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Abstract
Introduction: Steroid-resistant nephrotic syndrome (SRNS)
is the second most common cause of end-stage kidney
disease in children, mostly associated with focal segmental
glomerulosclerosis (FSGS). Advances in genomic science
have enabled the identification of causative variants in
20–30% of SRNS patients. Methods: We used whole exome
sequencing to explore the genetic causes of SRNS in chil-
dren. Totally, 101 patients with SRNS and 13 patients with
nephrotic proteinuria and FSGS were retrospectively en-
rolled in our hospital between 2018 and 2022. For the known
monogenic causes analysis, we generated a known SRNS
gene list of 71 genes through reviewing the OMIM database
and literature. Results: Causative variants were identified in
23.68% of our cohort, and the most frequently mutated
genes in our cohort were WT1 (7/27), NPHS1 (3/27), ADCK4
(3/27), and ANLN (2/27). Five patients carried variants in
phenocopy genes, including MYH9, MAFB, TTC21B, AGRN,
and FAT4. The variant detection rate was the highest in the
two subtype groups with congenital nephrotic syndrome

and syndromic SRNS. In total, 68.75% of variants we iden-
tified were novel and have not been previously reported in
the literature. Conclusion: Comprehensive genetic analysis
is key to realizing the clinical benefits of a genetic diagnosis.
We suggest that all children with SRNS undergo genetic
testing, especially those with early-onset and extrarenal
phenotypes. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Nephrotic syndrome (NS) is the most common glo-
merular disease in children and adults, characterized by
massive proteinuria (nephrotic range), hypoalbuminemia,
and generalized oedema [1]. Based on the response to
glucocorticoid therapy, NS is classified into steroid-sensitive
nephrotic syndrome or steroid-resistant nephrotic syn-
drome (SRNS), with the latter related to an increased risk of
developing chronic kidney diseases (CKD) or end-stage
kidney disease (ESKD) [2, 3]. SRNS is highly phenotypically
and genetically heterogeneous, which can either be a part of
syndromic diseases or present as isolated proteinuria or fully
developedNS. Focal segmental glomerulosclerosis (FSGS) is
the most frequent histopathologic finding in SRNS [4].
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Comprehensive genetic screening has identified vari-
ants of genes essential for podocyte function in about
20–30% of children with SRNS [5–8]. More than 70 genes
to date are known to cause SRNS and/or FSGS [9–11]. It
is necessary to identify the genetic causes of SRNS because
patients diagnosed could benefit significantly from dis-
continuation of ineffective immunosuppressive therapy.
Additionally, identification of a variant in genes such as
COQ2, COQ6, and ADCK4, which encode proteins in the
CoQ10 biosynthesis pathway, may suggest a potential
treatment (CoQ10 therapy) indicated for some rare
monogenic nephropathies [12].

Whole exome sequencing (WES) has been widely
applied to identify monogenetic causes of SRNS. Al-
though it has limitations such as high costs and difficulty
in handling enormous amounts of data, WES is a more
efficient and unbiased approach to exploring new can-
didate genes compared to Sanger and panel sequencing
[9]. The proportion of disease-causing variants in a single
SRNS gene varied widely, depending on the character-
istics of the population tested, including their ethnicity

and nationality [4, 8, 13, 14]. As novel pathogenic genes
are being discovered, the genetic variant profiles are
changing. In this study, we sought to further investigate
the monogenic causes of SRNS in our single centre
using WES.

Materials and Methods

Human Participants
The study was approved by the Institutional Review Board of

the Affiliated Children’s Hospital of Nanjing Medical University.
From January 2018 to December 2022, patients were enrolled
based on the fulfilment of one of the following criteria: (1) onset of
symptoms before 18 years and a clinical diagnosis of SRNS; (2)
nephrotic range proteinuria with renal biopsy of FSGS; or (3)
congenital onset. Exclusion criteria included (1) patients with age
of onset beyond 18 years; (2) secondary causes of NS (infections
such as syphilis, hepatitis B, and hepatitis C, as well as systemic
diseases); and (3) diagnosis of Alport syndrome. NS was defined as
proteinuria ≥50 mg/kg per 24 h with hypoalbuminemia or oe-
dema, and steroid resistance was defined as persistent proteinuria
after 4 weeks of daily 2 mg/kg prednisone treatment.

A total of 114 unrelated patients participated in the study. After
receiving informed consent from their family members, blood
samples and comprehensive clinical data were collected and
analysed.

