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ABSTRACT
Steroid-resistant nephrotic syndrome (SRNS) is the second most frequent cause of ESRD in the first two

decades of life. Effective treatment is lacking. First insights into disease mechanisms came from

identification of single-gene causes of SRNS. However, the frequency of single-gene causation and its

age distribution in large cohorts are unknown. We performed exon sequencing of NPHS2 and WT1 for

1783 unrelated, international families with SRNS. We then examined all patients by microfluidic multiplex

PCR and next-generation sequencing for all 27 genes known to cause SRNS if mutated. We detected a

single-gene cause in 29.5% (526 of 1783) of families with SRNS thatmanifested before 25 years of age. The

fraction of families in whom a single-gene cause was identified inversely correlated with age of onset.

Within clinically relevant age groups, the fraction of families with detection of the single-gene causewas as

follows: onset in the first 3 months of life (69.4%), between 4 and 12 months old (49.7%), between 1 and

6 years old (25.3%), between 7 and 12 years old (17.8%), and between 13 and 18 years old (10.8%). For

PLCE1, specific mutations correlated with age of onset. Notably, 1% of individuals carried mutations in

genes that function within the coenzyme Q10 biosynthesis pathway, suggesting that SRNS may be treatable

in these individuals. Our study results should facilitate molecular genetic diagnostics of SRNS, etiologic

classification for therapeutic studies, generation of genotype-phenotype correlations, and the identification

of individuals in whom a targeted treatment for SRNS may be available.

J Am Soc Nephrol 26: 1279–1289, 2015. doi: 10.1681/ASN.2014050489

Received May 19, 2014. Accepted September 10, 2014.

C.E.S. and S.L. contributed equally to this work.

Published online ahead of print. Publication date available at
www.jasn.org.

Correspondence: Dr. Friedhelm Hildebrandt, Howard Hughes
Medical Institute, Division of Nephrology, Department of Medi-
cine, Boston Children’s Hospital, 300 Longwood Avenue, Enders
561, Boston, MA 02115. Email: friedhelm.hildebrandt@childrens.
harvard.edu

Copyright © 2015 by the American Society of Nephrology

J Am Soc Nephrol 26: 1279–1289, 2015 ISSN : 1046-6673/2606-1279 1279

http://www.jasn.org
mailto:friedhelm.hildebrandt@childrens.harvard.edu
mailto:friedhelm.hildebrandt@childrens.harvard.edu


CKDs take one of the highest tolls on human health. They

insidiously lead to ESRD, necessitating dialysis or kidney

transplantation for survival. More than 20 million individuals

in the United States have CKD, and the treatment cost exceeds

$29 billion Medicare expenses annually. The prevalence of CKD

has been rising continuously during the last 20 years.1Nephrotic

syndrome (NS) is a CKD defined by significant proteinuria

(.40mg/m2 per hour) with resulting hypoalbuminemia, which

in turn causes edema. In young adults and children, NS is

classified by its response to a standardized steroid therapy as

steroid-sensitive NS (SSNS) versus steroid-resistant NS (SRNS).

SRNS constitutes the second most frequent cause of ESRD

in the first two decades of life (North American Pediatric Renal

Trials and Collaborative Studies, 2008). For most patients, no

curative treatment is available. Themost frequent renal histologic

feature of SRNS isFSGS.Moreover, inpatientswithFSGS the risk

of recurrence after kidney transplantation is estimated to be

11%–50%, an event that again leads to terminal renal failure.2–4

The risk for recurrence of FSGS in patients with inherited forms of

SRNS is lower than that in patients with nonhereditary FSGS.5,6

SRNS is one of themost intractable diseases in nephrology.

