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Abstract Understanding the association between the genetic and clinical phenotypes in chil-
dren with nephrotic syndrome (NS) of different etiologies is critical for early clinical guidance.
We employed whole-exome sequencing (WES) to detect monogenic causes of NS in a multi-
center cohort of 637 patients. In this study, a genetic cause was identified in 30.0% of the
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idiopathic steroid-resistant nephrotic syndrome (SRNS) patients. Other than congenital
nephrotic syndrome (CNS), there were no significant differences in the incidence of monogenic
diseases based on the age at manifestation. Causative mutations were detected in 39.5% of pa-
tients with focal segmental glomerulosclerosis (FSGS) and 9.2% of those with minimal change
disease (MCD). In terms of the patterns in patients with different types of steroid resistance, a
single gene mutation was identified in 34.8% of patients with primary resistance, 2.9% with sec-
ondary resistance, and 71.4% of children with multidrug resistance. Among the various inten-
sified immunosuppressive therapies, tacrolimus (TAC) showed the highest response rate, with
49.7% of idiopathic SRNS patients achieving complete remission. Idiopathic SRNS patients with
monogenic disease showed a similar multidrug resistance pattern, and only 31.4% of patients
with monogenic disease achieved a partial remission on TAC. During an average 4.1-year
follow-up, 21.4% of idiopathic SRNS patients with monogenic disease progressed to end-stage
renal disease (ESRD). Collectively, this study provides evidence that genetic testing is neces-
sary for presumed steroid-resistant and idiopathic SRNS patients, especially those with primary
and/or multidrug resistance.
Copyright ª 2022, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Nephrotic syndrome (NS) is defined by the presence of se-
vere proteinuria, hypoalbuminemia, edema, and
hyperlipidemia.1 Many glomerular diseases and a few renal
tubule reabsorption disorders present with NS in
childhood.2 At present, NS is divided into several categories
based on the age at onset and etiology, including congenital
nephrotic syndrome (CNS), genetically-associated ne-
phropathy, idiopathic NS (INS) and secondary NS. Genetic
nephropathies, CNS and some forms of INS can be mono-
genic diseases, while secondary NS involves multigene in-
teractions, immune responses, the environment, infection,
allergens and so on.3,4

The mechanisms underlying the development of INS are
unclear. The disease affects approximately 2e5 per 100,000
children per year. Corticosteroids are the standard therapy
for INS, and approximately 80e90% of INS patients initially
respond to steroids.1,5 However, nearly half of the children
with steroid-sensitive nephrotic syndrome (SSNS) develop
frequently-relapsing nephrotic syndrome (FRNS) or steroid-
dependent nephrotic syndrome (SDNS). Additionally,
10e15% of affected children already have or later develop
steroid-resistant nephrotic syndrome (SRNS).1,3 The man-
agement of SRNS is a great challenge due to its heteroge-
neous etiology. Patients often require several courses of
steroid treatment and additional use of one or more im-
munosuppressants. Despite the fact that nearly 50e70% of
SRNS patients will achieve remission with calcineurin in-
hibitor (CNI) therapy, some patients present with CNI-
resistant SRNS, or may exhibit a multidrug-resistant
phenotype.6,7 The clinical treatment of these patients is
difficult, and the end-stage renal disease (ESRD) free sur-
vival rate is low. Approximately 30e40% of SRNS patients
progress to ESRD within 10 years, requiring renal replace-
ment therapy.8e12

At present, SRNS is believed to have a monogenic or
immune etiology. With the improvement of molecular
diagnostic techniques, more data suggest that the genotype
can determine the clinical efficacy of different treatments
and can be used to determine the prognosis of these chil-
dren. It has become apparent that up to 30% of patients
with SRNS may have genetic mutations. To date, more than
80 causative genes have been identified, resulting in de-
fects in the podocyte slit diaphragm, actin cytoskeleton,
lysosomal proteins, mitochondrial proteins, nuclear tran-
scription factors and/or the glomerular basement
membrane.13e19 Evaluation of genes by panel sequencing is
limited to approximately 30 genes. However, whole exome
sequencing allows for the evaluation of all genes, including
those that may phenocopy steroid-resistant nephrotic syn-
drome and provide the opportunity for novel gene
discovery.13 Individuals with monogenic diseases usually
present with refractory nephropathy and more rapidly
progress to renal failure, but the condition does not recur
after renal transplantation. In contrast, a high risk of post-
transplantation recurrence is found in patients without any
identified genetic alterations.20,21 It is hypothesized that
these patients have circulating immunological factors,
including systemic factors (e.g., suPAR) and podocyte-
related factors (e.g., ANGPTL4), that can act on the
podocyte or basement membrane and disrupt glomerular
permeability.22e26