WES and Variant Calling
Genomic DNA was extracted from peripheral blood following

standard procedures. WES was performed on an Illumina HiSeq
2000 (Bio-Rad, Hercules, CA, USA) using 2 × 100-bp paired-end
reads. Variants with allele frequencies higher than 1% were filtered
out. The minor allele frequency (MAF) was annotated using
databases Genome Aggregation Database (gnomAD), dbSNP,
1000 Genomes MAF (Chinese), ExAC, and an in-house MAF
database.

Known SRNS Gene Analysis
We generated a list of 71 known disease-causing genes through

discussion, combined with the genotype and phenotype according
to OMIM and literature review (online suppl. Table S1; for all
online suppl. material, see https://doi.org/10.1159/000534853).
The candidate variants were validated by Sanger sequencing, and
the diagnostic variants were defined as “pathogenic” or “likely
pathogenic” according to the American College of Medical Ge-
netics and Genomics (ACMG) guidelines and included the vari-
ants of uncertain significance (VUS). The functional significance of
unpublished variants was evaluated by SIFT [15], PolyPhen 2 [16],
and Mutation Taster [17].

Statistics
Throughout the manuscript, data are given as medians

(interquartile ranges) for continuous variables or percentages for
categorical variables, respectively, analysed by the t test or χ2 test.
The statistical analysis was performed through SPSS version 26.0
(SPSS, Armonk, NY, USA).

Table 1. Clinical characteristics of the 114 patients with SRNS/
FSGS

Characteristic All patients (N = 114)

Sex (male/female) 68/46
Family history of nephropathy 9
Age at onset, n (%)

0–3 months 4 (3.51)
4 months−1 year 5 (4.39)
1–5 years 81 (71.05)
6–12 years 24 (21.05)

Form
Isolated SRNS 92 (80.70)
Syndromic SRNS 9 (7.89)
Proteinuria with FSGS 13 (11.40)

Renal biopsy
FSGS 51 (44.74)
MesPGN 19 (16.67)
MCN 11 (9.65)
MN 2 (1.75)
Other 22 (19.30)
Unavailable 9 (7.89)

Follow-up
Duration of follow-up 4.25 years (IQR 2.73–7)
ESRD at last observation 13
Time to ESRD 4.08 years (IQR 3.58–5.33)
Loss of follow-up 10

FSGS, focal segmental glomerulosclerosis; MesPGN, me-
sangial proliferative glomerulonephritis; MCN, minimal change
nephrotic syndrome; MN, membranous nephropathy; ESKD,
end-stage kidney disease.
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Results

Characteristics of Cohort
A total of 114 unrelated index patients (68 males, 46

females) with a clinical diagnosis of SRNS or nephrotic
proteinuria with FSGS were enrolled in this study. Their
age of onset ranged from 9 days to 12.96 years with a
median age of 2.96 years (IQR 1.94–5.19). The main
demographic and clinical characteristics of the patients
are summarized in Table 1.

Monogenic Profile of SRNS
We performedWES in 114 unrelated patients and totally

identified 48 candidate variants in 35 patients. As shown in
Figure 1a, 26.32% (30/114) had variants in 14 known SRNS/
FSGS-related genes and 4.38% (5/114) had variants in five
phenocopy genes, including MYH9, MAFB, TTC21B,
AGRN, and FAT4. The overall detection rate of causal
variants in our SRNS cohort was 23.68% (27/114), including
25 patients with pathogenic (P) or likely pathogenic (LP)

variants and 2 patients carrying compound heterozygous
variants with VUS/P level in MYO1E and LAMB2, re-
spectively (shown in Fig. 1b; online suppl. Table S2). In
another 8 patients, 11 VUS were reported (shown in
Fig. 1b). In particular, 55.56% (15/27) of them were diag-
nosedwith autosomal dominant disease and 44.44% (12/27)
with autosomal recessive disease. The most frequently
mutated genes in our cohort were WT1 (7/27), NPHS1 (3/
27), ADCK4 (3/27), and ANLN (2/27), comprising 55.56%
of all causative variants identified (Table 2). NPHS2, which
dominated other reports, was absent in the present study.
Among all variants identified (including VUS), 33 out of the
48 variants (68.75%) were novel variants that have not been
reported in the literature. A detailed description of all the 48
variants is listed in online supplementary Tables S2 and S3.