Its etiology and pathogenesis have been a conundrum for

decades. However, discovery of .27 recessive or dominant

genes that, if mutated, cause SRNS has recently provided

fundamental insights into mechanisms of this disease.7 Identi-

fication of these single-gene causes of SRNS has revealed that the

glomerular podocyte and the glomerular slit membrane that it

maintains are the primary sites at which the pathogenesis of

SRNS unfolds.8 The power of identification of such single-

gene causes of SRNS lies in the fact that recessive mutations

almost always convey full penetrance and thereby represent

the cause of SRNS (i.e., the etiology) rather than conveying

only an increased risk for the disease. Thus, if strict genetic

criteria are being followed for the decision inwhichmutations

are considered causative, identification of the causative mu-

tation allows for (1) unequivocal molecular genetic diagnostics,

(2) establishment of genotype-phenotype correlations, (3)

transfer of mutations into genetic animal models with detailed

study of their detrimental effects, (4) etiologic stratification of

participants for therapeutic studies by specific causative gene

and mutation, and (5) discovery of specific mutations that

may be amenable to treatment.

We have previously shown that 85% of SRNS cases with

onsetby3monthsof age and66%withonset by1yearof age can

be explained by recessive mutations in one of four genes only

(NPHS1, NPHS2, LAMB2, or WT1).9 However, few data are

available on the fraction of monogenic causes of SRNS mani-

festing later in life, no data are available on large international

cohorts,5,10–13 and the generation of data on single-gene causes

of SRNS in large cohorts has been impractical until recently.

Because no large cohorts have been studied for the known

27 SRNS-causing genes regarding the frequency of mutations

that are considered causative (as defined by strict genetic

criteria), we developed a strategy of high-throughput, barcoded

exon sequencing using the Fluidigm platform with consecutive

next-generation sequencing.14–16 Using this approach we have

established a high-throughput, low-cost strategy for exon se-

quencing of all 27 known SRNS-causing genes for proof of

principle in a small cohort of 96 individuals.16 To generate

data on the percentage of single-gene causes of SRNS in more

individuals, we applied this technique to a large cohort of

2016 individuals (1783 families) with SRNS. We found that a

high fraction of SRNS manifesting before 25 years of age is

caused by single-gene mutations and is inversely correlated to

age of onset.We observed that specific genotype-phenotype cor-

relations exist for PLCE1 mutations and that certain founder

mutations prevail in specific geographic regions. Our data dem-

onstrate the heuristic power of mutation analysis in SRNS and

will guide the expectations regarding the frequency and nature of

causative mutations throughout selected regions of the world.

Our high-throughput sequencing strategy will accelerate the

generation of causation-based genotype data for large cohorts

of therapeutic studies.

RESULTS

Identification of Causative Mutations in an
International SRNS Cohort of 1783 Families

We performed exon sequencing in an international cohort of

1783 different families (2016 individuals) with SRNS forNPHS2

andWT1 (exons 8 and 9) (Figure 1, Supplemental Table 1). Of

the 1783 families, 253 presented with congenital NS and were

additionally screened for mutations inNPHS1. In the context of

discovering and studying novel genes, about 400 of the 1783

families underwent Sanger sequencing for the rare genes

PLCE1, LAMB2, SMARCAL1, INF2, COQ6, TRPC6, ITGA3,

CUBN, ADCK4, and ARHGDIA.17–25 Disease-causing muta-

tions were detected in 170 families for NPHS2, 93 families for

NPHS1, and 78 families for WT1. In an additional 51 families,

causative mutations were detected in 1 of the other rare genes,

thereby unveiling the causativemutation in a total of 392 families

(Table 1).

The same entire cohort of 1783 families with SRNS (2016

affected individuals)was screened for all known27monogenic

causes of SRNS (Supplemental Table 2), including the genes

screened individually before by microfluidic multiplex PCR

and next-generation sequencing (see Concise Methods). We

thereby identified the molecular diagnosis in 134 families. We

detected the disease-causing mutations in 526 of 1783 families

(29.5%) (Table 1, Figure 2). Through segregation analysis in

multiplex families, we identified causative mutations in an ad-

ditional 89 affected family members. We detected mutations in

21 of the 27 known SRNS genes and discovered 129 novel mu-

tations (48 truncating alleles), thereby adding an additional

11.6% to the previously 1115 reported mutations for these

genes in the Human Gene Mutation Database (http://www.