The clinical manifestations of CNS or genetically-asso-
ciated nephropathy are often similar to INS. In addition, NS
is sometimes the only evident clinical sign during the early
stages of disease. These genetic nephropathies are often
misclassified and treated with steroids. Therefore, further
exploration of the association between the genetic phe-
notypes and clinical phenotypes in patients with NS of
different etiologies is critical for early clinical guidance on
the optimal diagnosis and treatment strategies. Of note,
the clinical and genetic phenotypes of NS in children vary in
different regions and ethnic groups.27 Previous studies
lacked large samples and detailed analyses of the associa-
tions between genetic and clinical phenotypes. Our present
study evaluated the utility of employed whole-exome
sequencing (WES) in a bidirectional, multicenter clinical
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cohort with different clinical types of NS. This study was
conducive to exploring the pathogenesis of refractory ne-
phropathy from the perspective of genetics, and for iden-
tifying the causative gene mutation sites. We hope that the
information presented here will help others achieve a more
accurate diagnosis and prognostic evaluation, reduce the
risk of post-transplantation recurrence, ensure individuali-
zation of treatment strategies, and provide better infor-
mation for genetic counseling.

Methods

Patient cohort

The study recruited patients from the Children’s Hospital
affiliated with Chongqing Medical University, ShenZhen Chil-
dren’sHospital, andChengduWomen’s andChildren’sCentral
Hospital from January 2010 to June 2020. There were a total
of 637 patientswith nephrotic syndrome enrolled in the study
(Fig. 1).28 The inclusion criteria were: onset of symptoms
before 18 years of age and a clinical diagnosis of NS or
nephrotic range proteinuria with kidney histology suggesting
focal segmental glomerulosclerosis (FSGS), minimal change
disease (MCD) or diffuse mesangial sclerosis. The exclusion
criteria were: (1) evidence of clinical, laboratory, or kidney
biopsy signs of secondary nephrotic syndrome (e.g., systemic
lupus erythematosus, Henoch-Schonlein purpura nephritis,
anti-neutrophil cytoplasmic antibodies-associated nephritis,
or hepatitis B virus-associated nephritis); (2) untraceable
parents’ DNA.
Figure 1 Flowchart for the selection o
Demographic information, the family history, laboratory
data, biopsy results, medication use, recurrence and thera-
peutic responses were retrospectively collected from inpa-
tient records, routine outpatient examinations and the
patient’s family self-test reports. After obtaining the consent
of the children and written informed consent from their
parents, WES was performed in all patients after the clinical
phenotypes were determined (a 2e3 ml blood sample was
required), and blood samples were also collected during the
follow-up. The study protocol was approved by the Ethics
Committee of the Children’s Hospital of Chongqing Medical
University (No. 2018e95) and the study was registered in the
Chinese Clinical Trial Registry (http://www.chictr.org.cn/,
ChiCTR2000029210).

The WES testing procedure is detailed in Supplement 1.

Definitions

Nephrotic syndrome was defined as the presence of edema
with protein excretion >40 mg/m2 per h or a urine pro-
tein:creatinine ratio �2000 mg/g (�200 mg/mmol) or >3þ
proteinuria on dipstick with serum albumin <2.5 g/dL
(25 g/L). FRNS was defined as �2 relapses within 6 months
of an initial response or �4 relapses in any 12-month
period. SDNS was defined by 2 consecutive relapses occur-
ring while weaning to alternate day steroids or within 2
weeks of steroid discontinuation. SRNS was indicated by
persistent proteinuria despite treatment with 60 mg/m2 or
2 mg/kg of a steroid for 4 weeks, after ensuring that there
was no infection or non-adherence to the treatment.
f 637 patients included in the study.
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Secondary resistance was diagnosed in children with initial
steroid sensitivity who in subsequent relapses developed
SRNS. Presumed steroid resistance was diagnosed in those
affected by CNS or genetic nephropathies, regardless of
whether they had received treatment with steroids. CNI-
resistant SRNS was considered to be present in those
without at least a partial remission after 6 months of
treatment with a CNI at an adequate dose and/or level.
Multidrug resistance was diagnosed in patients without a
complete remission after 12 months of treatment with 2
mechanistically distinct steroid-sparing agents (including
CNIs) administered at standard doses. CNS was diagnosed in
patients with NS with an age of onset younger than 3
months, except for those with intrauterine infections.1

A complete remission was defined by a urine protein-to-
creatinine ratio <200 mg/g, a urine albumin-to-creatinine
ratio <30 mg/g, or negative/trace dipstick proteinuria
during therapy. A partial remission was defined as a urine
protein-to-creatinine ratio <200 mg/g or a dipstick �1þ
but with a plasma albumin >2.5 g/dL1,3.