Genotype-Phenotype Correlations
In the cohort, syndromic SRNS accounted for 7.89% of

the patients (9/114), and SRNS occurred as an isolated
kidney disease in 80.70% of the patients (92/114). We

Fig. 1.Molecular diagnostic yield in our cohort and pathogenicity
of variants in 35 patients with SRNS/FSGS. a Number and per-
centage of 114 patients in which variants in the known SRNS/
FSGS-related genes (26.32%) or in phenocopy genes (4.38%) were
detected by WES. b Pathogenicity of variants identified in 35

patients according to the ACMG/AMP guideline. 71.43% of pa-
tients carried P/LP level variants. 5.71% of patients were found to
be compound heterozygous for a P variant and a VUS variant, and
22.86% had VUS. VUS, variant of uncertain significance; LP, likely
pathogenic; P, pathogenic.
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compared the detection rates between different forms and
showed that the rate of syndromic SRNS was significantly
higher than that of isolated ones (88.89% vs. 10.86%, p <
0.05). Proteinuria with FSGS had a detection rate of
61.53%. Among patients with a causative variant, neu-
rological abnormalities including intellectual disability
and facial dysmorphism were the most common extra-
renal manifestation, followed by abnormality of genitalia
(Table 3).

The distribution and frequencies of variants in SRNS/
FSGS genes differed depending on the age of onset. The
highest proportion of genetic variants was found in the
congenital group (4/4 or 100.00% of the patients). Var-
iants in only NPHS1 and WT1 were identified in this
group. In the infantile-onset group (from 4 months to
1 year), three out of the 5 patients (60.00%) had variants
in PLCE1, LAMB2, and ADCK4. Furthermore, variants
were detected in 18.52% of the early childhood-onset (1–5
years) and 16.67% of the late childhood-onset groups
(6–12 years).

Kidney biopsy results were available for 106 patients (4
patients with congenital nephrotic syndrome (CNS) were
not biopsied, and the results of 4 patients were not
available), including 51 cases of FSGS, 19 cases of me-
sangial proliferative glomerulonephritis, and 11 patients
with minimal change nephropathy. Causative variants

were identified in 15 of the 51 patients with FSGS
(29.41%), while none of the patients with MsPGN either
minimal change nephropathy had a genetic diagnosis.

WT1 was the most common causative gene (7/27),
leading to the diagnoses of Frasier syndrome in patients 1,
4, and 5, Denys-Drash syndrome in patients 6 and 7, and
SRNS in patients 2 and 3 (online suppl. Table S2). The
variants were all located in exons 8 and 9 and the intronic
region of WT1, except for one truncating mutation in exon
10. Three unrelated cases were found to be caused by the
same WT1 variants, c.1447 + 5(IVS9)G>A, one presenting
with isolated SRNS, and two presenting with Frasier
syndrome. In addition, we identified two novel variants
c.1450delT (p.C484Vfs*16) and c.1367G>C (p.C456S) in
WT1. Themost common histopathological finding inWT1
disease was FSGS (4/7). Three cases developed into ESKD,
one developed into CKD stage 4, and two developed into
CKD stage 1 during the period of follow-up period.

NPHS1 was the most commonly mutated gene in the
subtype of CNS in our cohort (3/4), with six different
causal variants identified in 3 patients. Among them,
c.1740G>C (p.W580C), c.3213delG (p.L1072Ffs*71), and
c.616(exon6)C>A (p.P206T) were three novel variants.
Besides, patient 9, who carried compound heterozygous
variants c.3213delG (p.L1072Ffs*71) and c.2663G>A
(p.R888K), also presented with epilepsy except for CNS.

All ADCK4 variants were identified in 3 patients di-
agnosed with proteinuria with FSGS. All 3 patients
carried compound heterozygous variants and had a same
variant c.748(exon9)G>C (p.D250H). All 3 patients re-
ceived CoQ10 supplementation, and their renal function
remained at CKD stage 1.

Phenocopies
In addition to the known SRNS-related genes, we

identified phenocopy gene variants in 5 patients (online
suppl. Table S3). They were patient 31 with aMYH9 variant
(usually associated with macrothrombocytopenia and
granulocyte inclusions with or without nephritis or senso-
rineural hearing loss [18]), patient 32 with anMAFB variant
(usually associated with multicentric carpotarsal osteolysis
syndrome [19]), patient 33 with a TTC21B variant (usually
associated with nephronophthisis [20]), patient 34 with an
AGRN variant (usually associated with myasthenic syn-
drome [21]), and patient 35 with a FAT4 variant (usually
associated with Van Maldergem syndrome 2 [22]).