hgmd.org). All detected disease-causing mutations are listed

in Supplemental Tables 3–5, together with clinical phenotypes of

the affected individuals. No disease-causingmutations were found
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inMEFV,CD2AP,NEIL1,PTPRO, SCARB2, orACTN4. Therewas

no sex difference for the likelihood of detecting the disease-causing

mutation. The median age of onset in dominant SRNS genes was

significantly higher (36 months; range, 0–444 months [0–37

years]) compared with the age of onset in recessive genes (median

age of onset, 12months; range, 0–720months [0–60 years]) (Sup-

plemental Table 1).We conclude thatmore than one quarter of all

cases with SRNS worldwide that manifest before age 25 years is

caused by a single-gene mutation in 1 of 21 SRNS genes in an

international cohort. In a control group of 185 children with

SSNS, no disease-causing mutation could be detected in the 27

SRNS genes bymicrofluidicmultiplex PCR, confirming that the

presence of a causative monogenic mutation in 1 of the 27

genes is likely to exclude steroid sensitivity of NS.5

Age Distribution of Single-Gene Causes of SRNS

In the entire international cohort of 1783 families with SRNS,

the fraction of families in whom we detected the single-gene

cause was 29.5% (Table 1).We found a neg-

ative correlation between the likelihood of

identifying the causative gene and the age

of onset of proteinuria (Figure 2A). We de-

tected the disease-causing mutation in

61.3% of children in the first year of life.

This fractiondecreased to approximately 25%

at age 2–5 years, to 17%at age 7–12 years, and

to about 10% after an age of onset.12 years

(Figure 2B). The same trend was observed in

clinically relevant age groups. The fraction of

families with detection of the single-gene

cause was as follows (percentage of families

with causative mutation in parentheses)

(Figure 3A): onset in the first 3 months of

life (69.4%); 4–12months (49.7%);first year

combined (61.3%); young children, age 1–6

years (25.3%); older children, age 7–12 years

(17.8%); adolescents, age 13–18 years (10.8%);

and young adults, age 19–25 years (21.4%).

We conclude that the earlier the age of

onset, the more likely it is that the causa-

tive mutations can be detected. However,

even in young adults the detection rate

was still .10%.

Distribution of Causative Gene by the

Age of Onset

We then evaluated the distribution of the de-

tected causative genes by age of onset of SRNS

(Figure 3B). The distribution of causative

genes within the first 3 months of life was as

follows: 40% for NPHS1, 10.6% for NPHS2,

8.5% for WT1, 5.5% for LAMB2, and 4.7%

for all other genes together (Figure 3A).

NPHS2 was the most frequent gene mutated

in individuals with onset of SRNS between 1

and 18 years (range in different age groups, 5.7%–12.7%). Because

the relative distribution of the causative genes was age dependent,

we plotted the fractions for causative genes by age (Figure 3, B and

C). SRNS resulting from recessive genes manifests in early child-

hood (NPHS1, LAMB2, and PLCE1), whereas mutations in the

dominant genes INF2 andTRPC6 aremore frequent in early adult-

hood (Figure 3, B and C). Mutations in WT1 show a biphasic

distribution with a first peak at 4–12 months and a second peak

for age of onset beyond 18 years. These findings are compatible

with the notion thatmutations in recessive disease genes are found

more frequently in early-onset disease,whereasmutations in dom-

inant genes more frequently cause adult-onset disease.26 Genes

involved in the coenzyme Q10 biosynthesis pathway (COQ2, COQ6,

PDSS2, and ADCK4) were mutated in about 1% of SRNS cases.

Renal Histologic Findings

A renal biopsywas performed in337of 544 individuals, inwhom

we detected the disease-causing mutation (Supplemental Figure

Figure 1. Geographic distribution of the study cohort of 1783 families with SRNS. The
number of affected families in the respective countries or cities is represented by the
surface area (red) of a circle. Data from countries not represented on the map are shown
in the blue box. Insert shows higher resolution of the New York Metropolitan area.
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1A). Compared to children older than 7 years (.90%), renal

biopsy was less frequently done in infants (37.8%), most likely

due to higher complication risk of the procedure. In the dif-

ferent age groups, different biopsy pattern were seen: In in-

fants diffusemesangial sclerosis (DMS) was a frequent finding

(26.9%), whereas FSGS was seen in.90% of individuals with

proteinuria onset at 7 to 25 years (Supplemental Figure 1A).

