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Abstract

Background Familial steroid-sensitive nephrotic syndrome
(SSNS) is a rare condition. The disease pathophysiology re-
mains elusive. However, bi-allelic mutations in the EMP2
gene were identified, and specific variations in HLA-DQAI
were linked to a high risk of developing the disease.
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Methods Clinical data were analyzed in 59 SSNS families.
EMP?2 gene was sequenced in families with a potential auto-
somal recessive (AR) inheritance. Exome sequencing was per-
formed in a subset of 13 families with potential AR inheri-
tance. Two variations in HLA-DQAI were genotyped in the
whole cohort.
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Results Transmission was compatible with an AR (n = 33) or
autosomal dominant (AD, n = 26) inheritance, assuming that
familial SSNS is a monogenic trait. Clinical features did not
differ between AR and AD groups. All patients, including
primary (n = 7) and secondary steroid resistant nephrotic
syndrone (SRNS), (n = 13) were sensitive to additional im-
munosuppressive therapy. Both HLA-DQAI variations were
found to be highly linked to the disease (OR = 4.34 and
OR = 4.89; p < 0.001). Exome sequencing did not reveal
any pathogenic mutation, neither did EMP2 sequencing.
Conclusions Taken together, these results highlight the clini-
cal and genetic heterogeneity in familial SSNS. Clinical find-
ings sustain an immune origin in all patients, whatever the
initial steroid-sensitivity. The absence of a variant shared by
two families and the HLA-DQA 1 variation enrichments sug-
gest a complex mode of inheritance.

Keywords Familial nephrotic syndrome - Genetics - EMP?2 -
Immunity - Steroid sensitivity - Steroid resistance - Podocyte -
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FSGS  Focal and segmental glomerulosclerosis
OR Odds ratio

SRNS  Steroid-resistant nephrotic syndrome
SSNS  Steroid-sensitive nephrotic syndrome
WES  Whole exome sequencing
Introduction

Idiopathic nephrotic syndrome (NS, i.e., minimal change dis-
ease [MCD] or primary focal segmental glomerulosclerosis
[FSGS])) is the most prevalent cause of NS in both children
and young adults. Idiopathic NS can occur through two main
mechanisms. Either a defective expression of podocyte-specific
proteins resulting from genetic abnormalities (almost all
steroid-resistant NS [SRNS]) [1]; or more frequently, an elusive
abnormal response of the immune system to exogenous stimuli
(mostly steroid-sensitive NS [SSNS]) [2]. Indeed, the hypothe-
sis of a circulating factor that could derive from immune cells is
now broadly accepted, but not proven [3]. Evidence supporting
this includes the triggering of relapses by allergy or infections,
the unique observation of remission of proteinuria after kidney
transplantation from a nephrotic patient to a non-nephrotic re-
cipient, the transient materno-fetal transmission of NS [4], and
the immediate recurrence of NS after kidney transplantation in
30-50% of SRNS/FSGS patients [5] that may respond to plas-
ma exchange or immunoadsorption [6, 7]. Furthermore, the
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injection of supernatants of cultured lymphocytes of patients
with NS has been shown to induce nephrotic proteinuria in
immunocompetent rodents [8, 9]. To date, many candidates
have emerged, but none has been definitely incriminated as a
cause of the immune-mediated nephrotic syndrome [10].

Affected patients with SRNS have been the subjects of in-
tense genetic research in the past decades. The identification of
approximately 40 mutated genes encoding proteins expressed
in the podocyte has provided crucial insights into the patho-
physiology of the glomerular filtration barrier [11]. Conversely,
reported SSNS pedigrees are scarce [12—14]. Several studies
investigated SRNS gene mutations (mainly in NPHSI,
NPHS?2 and WTT) in SSNS cohorts, but no causative mutation
was identified [12, 15—18]. EMP2 mutations have been identi-
fied in AR SSNS by a combination of linkage analysis and
exome sequencing [19]. This gene encodes the epithelial mem-
brane protein 2, a tetraspan protein residing in lipid rafts known
to regulate the trafficking of proteins such as integrins and GPI-
anchored proteins [20], an unexpected finding in the context of
a potential circulating factor as a cause of SSNS.