Patient 32
The patient presented at age two with oedema, massive

proteinuria, and hypoalbuminemia. She was refractory to
steroid therapy and developed renal dysfunction immediately,

Table 2.Mutated genes in 27 patients with a known monogenic
cause in the cohort

Gene Inheritance Patients, n

Known SRNS/FSGS genes
WT1 AD 7
NPHS1 AR 3
ADCK4 AR 3
ANLN AD 2
TRPC6 AD 1
PAX2 AD 1
PLCE1 AR 1
ACTN4 AD 1
MYO1E AR 1
LAMB2 AR 1
LMX1B AD 1

Phenocopy genes
MYH9 AD 1
MAFB AD 1
FAT4 AR 1
TTC21B AR 1
AGRN AR 1

SRNS, steroid-resistant nephrotic syndrome; FSGS, focal
segmental glomerulosclerosis; AD, autosomal dominant; AR,
autosomal recessive.
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1 month after diagnosis. Then she had a renal biopsy
that demonstrated diffuse sclerosing glomerulone-
phritis. Patient 32 was a test-tube baby. She exhibited
intellectual disability (unable to speak at the age of
two), facial dysmorphism (strabismus and small jaw),
and claw hand. Molecular diagnostics demonstrated
a well-described heterozygous variant c.212C>T (p.P71L)
in the MAFB gene. Her parents and twin sister were
healthy and have had no abnormalities in their genetic
tests.

Patient 34
The patient presented with bilateral ptosis at birth, and

the neostigmine test could not improve it. He underwent
a surgery for congenital ptosis at the age of three. When
the patient was 5 years old, he was diagnosed of SRNS,
and the percutaneous renal biopsy revealed IgM ne-

phropathy. Therefore, he received concomitant immu-
nosuppressive therapy with tacrolimus. Genetic analysis
revealed two novel compound heterozygous variants in
the AGRN gene: c.125A>C (p.E42A) and c.3473A>G
(p.K1158R).

Patient 35
He developed oedema of both lower limbs and eyelids,

massive proteinuria, and hypoproteinaemia at the age of
2. After 4 weeks of the standard dose of steroid treatment,
he was diagnosed with SRNS. The child has autism
spectrum disorder and is still nonverbal at age 2. His
parents were healthy with negative genetic tests, and his
grandmother had an intellectual disability. We identified
two novel compound heterozygous variants, c.1418_c.1419
ins ACTGCTG (p. P473Pfs*31) and c.2200 T>C (p.S734P)
in the FAT4 gene.

Table 3. Extrarenal manifestations of 8
patients with a causative variant Patient Gene Extrarenal manifestations

1 WT1 Male pseudohermaphroditism
4 WT1 Male pseudohermaphroditism
5 WT1 Male pseudohermaphroditism
6 WT1 Clitoral hypertrophy
9 NPHS1 Epilepsy
25 ACTN4 Intellectual disability

Patent ductus arteriosus
Facial dysmorphism (ocular hypertelorism, thick lip)

32 MAFB Intellectual disability
Facial dysmorphism (strabismus, small jaw)
Claw hands

34 AGRN Bilateral ptosis
35 FAT4 Autism

Intellectual disability

Table 4. Characteristics of genetic variants in large cohort studies in Asian population

Year 2022 2020 2020 2019 2017

Region China Korea Japan China China

Method NGS TES, WES WES TGS, WES Targeted NGS

Detection rate, n (%) 106/283 (37.46) 127/29 (143.64) 69 of 230 (30.00) 94/281 (33.45) 34/120 (28.33)

Common genes with
disease-causing
variants, n (%)

WT1 32 (30.19) WT1 30 (23.62) WT1 17 (24.64) ADCK4 16 (17.02) ADCK4 8 (23.53)
NPHS1 18 (16.98) COQ6 12 (9.45) NPHS1 8 (11.59) WT1 15 (15.96) NPHS1 7 (20.59)
NPHS2 15 (14.15) NPHS1 11 (8.66) INF2 8 (11.59) NPHS1 8 (8.51) WT1 7 (20.59)
ADCK4 13 (12.26) NUP107 9 (7.09) TRPC6 7 (10.14) INF2 6 (6.38) NPHS2 4 (11.76)
TRPC6 6 (5.67) COQ8B 8 (6.30) LAMB2 6 (8.70) PLCE1 6 (6.38)

NGS, next generation sequencing; WES, whole exome sequencing; TES, targeted exome sequencing; TGS, target gene
sequencing.
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Discussion