Podocytopathy genes were identified in the Online
Mendelian Inheritance in Man (OMIM; https://www.omim.
org) as causing “nephrotic syndrome” or “FSGS”. Pheno-
copy genes were those identified in the OMIM as causing a
syndromic disorder, with nephrotic syndrome being only
one among many other clinical signs or even not mentioned
at all.13,14

Statistical analyses

Most of the analyses are of a descriptive nature. Continuous
variables are presented as median with interquartile range.
Categorical variables are presented as number and per-
centage. Statistical analyses were performed using the SPSS
26.0 software. For group comparison of categorical vari-
ables, the Chi-square test or Fisher’s exact t test was used.

KaplaneMeier curves were used to determine the renal
survival time. A P-value less than 0.05 was considered
significant.

Results

Patient characteristics

A total of 637 patients affected by NS were selected for
analysis. The baseline characteristics of the study popula-
tion are shown in Supplement 2. Among the 637 patients,
there were 26 patients with CNS, 32 patients with geneti-
cally-associated nephropathy, 162 patients with SSNS, 184
patients with SDNS/FRNS, and 233 patients with idiopathic
SRNS.

We detected a causative mutation in 22 of the 26 (84.6%)
CNS patients (10 NPHS1, 8WT1, 3 NPHS2, 1 LAMB2). None of
the patients had pathological data. Most families chose to
abandon active treatment after the diagnosis. Six CNS pa-
tients were lost during the follow-up. CNS patients had the
worst outcome; 30.0% (n Z 6/20) of the children died and
the renal survival rate was only 35.0% (n Z 7/20 patients)
by the end of the 3.7-year follow-up.

Genetically-associated nephropathy was identified in 32
patients basedontheclinical assessmentandgeneticfindings.
There were 17 patients with Alport syndrome, 5 patients with
Dent disease, 3 patients with oculocerebrorenal syndrome of
Lowe, 3 patients with atypical hemolytic uremic syndrome
(aHUS), 3 patients with C3 glomerulonephritis, and 1 patient
with Fabry disease. The majority (71.9%) of the patients with
genetically-associated nephropathy had glomerular hematu-
ria and/or renal insufficiencyand/orhypocomplementemiaat
the onset. Fifteen of these patients showed extrarenal
symptoms (e.g., sensorineural hearing loss, ocular abnor-
malities, developmental retardation, or hemolytic anemia).
Moreover, 53.1% (n Z 17/32) of the patients had a family
history of kidney disease. As expected, this group had the
highest detection rate of causative mutations (96.9%).

Minimal change disease was the most common histolog-
ical pattern in all INS groups. However, 38.5% (n Z 37/96)
of idiopathic SRNS patients showed FSGS in the histological
findings, making renal biopsy valuable for distinguishing
patients belonging to different clinical groups. None of the
SSNS patients showed pathogenic variants on genetic
analysis. Only one of the SDNS/FRNS patients had a
detected pathogenic gene (NPHS1 compound heterozygous
mutation), which was manifested by high-dose steroid
dependence. By contrast, of the 233 idiopathic SRNS pa-
tients, 70 (30.0%) patients had monogenic disease. During
the 4.2-year follow up, 16 idiopathic SRNS patients pro-
gressed to ESRD, and 15 of them were single-gene cases.

Monogenic patients at different ages

In this study, almost all of the patients with monogenic
disease were presumed steroid resistant and had idiopathic
SRNS, and the total positive rate of causative mutations was
42.3% (n Z 123/291). We analyzed the age and sex char-
acteristics of gene mutations in these two groups (Fig. 2)
and found that there was no significant difference in
causative mutations detected between the sexes (OR,
0.957; 95%CI, 0.791e1.158; P Z 0.65). The detection rate
of causative genes was highest in children younger than 3
months old (CNS), at 84.6%. After 3 months of age, the
chance of identifying a genetic cause decreased to 50%
between the ages of 3 months and 1 year, 37.9% between 1
and 3 years, 35.5% between 3 and 6 years, 36.0% between 6
and 12 years, and 47.4% in those aged 12e18 years. Other
than the CNS patients, there was no significant difference
in the detection rate among the other age groups.