In individuals with disease-causing mutations detected in the

early manifesting genes WT1, PLCE1, LAMB2, and NPHS1,

DMS was more frequent (23.1%, 17.8%, 13.6%, and 4.9%

respectively), whereas mutations in genes with a later age of

onset never led to DMS (Supplemental Figure 1B). This is

compatible with the notion that DMS represents a develop-

mental glomerular phenotype.26 For individuals with an

NPHS1 mutation, kidney biopsy was least frequently per-

formed (32.6%) (Supplemental Figure 1B), most likely be-

cause of the high risk of percutaneous renal biopsy in patients

with congenital-onset SRNS.

Genotype-Phenotype Correlations

To examine genotype-phenotype correlations, we specifically

evaluated the 4 most frequently mutated genes in our cohort:

NPHS2, NPHS1, PLCE1, and LAMB2. For PLCE1 mutations,

we detected a genotype-phenotype corre-

lation, which has not been described pre-

viously. The age of onset was significantly

earlier for splice site mutations compared

with C-terminal truncating mutations

(after amino acid residue 1000) or missense

mutations (Figure 4).

Because homozygous mutations in re-

cessive genes represent the “pure” func-

tional action of gene loss of function, we

examined genotype-phenotype correla-

tions for homozygous NPHS2 mutations

(Supplemental Figure 2). There was no cor-

relation regarding age of onset for truncating

mutations versus missense mutations. How-

ever, age of onset was significantly different

in the presence of the European foundermu-

tationArg138Gln (median, 17months) com-

pared with the milder alleles Leu312Val

(median, 96months) orVal180Met (median,

97.5 months) (Supplemental Figure 2). Be-

cause the phenotypic severity of SRNS in

individuals with recessive compound het-

erozygous mutations depends on the

“milder” mutation, we ranked compound

heterozygous mutations in NPHS2 (Sup-

plemental Figure 3) according to their severity

(if present homozygously) from mild (later

onset) to severe (earlier onset) (Supplemental

Figure 2). The European founder mutation

Arg138Gln11,27 occurred more frequently

in the early-onset group (group A in Sup-

plemental Figure 3). The allele Arg229Gln was more frequent

(8 of 11 times) in the later-onset group (group B). Arg229Glnwas

recently found to cause SRNS only in compound heterozygosity

with specific other alleles.28 We confirmed that Arg229Gln oc-

curred with second alleles that were recently described to be

compatible with causing SRNS in combination with

Arg229Gln28 (Supplemental Figure 3). In NPHS1, no genotype-

phenotype correlation was found for homozygous alleles

(Supplemental Figure 4). In LAMB2 we found that N-terminal

truncating mutations manifest before 2 months of life, whereas

C-terminal truncating mutations manifest after 2 month of life

(Supplemental Figure 5). The genotype-phenotype correlations

described will be important in assessing the natural course of

disease in SRNS and for the management of renal replacement

therapy over time.

Frequency of Mutations and Consanguinity

The causative mutation was detected in 184 of 372 (49.5%)

consanguineous families but in only 327 of 1308 (25%) of

nonconsanguineous families (Supplemental Table 1). In the 8

largest centers the rate of detection of causative mutations

ranged from 45.2% in the center with the highest rate of con-

sanguinity (71.4%, Saudi-Arabia) to 14.3% in the center with

Table 1. International cohort of 526 of the 1783 families, in whom a single-gene
cause of SRNS was detected in 1 of 21 monogenic causes of SRNS (27 genes
examined)

Gene Causing

SRNS

Mode of

Inheritance

SRNS Families

Molecularly Diagnosed

by Sanger Sequencing

(Published Previously),

n
a

SRNS Families

Molecularly

Diagnosed by

Multiplex PCR (n)

Total SRNS

Families with

Molecular

Diagnosis

(% of Families)

NPHS2 AR 170 (42) 7 177 (9.93)

NPHS1 AR 93 (61) 38 131 (7.34)

WT1 AD 78 (50) 7 85 (4.77)