More than 70 disease-causing genes for SRNS/FSGS
have been identified due to the advent of modern tech-
nologies such as genetic mapping andWES. In our cohort
with 114 children, the detection rate was 23.68% (27/114)
andWT1 was the most frequently mutated gene, followed
by NPHS1, ADCK4, and ANLN. In contrast to previous
studies, novel variants that have not been previously
reported accounted for a high proportion of the variants
found in our study, comprising 68.75%. Two patients
carried compound heterozygous variants with VUS/P
level in MYO1E and LAMB2, respectively. Although they
carried a VUS variant in one allele, considering that their
phenotypes were highly specific to SRNS, and no other
causative genes related to kidney diseases were identified
in WES analysis, we defined them as diagnostic variants.

The detection rates have been reported to be related to
several factors, including the form of SRNS, age at onset,
pathological phenotype, and ethnic background. In our
study, patients with the syndromic type had significantly
higher detection rates than those of isolated SRNS, while
the detection rate of proteinuria combined with FSGS was
as high as 61.53%, suggesting that genetic testing should
be recommended for children with unexplained pro-
teinuria combined with FSGS. The variant detection rate
was the highest in children with CNS and decreased
significantly with increasing age at the first manifestation
during the first 5 years of life.

Previous studies have indicated that there are differences
in the distribution and frequencies of variants across dif-
ferent ethnic background and regions. The ethnic back-
ground might play a role in the incidence of these variants.
We compared the characteristics of genetic variants in large
studies that enrolled more than 100 patients over the past
decade [4–8, 11, 13, 14, 23–26] (Tables 4, 5). The overall
detection rate in these studies ranged from 21.05% to
43.64%. Several studies conducted in western countries
showed that the three most commonly mutated genes in-
clude NPHS1, NPHS2, and WT1 [5, 6, 8, 13, 25]. However,
an international cohort study evaluating 492 individuals
from 181 families showed that abnormalities in INF2
(30.00%), COL4A3 (12.50%), andWT1 (10.00%) weremost
commonly identified ones [7]. In another study from the
USA, NPHS1 (17.57%), PLCE1 (14.87%), and NPHS2
(10.81%) are the three major causative genes [4]. SMAR-
CAL1 is also a commonly mutated gene in western
countries with frequencies of 5.4% and 10.81% in two large
studies [4, 8]. It has been suggested in several studies that the
prevalence of NPHS2 variants is lower in Asian countries
[11, 14], but a study in China showed that the NPHS2Ta
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variants were one of the most common causes, accounting
for 14.15% of 106 patients with disease-causing variants
[23]. In addition, the higher frequency of ADCK4 gene
mutations was noted, especially in China, where the fre-
quencies were 23.53%, 17.02%, and 12.26% in the three
studies [13, 23, 26].

Glomerulopathy due to ADCK4 variants has been
reported to be identified primarily in adolescents with
rapid progression to ESKD [27]. In our cohort, the onset
age of three children was below 3 years, and all of them
carried 250-position variants, including three p.D250H
and one p.D250N. These characteristics are similar to
those of another multi-centre study in China [23]. More
interestingly, the D250H variant has been found only in
the Chinese population so far [23, 26].

ADCK4 interacts with components of the CoQ10 bio-
synthesis pathway, and patients with ADCK4 mutations
have reduced cellular CoQ10 content. It has been suggested
that oral administration of CoQ10 may reverse proteinuria
and stabilize renal function if initiated early during the
course of the disease [28]. Three patients in our study were
treated with CoQ10 supplementation immediately after
testing positive for ADCK4 gene variants, and their renal
function remained at CKD stage 1.

Phenotyping plays an important role in the diagnosis of
SRNS in children. Five cases in our study were genetically
proven phenocopies. Among them, we identified two novel
compound heterozygous variants of the FAT4 gene in
patient 35. FAT4 variants cause Van Maldergem syndrome
and Hennekam syndrome, both autosomal recessive dis-
orders characterized by typical facial gestalt and mild to
moderate intellectual disability [29]. Some of them with
FAT4 variants showed renal hypoplasia. FAT4 gene has
only been reported to be associated with SRNS in one study,
with left kidney hypodysplasia present in the proband [30].
Patient 35 in our study showed a syndromic phenotype,
with both SRNS and autism spectrum disorders, without
renal dysplasia. Furthermore, we identified two novel
compound heterozygous variants of the AGRN gene in
patient 34, who showed bilateral ptosis immediately at birth
and developed SRNS at the age of 5. The AGRN gene
encodes the heparan sulphate proteoglycan which plays a
central role in the formation and maintenance of the
neuromuscular junction and directs key events in post-
synaptic differentiation. It is also expressed in the basement
membranes of the kidneys [31]. Bilateral ptosis in patient 34
was consistent with clinical features reported in previous
studies [32]. However, it is the first time that variants in
AGRN have been identified in SRNS patients.