Monogenic patients with different histopathological
findings

A total of 202 children had renal biopsy results available (no
biopsy data were available for 435 patients) (Fig. 2).
Monogenic disease was seen in 39.5% of the FSGS cases
(n Z 15/38, 39.5%), 9.2% of those with MCD (n Z 12/130),
15.4% of patients with mesangial proliferative glomerulo-
nephritis (MsPGN) (n Z 2/13), none of the patients with
membranoproliferative glomerulonephritis (MPGN) and in
almost all patients with other diseases (Others, nZ 19/20).
The pathological changes in the Others group included 14
cases of Alport syndrome, 2 of aHUS, 2 of C3 glomerulo-
nephritis and 1 case of Fabry disease. The difference in the
mutation detection rate among groups with different
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Figure 2 Proportion of individuals with causative mutations in presumed steroid resistant and idiopathic SRNS patients, divided
by sex, age and pathology.
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pathological changes was statistically significant (Fisher
exact test, P < 0.001 across groups).
Causative mutations in patients with idiopathic
SRNS

Causative mutations were detected in 30.0% of idiopathic
SRNS patients (nZ 70/233). Among the identifiedmutations,
61 were known “nephrotic syndrome” or “FSGS” genes. A list
of the pathogenic variants detected is shown in Table 1. Mu-
tations were also found in 9 phenocopy genes, specifically
LAGE3, COL4A5, COL4A3, ANKS6, FAT1, and FN1. The pro-
portions of gene distribution in idiopathic SRNS patients can
be found in Figure 3.WT1 (nZ 10),NPHS2 (nZ 9), andNPHS1
(nZ 7) were the most commonly mutated genes, containing
37.1% of all mutations identified.

The distribution of causative mutations in each age
group of idiopathic SRNS patients is shown in Figure 4. As
expected, the majority of patients with WT1 and NPHS1
mutations showed clinical signs in infancy. However, it
was previously noted that mutations in these two genes
can sometimes cause disease in older children, and this
was also true in our study. NPHS2 variants were the main
cause of monogenic idiopathic SRNS in children aged 1e6
years old. In our study cohort, the age of onset for pa-
tients with MAGI2 and PLCE1 gene mutations was mainly
concentrated in early childhood. In contrast, all patients
with INF2, TRPC6, PAX2, CRB2 and AVIL mutations were
over 6 years old.
Characteristics of patients with NPHS1, NPHS2 and
WT1 mutations

NPHS1, NPHS2 and WT1 were the most commonly mutated
genes in our cohort, and these were the causative muta-
tions in almost all cases of monogenic CNS (n Z 21) and
37.1% (n Z 26/70) of the cases of idiopathic SRNS with
monogenic disease. We also compared the characteristics
of these three groups (Supplement 3). The median ages of
onset for patients with NPHS1, NPHS2 and WT1 mutations
were 18, 36, and 14 months respectively. Patients with
mutant NPHS2 had a significantly later onset than the
other two groups (P < 0.001 across groups). The majority
of individuals with mutations of the NPHS1 or NPHS2 genes
had complex heterozygous mutations, while only one
NPHS2 homozygous mutation was identified. In contrast,
single heterozygous mutations were found in all WT1 pa-
tients. Notably, 38.9% (n Z 7/18) of patients with WT1
mutations showed specific extrarenal involvement (sex
reversal/urogenital abnormalities or tumors). Those
symptoms were either present at the onset or appeared
later on during follow-up. None of the patients with NPHS1



Table 1 Summary of the whole-exome sequencing in idiopathic SRNS patients.

WES results (n Z 70) Gene Inheritance Disease OMIM Case number

Podocytopathies (n Z 61) WT1 AD Nephrotic syndrome, type 4 256370 10
NPHS2 AR Nephrotic syndrome, type 2 600995 9
NPHS1 AR Nephrotic syndrome, type 1 256300 7
TRPC6 AD FSGS2 603965 4
PAX2 AD FSGS7 616002 4
COQ8B AR Nephrotic syndrome, type 9 615567 4
LAMB2 AR Nephrotic syndrome, type 5 614199 3
PLCE1 AR Nephrotic syndrome, type 3 610725 3
INF2 AD FSGS5 613237 2
MAGI2 AR Nephrotic syndrome, type 15 617609 2
PTPRO AR Nephrotic syndrome, type 6 614196 2
CRB2 AR FSGS9 616220 2
ACTN4 AD FSGS 1 603278 2
AVIL AR Nephrotic syndrome, type 21 618594 1
NUP107 AR Nephrotic syndrome, type 11 616730 1
TBC1D8B XR Nephrotic syndrome, type 20 301028 1
ANLN AD FSGS8 616032 1
NUP205 AR Nephrotic syndrome, type 13 616893 1
MYO1E AR FSGS6 614131 1
CD2AP AR/AD FSGS3 607832 1

Phenocopies (n Z 9) LAGE3 AR Galloway-Mowat syndrome 614748 2
COL4A5 XR Alport syndrome/FSGS 303630 2
COL4A3 AR Alport syndrome/FSGS 120070 2
ANKS6 AR Nephronophthisis 615382 1
FAT1 AR FAT1-related glomerulotubular

nephropathy
600976 1

FN1 AD Fibronectin glomerulopathy 135600 1

All postwhole-exome sequencing diagnoses are defined according to OMIM nomenclature (https://www.omim.org).