The aim of the present study was twofold. First, we wanted
to assess the clinical spectrum of familial SSNS thanks to a
large worldwide cohort developed in the laboratory since the
1990s. Then, we wanted to assess the underlying genetic con-
tribution in this disease through different analyses.

1. We determined the prevalence of EMP2 mutations in our
cohort of SSNS families compatible with an autosomal
recessive (AR) mode of inheritance.

2. We sought to identify novel gene(s) involved in SSNS by
linkage analysis combined to whole exome sequencing
(WES) in a subset of families with AR inheritance.

3. We genotyped two variations in HLA-DQAI gene recent-
ly linked to a high risk of developing sporadic SSNS [21].

Materials and methods
Patients

Over the past three decades, we have established a worldwide
cohort of patients with hereditary NS. Among them, 59 fam-
ilies of SSNS were identified with >2 individuals with NS. In
each family, at least 1 patient presented SSNS at diagnosis.
Clinical information and DNA samples were available for 131
and 102 patients respectively. Families with at least two af-
fected members in only one generation were considered to be
compatible with an autosomal recessive (AR) mode of inher-
itance, although an X-linked transmission is also possible in
several families. Conversely, when the pathology involved
two subjects in two successive generations, the mode of in-
heritance was considered to be autosomal dominant (AD).

Steroid sensitivity was defined as the absence or trace of pro-
teinuria on the dipstick on 3 consecutive days [22, 23] after
steroid therapy (4 weeks of prednisone at a dose of 60 mg/m?*/
d + three 1 g/1.73 m* methylprednisolone pulses) according to
the French Society of Pediatric Nephrology protocol [24].
Secondary steroid resistance was defined as the failure to
achieve complete remission after 8 weeks of corticosteroid
therapy in patients with a previous steroid sensitivity.

As it was not possible to classify all patients as steroid-
dependent or frequent relapsers according to the ISKDC def-
initions [22] owing to a lack of chronological details in this
retrospective study, we used the following classification:

1. Patients who presented >2 relapses or needed additional
immunosuppressive drugs for remission were classified
as frequent relapsers (FRs)

2. Patients who presented <2 relapses and only received ste-
roids were classified as nonfrequent relapsers (NFRs)

EMP2 and HLA-DQA1 Sanger sequencing

The four coding exons and the intronic flanking sequences of
the EMP?2 gene were Sanger sequenced in the index patient of
the 33 families with a compatible AR mode of inheritance.
Furthermore, the second exon of the HLA DQAI was se-
quenced to analyze the rs1129740 and rs1071630 frequencies
in all patients, and in 33 European controls suffering from spo-
radic SSNS. Sequence chromatograms were analyzed using
Sequencher software (Gene Codes, Ann Arbor, MI, USA).

Linkage analysis

Genome-wide linkage analysis was performed using the
Human Mapping 250 k Nspl array (Affymetrix). Multipoint
Lod Scores were calculated across the whole genome using
MERLIN software, assuming autosomal recessive inheritance
with complete penetrance.

Whole exome sequencing and mutation calling

Whole exome sequencing was performed using the Agilent
SureSelect All Exon 51 Mb V5 capture-kit on a HiSeq2500
(INlumina) sequencer (paired-end reads: 2 x 75 bases).
Obtained sequences were aligned to the human genome
(National Center for Biotechnology build 37/hg19) using the
Lifescope suite from Life Technologies. Substitution and var-
iant calls were made using the Genome Analysis Toolkit pipe-
line. Variants were then annotated using the Paris Descartes
University Bioinformatics platform software system. We as-
sumed the causal variant:

1. Segregates with disease status
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2. Is novel or has a minor allele frequency <1/1,000 in
dbSNP [25], 1,000 Genome Project [26], and EXAC [27]

3. Was not found in >10/1,226 projects from our in-house
database

The pathogenicity of missense variants was evaluated using
PolyPhen2, SIFT, and Mutation Taster. When DNA was avail-
able, segregation analysis of selected variations was per-
formed by Sanger sequencing.