PLCE1 AR 23 (16) 14 37 (2.17)

LAMB2 AR 10 (6) 10 20 (1.12)

SMARCAL1 AR 1 (0) 15 16 (0.89)

INF2 AD 2 (0) 7 9 (0.5)

TRPC6 AD 1 (1) 8 9 (0.53)

COQ6 AR 6 (5) 2 8 (0.45)

ITGA3 AR 3 (3) 2 5 (0.28)

MYO1E AR 0 (0) 5 5 (0.28)

CUBN AR 1 (1) 4 5 (0.28)

COQ2 AR 0 (0) 4 4 (0.22)

LMX1B AD 0 (0) 4 4 (0.22)

ADCK4 AR 3 (3) 0 3 (0.17)

DGKE1 AR 0 (0) 2 2 (0.11)

PDSS2 AR 0 (0) 2 2 (0.11)

ARHGAP24 AD 0 (0) 1 1 (0.06)

ARHGDIA AR 1 (1) 0 1 (0.06)

CFH AR 0 (0) 1 1 (0.06)

ITGB4 AR 0 (0) 1 1 (0.06)

Total 392 (189) 134 526 (29.5)

AD, autosomal dominant; AR, autosomal recessive.
aNumber in parenthesis show “molecularly solved” families with causative mutation detected that
were published before from our cohort (see literature).
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the lowest rate of consanguinity (0%, Ann Arbor, Michigan)

(Supplemental Figure 6). We found a positive correlation be-

tween the detection rate of the disease-causing mutation and

the rate of consanguinity in the selected centers (R2=0.9414).

This finding reflects the fact that consan-

guinity represents a predilection factor for

recessive disease causes.

Allelic Distribution in the 8 Largest

Centers

Recessive alleles that were present in the

8 largest centers $5 times (18 different

alleles) were considered as “frequent alleles”

(total n=125 families and 223 mutations)

and inspected for their distribution be-

tween the 8 different largest contributing

centers (Supplemental Figure 7). The pre-

viously published founder alleles for

NPHS2: Arg138Gln (European founder),11

Pro118Leu (Turkish founder),12 Val180Met

(NorthAfrican founder),11 p.Arg138* (Israeli/

Arab founder),11 Gly140Aspfs*41 (Southern

European founder)11 andVal260Glu (Comoros

andtheSultanateofOmanfounder)12werecon-

firmed in our cohort as predominant in their

regions of origin (Supplemental Figure 7).27

Weadditionally identified twonovel Egyptian

founder alleles in NPHS2: Met1? (12%; 14

of 116 alleles) and Asn199Lysfs*14 (4.3%; 5

of 116 alleles) in Egypt. In NPHS1 we de-

tected novel founder mutations for the fol-

lowing alleles: Arg367Cys in India (15.2%;

14 of 116 alleles), and Val1084Glyfs*12 in

Saudi Arabia (15.4%; 8 of 52 alleles). We also

discovered a founder allele for SMARCAL1

Arg586Trp in India (8.7%; 4 of 46 alleles)

and for COQ6 Ala353Asp in Turkey (5.9%;

6 of 102 alleles) (Supplemental Figure 7).

These findings will help establish genotype-

phenotype correlations in clinical settings of

distinct locations around the world.

DISCUSSION

In the largest international cohort thus far

studied for monogenic causes of SRNS, we

present data on mutation analysis in—the

27 genes that, if mutated, cause single-gene

forms of SRNS. To render the large number of

exon sequences possible, we applied a high-

throughput, barcoded exon-sequencing

technique that we recently developed with

consecutive next-generation sequencing.