Figure 3 The proportion of gene distribution in idiopathic SRNS.
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Figure 4 The distribution of causitive mutation genes in different age groups in idiopathic SRNS.
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or NPHS2 mutations had extrarenal manifestations.
Furthermore, the median renal survival time was 19
months for patients with NPHS1 mutations, 17 months for
those with NPHS2 mutations, and 11 months for those with
WT1 mutations. Thus, the WT1 patients showed a worse
prognosis and progressed to ESRD more quickly (P < 0.001
across groups).
Characteristics of patients with monogenic
idiopathic SRNS

The characteristics of idiopathic SRNS patients grouped by
genetic results are shown in Table 2. There was no significant
difference in the age of onset, sex or clinical classification
between the patients with and without a monogenic cause of
disease (P> 0.05). Most patients had FSGS (nZ 37/96, 38.5%)
or MCD (nZ 51/96, 53.1%) on biopsy. All of the patients were
treated with intensified immunosuppression in the early
stage. The median follow-up time was 4.2 years (range, 1e9
years). A total of 98.6% (nZ 69/70) of themonogenicpatients
showed primary resistance, which was significantly higher
than in the group without an identified causative gene mu-
tation (n Z 129/163, 79.1%) (OR, 0.80, 95%CI, 0.74e0.87,
P < 0.001). Only one patient with a NPHS1 compound het-
erozygous mutation initially presented with high-dose SDNS,
then developed secondary resistance during the follow-up.
Moreover, with regard to the pattern of steroid resistance,
the rate of primary resistance in children with a single gene
mutation was 34.8% (n Z 69/198), while the gene mutation
rate was only 2.9% (n Z 1/35) in patients with secondary
resistance. Of note, the mutation rate was as high as 71.4%
(n Z 70/98) in children with multidrug resistance. As ex-
pected, complete remission occurred solely in patients
without genetic mutations (n Z 106/163, 65.0%) (after
changing to CNIs, 5 patients who did not respond to the initial
treatment with mycophenolate mofetil (MMF) or cyclophos-
phamide (CTX) achieved a complete response). In contrast,
68.6% (nZ 48/70) of the patients with monogenic mutations
did not have any response to multiple immunosuppressants,
and only 22 patients (31.4%) showed a partial remission.
During an average of 4.2 years of follow-up, 99.4% (nZ 162/
163) of patients without gene mutations had renal survival,
while 21.4% (n Z 15/70) of the patients with monogenic dis-
ease progressed to ESRD (OR, 1.27; 95%CI, 1.12e1.43;
P < 0.001).

All of the patients with idiopathic SRNS received inten-
sified immunosuppression and no children were treated
with biological agents at the onset. A majority (60.1%;
n Z 140/233) of the patients received TAC, 27.9% (n Z 65/
233) received CTX pulse therapy, 10.7% (n Z 25/233)
received MMF, and 1.3% (n Z 3/233) received cyclosporin A
(CsA). Of the 163 patients without detected genetic mu-
tations, 47 received CTX, and a complete response
occurred in 55.3% of these patients (n Z 26/47). Only 22.2%
(n Z 4/18) of the mutation-negative patients treated with
MMF achieved a complete remission. Treatment with TAC/
CsA led to the highest complete remission rate (72.5%,
n Z 71/98) (P < 0.001 across groups). The overwhelming
majority of monogenic patients showed no response to any



Table 2 Summary of the clinical and pathologic characteristics of the patients with idiopathic SRNS included in the study,
divided by genetic group.

Characteristics (n Z 233) Monogenic disease (n Z 70) Genetic-testing negative (n Z 163)

Age at onset,yr 5.0 � 3.4 5.4 � 3.1
Sex (male) 36/70 (51.4%) 99/163 (60.7%)
Clinical classification
Without glomerular hematuria, renal

insufficiency and hypocomplememia
43/70 (61.4%) 116/163 (71.2%)

With glomerular hematuria or/and renal
insufficiency or/and hypocomplememia

27/70 (38.6%) 47/163 (28.8%)