SRNS gene screening

Steroid-resistant nephrotic syndrome gene screening was per-
formed using a targeted gene panel designed for specific se-
quencing of the coding exons and >10 bp flanking intronic
sequences of 34 known FSGS genes (Multiplicom Kit-FSGS
MASTR, Supplementary Table 1 contains RefSeq [NCBI]
accession numbers) [28]. Sequence alignments and data anal-
ysis were performed as described above.

Statistical analyses

Graphpad Prism software was used for statistical analyses.
Differences between categorical data were evaluated using
Fisher’s exact test, and means were analyzed using Student’s
t test. Correlation coefficient was calculated using Pearson’s
method. Risk factors were expressed as odds ratios. Data were
examined at the 95% confidence level, and statistical signifi-
cance was set at p < 0.05. When necessary, p values were
adjusted using the Bonferroni approach as the most stringent
test for controlling false-positive results.

Results
Clinical features in familial SSNS
Mode of inheritance

Fifty-nine families with >2 individuals with NS, and >1 with
SSNS at diagnosis were identified. Clinical information was
available for 131 patients, 77 of whom were male (58.8%). All
patients presented nephrotic syndrome with clinical edema
discovered at a median age of 7.85 years (1-58; Table 1).

The cohort was split into two groups based on the most
likely potential mode of inheritance: AR (71 patients from
33 unrelated families) or AD (60 patients from 26 unrelated
families). However, in some AR cases, an autosomal domi-
nance with incomplete penetrance could not be ruled out.
Clinical data are shown in Table 1, and Supplementary
Fig. la, b.

Autosomal recessive pedigrees mostly consisted of 2—3
siblings (Supplementary Fig. 1a). Notably, the cohort

@ Springer

comprised only one large kindred of 2 siblings and 3 cousins
involving three generations and several loops of consanguin-
ity. They all presented a similar disease course with steroid-
sensitivity and complete remission without secondary steroid-
resistance (SS20, Supplementary Fig. 1a). Two sibships
consisted of triplets, including one set of monozygotic triplets
among whom only two brothers were affected, with a similar
age of onset (7.1 and 7.3 years respectively), but a very dif-
ferent disease course (SS6, Supplementary Fig. 1a). Four oth-
er twin pairs consisted of two monozygotic and two dizygotic
affected siblings.

Most families with an apparent AD inheritance were com-
posed of a parent and a child, whatever the sex (15 of the 26
families). No large pedigree was noted in this group
(Supplementary Fig. 1b).

Most patients developed NS during childhood (89.7%).
Mean age at onset was 6.52+1.06 years and 10.21 £ 1.94 years
in the AR and AD groups respectively (p = 0.08). Intra- and
inter-familial variability regarding the age at diagnosis was
low in each group (Fig. 1). The mean difference in the age at
onset between relatives was 5.4 years. However, in one family
from the AR group and six from the AD group, affected rel-
atives had a difference in age at onset of more than a decade

(Fig. 1).
Disease course and response to therapy

Histological data did not differ among patients from each
group and are reported in Table 1. Minimal change disease
was the most commonly represented pathological condition in
the cohort (81.8%).

All patients received initial steroid therapy, and the steroid-
sparing agents mostly used were calcineurin inhibitors, what-
ever the group (Table 1). Patients and families from each
group were sorted regarding their relapsing status. The num-
ber of FR and NFR patients did not significantly differ be-
tween groups, but a total of 25 families (42.4%) comprised
both FR- and NFR-affected relatives (Table 1, Fig. 2).