In conclusion, the overall mutation detection rate in this
cohort of 114 children with SRNS was 23.68%. The most

frequently mutated genes included WT1, NPHS1, ADCK4,
and ANLN. For the first time, we identified variants in the
AGRN gene in children with SRNS. We suggest that all
children with SRNS undergo genetic testing, especially those
with early-onset and extrarenal phenotypes.

Acknowledgments

We would like to thank the families and study individuals for
their contribution. We also thank the Chigene (Beijing, China),
Translational Medical Research Center Co. Ltd. for whole exome
sequencing.

Statement of Ethics

This study protocol was reviewed and approved by the Ethics
Committee of Children’s Hospital of Nanjing Medical University,
approval number [202306015-1]. Written informed consents were
obtained from the participants’ parent/legal guardian to partici-
pate in the study.

Conflict of Interest Statement

All authors declare no conflicts of interest.

Funding Sources

This research was supported by grants from National Key
Research and Development Program (No. 2022YFC2705100, No.
2022YFC2705105) to Aihua Zhang, the National Natural Science
Foundation of China (No. 82270746) and China Postdoctoral
Science Foundation (No. 2022M711681) to Bixia Zheng, and the
National Natural Science Foundation of China (No. 81974084) to
Songming Huang.

Author Contributions

Luyan Zhang, Bixia Zheng, and Aihua Zhang conceived the
study. Luyan Zhang, Fei Zhao, Guixia Ding, and Ying Chen
participated in data preparation and analyses. Luyan Zhang,
Sanlong Zhao, Qiuxia Chen, Yugen Sha, and Ruochen Che con-
tributed towards drafting and critically revising the manuscript.
Songming Huang, Aihua Zhang, and Bixia Zheng reviewed the
final manuscript and agreed to be accountable for all aspects of the
work. All authors approved the final version of the manuscript.

Data Availability Statement

All data generated or analysed during this study are included in
this article and its online supplementary material. Further en-
quiries can be directed to the corresponding author.

Monogenic Causes in SRNS Kidney Dis
DOI: 10.1159/000534853

7

https://doi.org/10.1159/000534853


References

1 Sachdeva S, Khan S, Davalos C, Avanthika
C, Jhaveri S, Babu A, et al. Management of
steroid-resistant nephrotic syndrome in
children. Cureus. 2021;13(11):e19363.

2 Trautmann A, Schnaidt S, Lipska-Zietkiewicz
BS, Bodria M, Ozaltin F, Emma F, et al. Long-
term outcome of steroid-resistant nephrotic
syndrome in children. J Am Soc Nephrol.
2017;28(10):3055–65.

3 Jung J, Lee JH, Park YS. Therapeutic response
and long-term renal outcomes in childhood
idiopathic steroid-resistant nephrotic syn-
drome: a single-center study. Nephron. 2022;
146(4):327–34.

4 Warejko JK, Tan W, Daga A, Schapiro D,
Lawson JA, Shril S, et al. Whole exome se-
quencing of patients with steroid-resistant
nephrotic syndrome. Clin J Am Soc Neph-
rol. 2018;13(1):53–62.

5 Sadowski CE, Lovric S, Ashraf S, Pabst WL,
Gee HY, Kohl S, et al. A single-gene cause in
29.5% of cases of steroid-resistant nephrotic
syndrome. J Am Soc Nephrol. 2015;26(6):
1279–89.

6 Bierzynska A, McCarthy HJ, Soderquest K,
Sen ES, Colby E, Ding WY, et al. Genomic
and clinical profiling of a national nephrotic
syndrome cohort advocates a precision
medicine approach to disease management.
Kidney Int. 2017;91(4):937–47.

7 Varner JD, Chryst-Stangl M, Esezobor CI,
Solarin A,WuG, Lane B, et al. Genetic testing
for steroid-resistant-nephrotic syndrome in
an outbred population. Front Pediatr. 2018;
6:307.

8 Trautmann A, Lipska-Zietkiewicz BS,
Schaefer F. Exploring the clinical and genetic
spectrum of steroid resistant nephrotic syn-
drome: the PodoNet registry. Front Pediatr.
2018;6:200.