Histopathological findings
MCD 12/28 (42.9%) 39/68 (57.3%)
FSGS 14/28 (50.0%) 23/68 (33.8%)
MSPGN 2/28 (7.1%) 5/68 (7.4%)
MPGN 0/28 (0%) 1/68 (1.5%)
Pattern of resistance
Primary resistance 69/70 (98.6%) 129/163 (79.1%)
Secondary resistance 1/70 (1.4%) 34/163 (20.9%)
Remission
Complete

Steroid þ TAC/CsA 0/45 (0%) 71/98 (72.5%)
Steroid þ MMF 0/7 (0%) 4/18 (22.2%)
Steroid þ CTX 0/18 (0%) 26/47 (55.3%)

Partial
Steroid þ TAC/CsA 16/45 (35.6%) 12/98 (12.2%)
Steroid þ MMF 0/7 (0%) 8/18 (44.5%)
Steroid þ CTX 0/18 (0%) 11/47 (23.4%)

None
Steroid þ TAC/CsA 29/45 (64.4%) 15/98 (15.3%)
Steroid þ MMF 7/7 (100%) 6/18 (33.3%)
Steroid þ CTX 18/18 (100%) 10/47 (21.3%)

Multidrug resistance 70/70 (100%) 28/163 (17.2%)
Length of follow-up, yr 4.3 � 2.3 4.0 � 2.1
Renal survival rate 55/70 (78.6%) 162/163 (99.4%)

Abbreviations: Tacrolimus (TAC); Cyclophosphamide (CTX); Mycophenolate-mofetil (MMF); Ciclosporin A (CsA).
Continuous variables are presented as median [interquartile range] and categorical variables are presented as n (%).
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immunosuppressant. Mutidrug resistance was seen in all
(100%) of the monogenic patients compared with 17.2% of
the patients without identified mutations (OR, 0.17; CI%,
0.12e0.24; P < 0.001, n Z 70/70 monogenic patients and
n Z 28/163 mutation-negative patients).

Final outcomes

In this study cohort, 9 children died during the follow-up (6
cases of CNS, 2 of idiopathic SRNS, 1 with genetically-
associated nephropathy 1) (Supplement 2). The causes of
death in patients were severe infection (n Z 4), cardiac
failure (n Z 2), and withdrawal of active treatment
(n Z 3). At the final follow-up, 30 patients had progressed
to ESRD (7 CNS, 7 genetically-associated nephropathy, 16
SRNS) (Supplement 2). Five of the patients with genetically-
associated nephropathy had Alport syndrome and 2 had
aHUS. The patients with idiopathic SRNS who had mono-
genic disease also showed a poor outcome, with an average
4.2-year ESRD-free survival rate of 78.6% (Fig. 5).
Among the 16 patients with idiopathic SRNS who pro-
gressed to ESRD, the median age at onset was 5.1 years old.
Seven of the sixteen (43.8%) were male. Three of these pa-
tients already had ESRD at thefirst visit, and the average time
to ESRD in the others was 16months. Five patients underwent
kidney transplantation (2 with a mutation of NPHS2, 2 with a
mutation of WT1, and 1 with a mutation of COQ8B), none of
them has so far developed a recurrence of their proteinuria.
The other 11 children were still on dialysis at the last follow-
up (9 on peritoneal dialysis, 2 on hemodialysis). Genetic di-
agnoses were established in 15 of these patients (93.8%).
Mutations in WT1 accounted for 25.0% (n Z 4/16) of the
identified mutations, while mutations in COQ8B accounted
for another 18.9% (n Z 3/16) of patients, followed by muta-
tions in PAX2 (nZ 2/16, 12.5%), NPHS2 (nZ 2/16, 12.5%) and
NPHS1 (nZ 2/16, 12.5%). The remaining patient had disease
attributable to variants of two different genes. Six of the
patients had renal biopsy data; all the histopathologic di-
agnoses were FSGS. Strikingly, patients with FSGS were more
likely to progress to ESRD.



Figure 5 Kidney survival in the genetic and genetic mutation negative group of patients.
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Discussion

We herein presented the clinicopathologic and genetic in-
formation for pediatric NS, based on 637 pediatric patients
enrolled from 3 centers. Our data are from a bidirectional,
multicenter cohort and include a large number of patients
with NS who underwent full genetic screening based on WES
detection in children. Different from previous studies, we
first included large numbers of patients with SSNS and
SDNS/FRNS, and performed WES detection on all children.
This allowed us to have a better understanding of mono-
genic disease in NS patients with different clinical pheno-
types. We also analyzed patients with multidrug-resistant
SRNS. Using the data from this cohort, we were able to
predict the disease course at an early stage after diagnosis,
and provide better options for targeted treatment.