We report that in more than one quarter of

all families with SRNSmanifesting before age 25 years, the disease

is caused by single-gene mutations in 1 of 21 SRNS genes. Specif-

ically, we found that (1) a surprisingly high fraction of SRNS

manifesting before 25 years of life is caused by single-gene

Figure 2. Age of onset distribution (in years) for 1589 of 1783 examined SRNS families.
The displayed 1589 families represent the number of families with available data for
age of onset of proteinuria ,18 years. (A) Red curve and histograms represent the
number of families in each age of onset (years) of SRNS for 1093 families without
molecular genetic diagnosis. Blue curve and histograms show number of 496 families
with causative mutations identified for each age of onset. (B) Graph indicates percentage
of solved families per year of age of onset (from A). Black dotted line represents
a binomial fit of age-related percent of families with causative mutation. (Data are not
displayed for 72 individuals who were older than 17 years at onset of SRNS and for 122
families with no available information for age of onset. In families with .1 affected family
member, the mean age of onset from all affected individuals was used.)
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mutations (29.5%); (2) the fraction of de-

tecting single-gene causation is inversely

correlated to the age of manifestation; (3)

specific genotype-phenotype correlations

exist for PLCE1 mutations; and (4) certain

founder mutations prevail in specific geo-

graphic regions. Our approach of sequenc-

ing 27 genes was very cost-efficient, resulting

in cost of $26 per patient. Our data dem-

onstrate the heuristic power of mutation

analysis in SRNS. The findings will guide

diagnostic expectations regarding the fre-

quency and nature of causative mutations

in many regions of the world.

Identification of causative single-gene

mutationsmayhave therapeutic consequences

in some cases. For instance, we have shown

that whereas single-gene causes of SRNSwere

previously found in 26% of SRNS cases,2 they

were never detected in 120 cases with SSNS,5

strongly suggesting that individuals with

single-gene causes of SRNS will not respond

to steroid treatment.29This finding has since

been confirmed by another group27 and was

again confirmed for 185 individuals with

SSNS in this study. Identification of the caus-

ative mutation may reveal that a potential

therapy is available for some rare single-

gene causes of SRNS. For examples, if a

mutation in a gene of coenzyme Q10 bio-

synthesis (COQ2, COQ6, ADCK4, or

PDSS2) is detected, experimental treatment

with coenzyme Q10 may be indicated.20,30

Likewise, two patients with recessive muta-

tions in PLCE1 responded fully to treatment

with steroids or cyclosporine A.18 Finally,

Figure 3. Detection of the causative mutation in 502 families in an international cohort
of 1617 families with SRNS in 21 SRNS-causing genes in relation to age of onset of
proteinuria in clinically relevant age groups. The displayed 502 families represent the
number of families with detected causative mutation and available data for age of onset
of proteinuria ,26 years. (A) Percentage of families with causative mutation detected
per gene per age group. Histograms indicate fraction (in percentage) of families with
causative gene detected in n families per families examined (on top of histograms) per
age group. (B) Percentages shown in A are represented by separate bars to highlight
distribution across age groups as further delineated in C. Note that mutations in
NPHS1 or LAMB2 cause early-onset SRNS, whereas mutations in INF2 or TRPC6 cause
late-onset SRNS. (C) Percentages of families with causative mutation detected (from B)
are interconnected by lines between age groups and shown in different colors for each
causative gene (lower panel for recessive genes, upper panel for dominant genes). NPHS1

mutations (red) have an early age of onset
and are rarely found in patients older than 6
years. The dominant genes INF2 and TRPC6
manifest in early adulthood and WT1 (black)
shows a biphasic distribution (upper panel).
(For families with detected disease-causing
mutation, data are not shown for 11 families
where no age of onset was available, and for
10 families with an age of onset older than
25 years. For families with no detection of the
disease-causing mutation, data are not dis-
played for 111 families for whom no data for
age of onset were available and for 34 families
with age of onset older than 25 years. In
families with .1 affected family member the
mean age of onset from all affected individuals
was calculated.).
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individuals withmutations ofCUBNmay be

amenable to treatmentwith vitaminB12, and

individuals with ARHGDIAmay theoretically

be responsive to the eplerenone treatment.25

In summary, detection of single-gene

causes of SRNSwill strongly inform practice,

diagnostics, understanding of pathogenesis,

and treatment of SRNS for the following

reasons: (1) Unnecessary initiation or exten-

sion of steroid treatment can be avoided if a

single-gene cause of SRNS is found; (2) if

causative mutations are detected in a gene

of coenzyme Q10 biosynthesis pathway

(COQ2,COQ6,ADCK4,orPDSS2) treatment

with coenzyme Q10 can be attempted20,24;

