for kidney transplantation.

Finally, a genetic diagnosis may provide prognostic informa-
tion about the expected course of disease, predict the risk of
recurrence posttransplant, and avoid unnecessary exposure
to immunosuppressive agents. Genetic testing is recom-
mended for all children with NS presenting in the first year
of life.7 A monogenic cause can be found in 69% of children
with CNS and in 50% of children presenting between 4 and
12 months.15 Genetic testing should also be performed for
children with SRNS and other associated malformations or
syndromes. Finally, genetic testing is recommended for chil-
drenwith a family history of NS or progressive kidney disease.
Genetic testing for childrenwith SSNS is not recommended at
this time.
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