Due to the rarity of CNS, only 26 infants were included in
our cohort. Similar to previous studies, the causative genes
were concentrated inNPHS1, NPHS2 andWT1.29,30 Hereditary
CNS is mainly an autosomal recessive (AR) disease, and this
pattern of inheritancewas observed for 63.6% of our patients.
Thismeans that there is a 25% risk of recurrence in subsequent
births for these families. At present, the treatment of he-
reditary CNS is still challenging, and these children are prone
to severe complications. The expert consensus recommends
genetic testing as a key diagnostic tool during the early eval-
uation for these patients. For CNS patients with a definite
genetic diagnosis, it provides the basis for their families to
choose the optimal treatment methods and makes it possible
to receive genetic counseling regarding future offspring.
Based on the diagnosis, most of the families of children with
CNS chose to give up active treatment due to the low rate of
success. Therefore, the CNS group showed theworst outcome
in our cohort. However, 32 children with NS were diagnosed
with genetically-associated nephropathy after the clinical
assessment and genetic testing. In these patients, the
extrarenal involvement, syndromic features and family his-
tory need to be specifically assessed. The data showed that
glomerular hematuria, renal insufficiency and hypo-
complementemia were more common in patients with pre-
sumedSRNS.Therefore, earlygenetic testing is recommended
for children with unknown NS associated with hematuria,
renal insufficiency, hypocomplementemia and extrarenal
manifestations.

With regard to the INS patients, none of the SSNS pa-
tients showed pathogenic variants in the genetic analysis,
only one patient who started with SDNS and later developed
secondary resistance was found to have a causative gene,
and none of the patients in these two groups progressed to
kidney failure (after a median follow-up of 4 years).
Therefore, for children with SSNS or SSNS/FRNS, we do not
recommend genetic testing to detect monogenic disease.
However, previous studies have shown that a genetic locus
on chromosome 6p and single nucleotide polymorphisms in
HLA-DQA1 and HLADQB1 were substantially associated with
SSNS. It was reported that this locus can explain 4.6% of the
genetic risk for SSNS.1,31 Thus, for SSNS or SSNS/FRNS pa-
tients, genetic testing can also be carried out with the
consent of their families, and may be conducive to early
accurate typing and prediction of steroid sensitivity in
clinical practice.

In a cohort of Boston Children’s Hospital, the rate of
mutation detection was 25%. NPHS1, PLCE1 and NPHS2 were
the most commonly mutated genes, being together
responsible for 10.7% of 300 cases.13 In 21 European coun-
tries participating in PodoNet, almost one quarter of the
patients tested were screened positive for one of the
monogenic disorders known to cause SRNS. NPHS2, WT1 and
NPHS1 were the most commonly mutated genes.12 In
contrast, 30.0% of patients with idiopathic SRNS had
monogenic disease, which is consistent with the previously
published studies.13,14 Additionally, the 4.2-year ESRD-free
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survival rate was 93.1% in these patients. Of note, mono-
genic SRNS had a more rapid progression than non-mono-
genic disease. During the follow-up, approximately 21.4% of
idiopathic SRNS patients with monogenic disease pro-
gressed to ESRD compared with only 0.6% in the group
without any identifiable mutations. In general, patients
with idiopathic SRNS progressed to ESRD later than those
with “presumed SRNS”. Moreover, 5 patients underwent
renal transplantation and have had no recurrence to date.
Thus, identifying the mutations may help to predict the
prognosis.

We also compiled valuable information about the age
characteristics of patients with monogenic disease. Previous
studies have suggested that the detection rate of causative
genes is higher in young children.19 This was true for heredi-
tary CNS in our study, but there were no significant differ-
ences among the other age groups. However, it is interesting
that the distribution of causative genes was different in each
age group. NPHS1, NPHS2 and WT1 mutations are predomi-
nant in children younger than one-year old. However, for
schoolchildrenandadolescents, INF2, TRPC6, PAX2,CRB2and
AVILmutations need more attention.13,14,29

Renal histopathology has been used as a key criterion for
determining the diagnosis and prognosis in NS patients.
Here, we provided genetic information for patients with
different pathological changes. Genetic abnormalities were
found in 39.5% of patients with FSGS, 9.2% of patients with
MCD, and 15.4% of patients with MsPGN. It has been re-
ported that with the progression of the disease, over a half
of MCD or MsPGN patients may convert to FSGS on repeat
biopsy. On the basis of this, we recommend active genetic
testing in FSGS patients.32,33 Meanwhile, in patients with
presumed steroid resistance, the pathological findings can
include Alport syndrome, C3 glomerulonephritis, Fabry
disease, or even some tubular diseases. This finding un-
derlines the value of renal biopsy in identifying monogenic
disease.