(3) for clinical trials, mutation detection al-

lows etiologic stratification by causative gene

in patient cohorts, and thus the small number

of patients with a rare disease such as SRNS

can be optimally used by stratifying patients

according to the etiologic criteria of each

causative gene mutation; (4) mutation detec-

tion allows definition of correlations between

genotype and phenotype as well as between

genotype and treatment response; and (5)

identification of causative mutations in

known single-gene causes of SRNS will help

to rapidly define cohorts without mutations,

in which additional unknown causative

genes can be discovered using whole exome

sequencing.25

CONCISE METHODS

Study Participants
Between May 2003 and May 2013 we obtained

blood samples, pedigree information, and clinical

information from an international cohort of 1783

families (2016 affected individuals) with SRNS

following informed consent (www.renalgenes.

org) (Figure 1). Study participants did not include

patients from Russia, China, sub-Saharan Africa,

or Pacific Rim countries. The Institutional Review

Figure 4. Distribution for age of onset of NS in 35 individuals with homozygous
mutations in PLCE1. (A) Homozygous PLCE1 mutations are represented by 30 dif-
ferent alleles. The x-axis indicates the mutations sorted by median age of onset. The
y-axis indicates the age of onset of SRNS. Symbols are colored red, green, or blue if
the allele is truncating, splice, or missense, respectively. (B) Age of onset of SRNS with
causative mutations detected in PLCE1, grouped by type of mutation. The x-axis in-
dicates the type of mutations (truncating mutations before amino acid (aa) residue
1000 (N-terminal), truncating mutations after aa residue 1000 (C-terminal), splice and

missense mutations. The y-axis indicates the
age of onset of proteinuria. Symbols are blue
for missense, green for splice, and red for stop
and frameshift. Note that the age of onset was
significantly different between splice site mu-
tations versus C-terminal truncatingmutations
(P,0.05), or splice site versus missense mu-
tations (P,0.05). P values are from two-tailed t
test. Arrows represent position of outlier values.
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Boards of theUniversity ofMichigan and theBostonChildren’sHospital

approved the study. Pediatric nephrologists diagnosed SRNS on the basis

of standardized clinical and renal histologic criteria.31Renal pathologists

evaluated renal biopsy specimens. We obtained clinical data using a

standardized questionnaire (http://www.renalgenes.org). In the total

cohort of 1783 families with SRNS, consanguinity was known to be

present in 372 (20.9%) families. The cohort consisted of 187 families with

multiple affected cases and 1596 families with single affected cases. The

median ageof onset of proteinuriawas 41months (3.4 years),with a range

of 0–756 months (0–63 years). The cohort had a 1–1.3 female-to-male

ratio (Supplemental Table 1). As a control group we included 185 indi-

viduals with SSNS based on standardized clinical criteria. Recruitment

was performed in the same centers in a consecutive manner.31

Gene Selection, Targeted Exon Sequencing, and

Bioinformatics
From 2003 through 2013, when the two most frequent single-gene

causes of SRNS were known, we performed exon sequencing in

NPHS2 and WT1 (exons 8 and 9) by PCR and Sanger sequencing in

our total cohort of 1783 SRNS families.5,9,11,32–37 253 families of these

1783 families,with age of onset,1 year (congenital nephrotic syndrome),

were additionally sequenced for mutations in NPHS1.9,32,38–41 In August

2013, when 27 single-gene causes of SRNS were published, the same

1783 families with SRNS were examined for these 27 reported SRNS

genes (Supplemental Table 2).We therefore used a strategyofmicrofluidic

multiplex PCR and next-generation sequencing that we recently de-

veloped.14,16 The panel included 21 genes with a recessive mode of in-

heritance (NPHS2, NPHS1, PLCE1, LAMB2, SMARCAL1, COQ6,

ITGA3, MYO1E, COQ2, CUBN, ADCK4, DGKE, PDSS2, ARHGDIA,

CD2AP, CFH, ITGB4, NEIL1, PTPRO/GLEPP1, SCARB2, and MEFV)