9 Cheong HI. Genetic tests in children with
steroid-resistant nephrotic syndrome. Kidney
Res Clin Pract. 2020;39(1):7–16.

10 Preston R, Stuart HM, Lennon R. Genetic
testing in steroid-resistant nephrotic syn-
drome: why, who, when and how? Pediatr
Nephrol. 2019;34(2):195–210.

11 Nagano C, Yamamura T, Horinouchi T, Aoto
Y, Ishiko S, Sakakibara N, et al. Compre-
hensive genetic diagnosis of Japanese patients
with severe proteinuria. Sci Rep. 2020;
10(1):270.

12 Tan W, Airik R. Primary coenzyme Q10
nephropathy, a potentially treatable form of

steroid-resistant nephrotic syndrome. Pediatr
Nephrol. 2021;36(11):3515–27.

13 Wang F, Zhang Y, Mao J, Yu Z, Yi Z, Yu L,
et al. Spectrum of mutations in Chinese
children with steroid-resistant nephrotic syn-
drome. Pediatr Nephrol. 2017;32(7):1181–92.

14 Park E, Lee C, Kim NKD, Ahn YH, Park YS,
Lee JH, et al. Genetic study in Korean pe-
diatric patients with steroid-resistant ne-
phrotic syndrome or focal segmental glo-
merulosclerosis. J Clin Med. 2020;9(6):2013.

15 Sim NL, Kumar P, Hu J, Henikoff S,
Schneider G, Ng PC. SIFT web server: pre-
dicting effects of amino acid substitutions on
proteins. Nucleic Acids Res. 2012;40:
W452–7.

16 Adzhubei IA, Schmidt S, Peshkin L, Ra-
mensky VE, Gerasimova A, Bork P, et al. A
method and server for predicting damaging
missense mutations. Nat Methods. 2010;7(4):
248–9.

17 Schwarz JM, Cooper DN, Schuelke M, Seelow
D. MutationTaster2: mutation prediction for
the deep-sequencing age. Nat Methods. 2014;
11(4):361–2.

18 Fernandez-Prado R, Carriazo-Julio SM,
Torra R, Ortiz A, Perez-Gomez MV. MYH9-
related disease: it does exist, may be more
frequent than you think and requires specific
therapy. Clin Kidney J. 2019;12(4):488–93.

19 Zankl A, Duncan EL, Leo PJ, Clark GR,
Glazov EA, Addor MC, et al. Multicentric
carpotarsal osteolysis is caused by mutations
clustering in the amino-terminal transcrip-
tional activation domain of MAFB. Am
J Hum Genet. 2012;90(3):494–501.

20 Davis EE, Zhang Q, Liu Q, Diplas BH, Davey
LM, Hartley J, et al. TTC21B contributes both
causal and modifying alleles across the ciliop-
athy spectrum. Nat Genet. 2011;43(3):189–96.

21 Huzé C, Bauché S, Richard P, Chevessier F,
Goillot E, Gaudon K, et al. Identification of an
agrin mutation that causes congenital my-
asthenia and affects synapse function. Am
J Hum Genet. 2009;85(2):155–67.

22 Alders M, Al-Gazali L, Cordeiro I, Dalla-
piccola B, Garavelli L, Tuysuz B, et al.
Hennekam syndrome can be caused by FAT4
mutations and be allelic to Van Maldergem
syndrome. Hum Genet. 2014;133(9):1161–7.

23 Zhu X, Zhang Y, Yu Z, Yu L, HuangW, Sun S,
et al. The clinical and genetic features in
Chinese children with steroid-resistant or
early-onset nephrotic syndrome: a multi-

center cohort study. Front Med. 2022;9:
885178.

24 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(4):
592–600.

25 Sen ES, Dean P, Yarram-Smith L, Bierzynska
A, Woodward G, Buxton C, et al. Clinical
genetic testing using a custom-designed
steroid-resistant nephrotic syndrome gene
panel: analysis and recommendations. J Med
Genet. 2017;54(12):795–804.

26 Rao J, Liu X, Mao J, Tang X, Shen Q, Li G,
et al. Genetic spectrum of renal disease for
1,001 Chinese children based on a multi-
center registration system. Clin Genet. 2019;
96(5):402–10.

27 Korkmaz E, Lipska-Zietkiewicz BS, Boyer O,
Gribouval O, Fourrage C, Tabatabaei M, et al.
ADCK4-associated glomerulopathy causes
adolescence-onset FSGS. J Am Soc Nephrol.
2016;27(1):63–8.