By definition, at least one affected relative had typical
SSNS. However, in 19 families, one patient was either prima-
ry (n = 7-7 families) or secondary (n = 13—12 families)
steroid-resistant with a similar proportion in the two groups
(primary 5.6 vs 5.0%, and secondary 11.3 and 8.3%, p =1 and
0.77 respectively). Patients with primary steroid-resistance (4
in the AR group and 3 in the AD group, Table 2) achieved
remission with intensive immunosuppressive therapy.
Thirteen (10%) patients from 12 families developed sec-
ondary steroid-resistance. Remission was obtained in 6
out of 13 using intensive immunosuppressive therapy,
and 6 others progressed to end-stage kidney disease
(ESKD; Table 2). Among them, 4 did not experience
any recurrence after transplantation. The other two re-
curred and achieved remission after intensified
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Table 1  Epidemiological and therapeutic characteristics of autosomal recessive (AR) (AD) nephrotic syndrome (VS) groups
AR group Total AR Total AD p Total AR vs
total AD
Exome No exome
Families (patients) 13 (30) 20 (41) 33(71) 26 (60)
Consanguineous families 4/3 4/1 8/4 2
(known/suspected)
Mean age at onset (years) = SEM 4.57+0.65 8.08 £ 1.81 6.52 +1.06 10.21 +1.94 0.08
Sex ratio (male/female) 4 1.2 1.85 1.04
Therapy (patients)
Steroids 30 41 71 60
Steroids pulses 3 (10%) 3(7.3%) 6 (8.5%) 3 (5.0%) 0.51
Alkylating agents 9 30%) 10 (24.4%) 19 (26.8%) 9 (15.0%) 0.13
Calcineurin inhibitor 6 (20%) 21 (50.2%) 27 38%) 23 (40.0%) 0.86
Mycophenolate mofetil 5 (16.7%) 4 (9.8%) 9 (12.7%) 7 (11.7%) 1.00
Plasma exchanges 0 2 (4.9%) 2 (2.8%) 0 -
Ergamisol/levamisole 4 (13.3%) 0 4 (5.6%) 2 (3.3%) 0.45
Rituximab 2 (6.7%) 1 (2.4%) 3 (4.2%) 4 (6.7%) 0.70
Frequent relapsers 18 (60%) 22 (53.7%) 40 (56.3%) 34 (56.7%) 0.90
Nonfrequent relapsers 12 (40%) 19 (46.3%) 31 (43.7%) 26 (43.3%)
Steroid resistance At onset 0 4(9.8%) 4 (5.6%) 3 (5.0%) 0.90
Secondary 2 (6.7%) 7 (14.6%) 8 (11.3%) 5(8.3%) 0.77
Pathology 9 21 30 25
MCD 8 (88.9%) 16 (76.2%) 24 (80%) 21 (84%) 0.74
FSGS 1(11.1%) 5(23.8%) 6 (20%) 4 (16.0%)
ESKD Initial steroid-sensitivity 0 4 4 2 0.69
Initial steroid-resistance 0 0 0 0 -
Renal transplantation 0 4 4 2
Recurrence after transplantation 0 1 1 1
Associated auto-immune diseases 1 0 1 2 0.90
Geographical origin (families)
Europe 14 19
Maghreb 13 5
Iran/Oman/India/Turkey 5 0
USA 1 0
Southeast Asia 0 2

No difference was found between AR and AD groups regarding the disease course, treatments, and kidney disease

Statistical significance was set at p < 0.05

SEM Standard error of mean, ESKD end-stage kidney disease, MCD minimal change disease, FSGS focal and segmental glomerulosclerosis

immunosuppression (plasma exchanges+/—IV cyclospor-
ine+/—rituximab). The last one was lost to follow-up.

Associated features

Few associated autoimmune diseases were identified: one
type 1 diabetes with the HLA-DQBI risk allele, one monoclo-
nal gammopathy, and one leukocytoclastic vasculitis. Besides,
in a nonconsanguineous family, two children and their father
presented with hypophosphatemic nephrolithiasis/
osteoporosis-1 (NPHLOP1 - # OMIM-612286) without any
mutation in the SLC34A1 and SLC9A3RI genes. One patient

had progressive bilateral neurological deafness associated
with right renal hypoplasia without renal insufficiency.

Overall, clinical features are consistent with an immune-
mediated NS in all cases. We observed wide intra- and inter-
familial variability regarding the disease course, apart from the
age at onset, between related cases.