Our data indicated that there was a clear association
between the genetic phenotype and therapeutic response
in idiopathic SRNS. Almost all children with monogenic
disease showed primary resistance to steroids and had a
very poor response to multiple immunosuppressants.
Interestingly, one child with a NPHS1 mutation showed
high-dose steroid dependence at the onset, then developed
secondary resistance during the follow-up. It has been re-
ported that a milder clinical phenotype may occur in some
patients with this mutation.13 A complete response
occurred in 65.0% of the patients without any identified
mutations. In contrast, none of the patients with mono-
genic disease achieved a complete remission. Remarkably,
17.2% of patients without evidence of genetic mutations
still showed multidrug resistance. It is possible that some of
these patients may have monogenic disease attributable to
currently undiscovered gene mutations or in circulating
factors. We also performed the first analysis of the rela-
tionship between multidrug-resistant SRNS and genetic
phenotypes. In children with multidrug resistance, the
single-gene mutation-positive rate was as high as 71.4%,
and 16.3% of the patients with monogenic disease devel-
oped ESRD during a 4.3-year follow-up.

All of the patients with idiopathic SRNS received inten-
sified immunosuppressive therapy at the beginning of their
treatment. A total of 60.1% received TAC, 27.9% received
CTX pulse therapy, 10.7% received MMF, and 1.3% received
CsA. The TAC/CsA group showed the highest response rate,
with 49.7% of all patients achieving a complete remission.
For patients with idiopathic SRNS without any detected
mutations, the response rate could be as high as 72.5%.
However, MMF was less efficacious than TAC/CsA and CTX in
patients with idiopathic SRNS. Notably, there were 16 pa-
tients with idiopathic SRNS with a single gene mutation who
seemed to respond to TAC because they achieved a partial
remission. To date, there is not sufficient evidence of a
response to support the use of intensified immunosuppres-
sion in patients with idiopathic SRNS with monogenic dis-
ease. Prior reports indicated that 5%e35% of patients with a
monogenic etiology might show a partial response to ther-
apy with CNIs.34e38 Whether the long-term prognosis is
improved by any of these treatments still needs additional
study in expanded cohorts. Regardless, genetic screening
might make it possible to guide the use of specific therapies
in some patients (such as those with defects in the coen-
zyme Q10 pathway).39 Therefore, early identification of
children with monogenetic diseases can reduce the un-
necessary use of immunosuppressants and achieve person-
alized and precise treatment.

Limitations

There were two main limitations associated with the pre-
sent study. First, the average follow-up time was approxi-
mately 4 years, which was relatively short. Second, the
number of children who underwent renal transplantation in
this study was small, so the evaluation of the long-term
prognosis and postoperative recurrence was limited.

Conclusions

In summary, our present data describe the relationship
between clinical phenotypes and genotypes in children with
NS due to various etiologies. These data could be valuable
in identifying monogenic disease in the early stage, judging
the course of disease, developing personalized treatment
plans, evaluating the risk of recurrence after kidney
transplantation and providing genetic counseling for these
patients and their families.

Importantly, we found that patients who were presumed
to be steroid-resistant showed more extrarenal involve-
ment, syndromic features and family history, and the pos-
itive rate of single gene mutations was high. The age of
onset due to different causative genes varied, and FSGS was
the most common pathological type in patients with idio-
pathic SRNS with monogenic disease.

We recommend genetic testing for all children with
idiopathic SRNS, especially those with primary resistance.
In contrast, we do not recommend WES for patients with
SSNS and SDNS/FRNS because the findings will not influence
the selection of treatment.

Compared with CTX and MMF, CNIs led to the highest
remission rate in patients with idiopathic SRNS. We herein
provide the first evidence that the incidence of multidrug
resistance in children with monogenic disease is higher than
in those without identified mutations, and that these
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monogenic patients have a more rapid progression to ESRD
than SRNS patients without identifiable gene mutations. For
these children, conservative treatment is recommended
due to the poor overall response to the current treatments.

Remarkably, some of the patients with idiopathic SRNS
without identifiable gene mutations still showed multidrug
resistance and even progressed to renal failure, which sug-
gests that there might be more unknown genes or circulating
factors worthy of further exploration. At the same time,
multicenter and prospective intervention cohort studies
with a larger sample size are needed in the future to address
these possibilities and to more clearly delineate the re-
lationships reported in this study. It will be necessary to
integrate the whole genome, epigenetics, the spatial tran-
scriptome, proteome and other -omics to more fully un-
derstand pediatric NS with different etiologies. Only then
will it be possible to achieve accurate DNAeproteinedrug
metabolism typing, to prescribe tailored treatments
(including immunosuppressants and renal replacement),
and to provide the optimized selection of new intervention
strategies.
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