28 Drovandi S, Lipska-Zietkiewicz BS, Ozaltin F,
Emma F, Gulhan B, Boyer O, et al. Oral
Coenzyme Q10 supplementation leads to
better preservation of kidney function in
steroid-resistant nephrotic syndrome due to
primary Coenzyme Q10 deficiency. Kidney
Int. 2022;102(3):604–12.

29 Ivanovski I, Akbaroghli S, Pollazzon M,
Gelmini C, Caraffi SG, Mansouri M, et al.
Van Maldergem syndrome and Hennekam
syndrome: further delineation of allelic
phenotypes. Am J Med Genet A. 2018;176(5):
1166–74.

30 Landini S, Mazzinghi B, Becherucci F, Alli-
novi M, Provenzano A, Palazzo V, et al.
Reverse phenotyping after whole-exome se-
quencing in steroid-resistant nephrotic syn-
drome. Clin J Am Soc Nephrol. 2020;15(1):
89–100.

31 Groffen AJ, Ruegg MA, Dijkman H, van de
Velden TJ, Buskens CA, van den Born J, et al.
Agrin is a major heparan sulfate proteoglycan
in the human glomerular basement mem-
brane. J Histochem Cytochem. 1998;46(1):
19–27.

32 Gan S, Yang H, Xiao T, Pan Z, Wu L. AGRN
gene mutation leads to congenital myasthenia
syndromes: a pediatric case report and lit-
erature review. Neuropediatrics. 2020;51(5):
364–7.

8 Kidney Dis
DOI: 10.1159/000534853

Zhang/Zhao/Ding/Chen/Zhao/Chen/Sha/
Che/Huang/Zheng/Zhang

https://doi.org/10.7759/cureus.19363
https://doi.org/10.1681/ASN.2016101121
https://doi.org/10.1159/000520362
https://doi.org/10.2215/CJN.04120417
https://doi.org/10.2215/CJN.04120417
https://doi.org/10.1681/ASN.2014050489
https://doi.org/10.1016/j.kint.2016.10.013
https://doi.org/10.3389/fped.2018.00307
https://doi.org/10.3389/fped.2018.00200
https://doi.org/10.23876/j.krcp.20.001
https://doi.org/10.23876/j.krcp.20.001
https://doi.org/10.1007/s00467-017-3838-6
https://doi.org/10.1007/s00467-017-3838-6
https://doi.org/10.1038/s41598-019-57149-5
https://doi.org/10.1007/s00467-020-04914-8
https://doi.org/10.1007/s00467-020-04914-8
https://doi.org/10.1007/s00467-017-3590-y
https://doi.org/10.3390/jcm9062013
https://doi.org/10.1093/nar/gks539
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nmeth.2890
https://doi.org/10.1093/ckj/sfz103
https://doi.org/10.1016/j.ajhg.2012.01.003
https://doi.org/10.1016/j.ajhg.2012.01.003
https://doi.org/10.1038/ng.756
https://doi.org/10.1016/j.ajhg.2009.06.015
https://doi.org/10.1016/j.ajhg.2009.06.015
https://doi.org/10.1007/s00439-014-1456-y
https://doi.org/10.3389/fmed.2022.885178
https://doi.org/10.2215/CJN.06260614
https://doi.org/10.1136/jmedgenet-2017-104811
https://doi.org/10.1136/jmedgenet-2017-104811
https://doi.org/10.1111/cge.13606
https://doi.org/10.1681/ASN.2014121240
https://doi.org/10.1016/j.kint.2022.04.029
https://doi.org/10.1016/j.kint.2022.04.029
https://doi.org/10.1002/ajmg.a.38652
https://doi.org/10.2215/CJN.06060519
https://doi.org/10.1177/002215549804600104
https://doi.org/10.1055/s-0040-1708534
https://doi.org/10.1159/000534853

	Monogenic Causes Identified in 23.68% of Children with Steroid-Resistant Nephrotic Syndrome: A Single-Centre Study
	Introduction
	Materials and Methods
	Human Participants
	WES and Variant Calling
	Known SRNS Gene Analysis
	Statistics

	Results
	Characteristics of Cohort
	Monogenic Profile of SRNS
	Genotype-Phenotype Correlations
	Phenocopies
	Patient 32
	Patient 34
	Patient 35


	Discussion
	Acknowledgments
	Statement of Ethics
	Conflict of Interest Statement
	Funding Sources
	Author Contributions
	Data Availability Statement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