HLA-DQA1 sequencing in familial SSNS
Two common variations in HLA-DQA1 gene (rs1129740 and

rs1071630) were recently reported to be risk factors for devel-
oping sporadic SSNS [21]. All patients in our cohort were

@ Springer
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Fig. 1 Intra- and interfamilial variability for age of onset of steroid-
sensitive nephrotic syndrome (SSNS). Age at onset of nephrotic
syndrome (NS) between the affected relatives in both the a autosomal
recessive (AR) and b autosomal dominant (AD) families shows a
correlation. Mean age at onset is 6.52 + 1.06 years and 10.21 = 1.94 years
in the AR and AD group respectively. Pearson’s correlation coefficient

genotyped for HLA-DQA] variations, including a total of
49 patients with European ancestry. This population was
compared to 23 sporadic SSNS control cases and 503
healthy European controls from the 1000genomes data-
base. Results are summarized in Table 3. Both variations
were found to be enriched in the familial SSNS cohort. A
strong effect was observed compared with healthy con-
trols: OR = 5.54 [3, 29] and OR = 6.57 [3.88-11.12]
for rs1129740 and rs1071630 respectively, and p < 0.001
for both after Bonferroni correction. Patients with an atyp-
ical disease course (i.e., primary or secondary SRNS) were
at the same risk as others: OR = 1 (0.36-2.81). No
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Fig. 2 Disease course according to the number of relapses. a Proportion
of patients individually classified as frequent relapsers (FRs) or
nonfrequent relapsers (NFRs) sorted by mode of inheritance. The
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was calculated in all families with available age at onset in at least two
affected cases. Each horizontal line represents a family. Family numbers
are given along the vertical axis. Males are shown as squares, females as
circles. The number “2” is noted when two square(s)/circle(s) are indis-
tinguishable. Raw data are reported in Supplementary Table 3

difference was found between familial and sporadic
SSNS for the two variations (OR = 0.56 [0.19-1.52]).
Notably, patients who exhibited a homozygous state for
both variations (n = 73) had a lower age at diagnosis than
heterozygous patients (n = 24; age"© = 6.13 + 0.93 and
age'® = 11.54 + 3.82, p = 0.04).

EMP?2 sequencing in familial SSNS
EMP?2 gene mutations have been previously reported in three

families with AR SSNS or SRNS [19]. The four coding exons
and their intronic-flanking sequences were Sanger-sequenced
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groups were similar with regard to the course of the disease. b
Proportion of families who presented FRs, NFRs, or both FR-NFR pa-
tients. Most families had both FRs and NFRs
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Table 2 Outcome of patients
with primary (n = 7) or secondary

steroid-resistance (n = 13)

in the 33 index patients of each AR family. No disease-

Autosomal recessive

Autosomal dominant

Primary steroid-resistance
Evolution to ESKD

Therapy used to induce remission on native kidneys

Calcineurin inhibitors
Rituximab

Deceased under therapy

Lost to follow-up

Secondary steroid-resistance
Evolution to ESKD

Transplantation

Recurrence after transplantation

Therapy used to induce remission

On native kidneys

Cyclophosphamide
PE

Rituximab
Calcineurin inhibitors
MMF

Loss to follow-up

After post-transplantation recurrence

PE + IV calcineurin inhibitors + rituximab
PE only

—_ N RN 0= = O N

S O O N = =

1
0

(=)

— NN N OO = N

— e = OO O

Among patients with primary steroid-resistance, none evolved to ESKD, whereas among the 13 patients who
developed a secondary steroid-resistance, 6 progressed to ESKD and were finally transplanted; 2 recurred after
transplantation: No statistical difference was found between the two groups

ESKD end-stage kidney disease, PE plasma exchanges, MMF mycophenolate mofetil, /V Intra-venous

causing mutation could be detected. These results suggest that ~ AR SSNS.

EMP?2 mutations might not be frequently involved in familial

Table3 HLA DQAI genotyping (rs1129740 and rs1071630) in familial SSNS compared with sporadic SSNS and the public database (1000genome)