and 6 genes with a dominantmode of inheritance (WT1, INF2, TRPC6,

ARHGAP24, ACTN4 and LMX1B) (Supplemental Table 2). For these

27 genes, we designed 612 target-specific primer pairs to cover all

512 coding exons and intron/exon boundaries (primer information is

available upon request). Amplicon sizes ranged from 129 bp to 342 bp

(median, 207 bp). Targeted amplification using barcoded microfluidic

multiplex PCR (Fluidigm) together with next-generation sequencing

was done as previously described.14,15Next-generation sequencing was

performed on an Illumina HiSeq2000 (13150 bp single-end, 8 lanes)

and an IlluminaMiSeq V2 instrument (23250 bp, paired-end). The

next-generation sequencing data were aligned and variants detected

via CLC Genomics Workbench 4.9 software. Alignment of resulting

reads to reference sequence revealed a mean exon coverage of 735,

with 95.4% of the targeted coding regions covered at least 5-fold and

94.5% covered at least 10-fold. No coverage was found in 17 of 612

targeted exons (2.8%). Variants were prefiltered on the basis of quality

parameters as described elsewhere.14,15 All mutations were confirmed

by Sanger sequencingusing genomicDNAsamples. Segregation analysis

was performed whenever parental DNAwas available.

Sensitivity of Mutation Detection
To calculate the sensitivity of mutation detection we included 26

DNA samples with 30 known mutations as positive controls.

Overall, 29 of the 30mutations were redetected (sensitivity, 96.7%).

The 1 missing mutation was due to an amplicon failure of NPHS2

exon 1 resulting from a GC-rich region within the target sequence,

as previously described.16

Variant Analysis Criteria
We considered variants in the 27 known SRNS to be disease-causing

according to strict criteria. We therefore distinguished between criteria

for recessive and dominant genes. We considered variants in recessive

genes to be disease-causing if two alleles were found in the same in-

dividual that fulfilled at least one of the following criteria:

1. At least one allele truncating allele (stop, abrogation of start or

stop, obligatory splice site, or frameshift); or

2. At least one allele reported in theHumanGeneMutationDatabase

(http://www.hgmd.org/) as disease-causing.

For individuals the second allele needs to meet at least one of the

following criteria:

1. Missense mutation exhibits high evolutionary conservation

(Supplemental Table 2); or

2. Two of three prediction scores classify the allele as disease-causing:

SIFT (http://sift.jcvi.org),Mutation Taster (http://www.mutationtaster.

org), PolyPhen-2 prediction Humvar .0.9 (http://genetics.bwh.

harvard.edu/pph2); or

3. Loss of function of the identified allele is supported by functional

data

4. For recessive genes two such variants had to be present “in trans.”

Exclusion criteria: Except for the NPHS2 allele, p.Arg229Gln27,28

variants were not assumed to be causative if minor allelic frequency

was .1% in genotyping data of the National Heart, Lung, and Blood

InstituteGOExome Sequencing Project Exome (http://evs.gs.washington.

edu/EVS/). Furthermore, variants were excluded if they did not segre-

gate with the affected status in family members.

For dominant genes we considered variants as disease causing if

one allele fulfilled at least one of the following criteria:

1. Truncating mutation (stop, abrogation of start or stop, obligatory

splice site, and frameshift); or

2. Variant was reported in the Human Gene Mutation Database

(http://www.hgmd.org/) as disease causing; or

3. Missense mutation, if at least conserved from Homo sapiens to

Danio rerio; or

4. Two of three prediction scores classify the allele as disease causing:

SIFT(http://sift.jcvi.org),MutationTaster (http://www.mutationtaster.org),

Polyphen 2 prediction Humvar .0.9 (http://genetics.bwh.harvard.

edu/pph2); or

5. loss/gain of function of the identified allele is supported by

functional data; or
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6. Full segregation exists in the affected status for$7 affected family

members.

Exclusion criteria: Variants were excluded if the allele occurred at

least once heterozygously or homozygously in the EVS server (http://

evs.gs.washington.edu/EVS/) or if the allele did not segregate with the

affected status in the family.
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