Origin Variation Allele MAF OR (95% CI) Allele MAF OR (95% CI)
in HLA-
DQAI Familial 1000Genome Familial Sporadic
SSNS Healthy SSNS SSNS
Worldwide 1s1129740 G 32 (0.157) 2,388 (0.477) OR =4.89 (3.35-7.18) G 32 (0.157) 9(0.122) OR =0.74
A 172 (0.843) 2,620 (0.523) p <0.001 A 172 (0.843) 65 (0.878) (0.33-1.63)
p =046
rs1071630 T 32 (0.157) 2,238 (0.447) OR =4.34 (2.96-6.36 T 32 (0.157) 9(0.122) OR =0.74
C 172 (0.843) 2,770 (0.553) p<0.001 C 172 (0.843) 65 (0.878) (0.33-1.63)
p =046
Europe 1s1129740 G 18 (0.184) 448 (0.445) OR =5.54 (3.27-9.38) G 18 (0.184) 5(0.109) OR =0.56
A 80 (0.817) 558 (0.555) p<0.001 A 80 (0.817) 41 (0.891) (0.19-1.62)
p=026
rs1071630 T 18 (0.184) 406 (0.404) OR =6.57 (3.88-1.12) T 18 (0.184) 5(0.109) OR =0.56
C 80 (0.817) 600 (0.596) p<0.001 C 80 (0.817) 41 (0.891) (0.19-1.62)
p=026

MAF minor allele frequency, OR odds ratio, CI confidence interval, SSNS steroid-sensitive nephrotic syndrome (http:/www.internationalgenome.org)
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Exome sequencing in familial SSN'S

We searched for new genes involved in hereditary SSNS,
focusing on AR forms. In four different families with a known
(SS26 and SS20) or suspected (SS27 and SS23) consanguin-
ity, linkage analysis failed to demonstrate any common region
of homozygosity. In addition, we failed to find any common
region of homozygosity in the multiplex family (SS20) either.
In the latter, analysis of the pedigree suggested an AR mode of
inheritance, although an X-linked transmission could not be
ruled out. No region with a significant LOD score was
identified.

Whole exome sequencing was performed in a subset of 13
AR families in which DNA was available in affected siblings
and their parents for segregation studies (Supplementary
Fig. 1). According to the filtering strategy, and after segrega-
tion studies, 8§ variants (in 7 genes) were identified in a total of
4 families (1 homozygous, 5 hemizygous, 2 compound het-
erozygous). No mutated gene was common to two families
(Supplementary Table 2). None of the candidate genes identi-
fied are known to have specific protein expression in lympho-
cytes or podocytes according to ProteinAtlas®
(Supplementary Table 2). Furthermore, despite the assump-
tion of a circulating factor, none of the gene-associated protein
presented a signal peptide for secretion [30]. These results
were submitted to GeneMatcher [31], but no match was
identified.

SRNS genes screening

Five out of six patients who reached ESKD were screened for
the 34 genes known to be involved in SRNS (Supplementary
Table 1). The last one had no more DNA available, but pre-
sented a steroid-sensitivity (SS12, Supplementary Fig. 1a).
Three other patients with loss to follow-up (n = 1) or uncom-
mon disease course (n = 2) were also screened. Among them,
one presented primary steroid-resistance with a notion of com-
plete remission with chronic kidney disease without other in-
formation. The other presented a steroid-sensitive NS with a
sensorineural deafness. No damaging mutation was found in
any of the eight patients.

Discussion

In the past few years, genetic analyses of familial SRNS led to
the discovery of many causative mutated genes. Compared
with inherited SRNS, familial SSNS is a very uncommon
condition, and the rare published studies failed to decipher
the pathophysiology of this disease. We report herein 131
affected cases from 59 unrelated families, which to our knowl-
edge represents the largest familial SSNS cohort published to
date. Excluding the present report, 139 familial SSNS cases (>
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53 families) have already been described in a total of 16 pub-
lished cohorts (Table 4).

All patients in our cohort were sensitive to any immuno-
suppressive therapy, which strongly supports immune-
mediated mechanisms underlying the pathophysiology of this
disease [2]. Indeed, rare observations of primary SRNS finally
responded to other immunosuppressive drugs.

Our cohort characteristics are consistent with most series of
sporadic idiopathic SSNS [24, 44]. Indeed, we observed a
male predominance (59.5%), a median age at onset of
7.85 years (1-58), 35.6% of steroid-dependent and 14.2% of
steroid-resistant patients, and 78.3% of MCD. We report here
about 56% of FR, regardless of AR or AD group, whereas
Harambat et al. reported 60% of FR and steroid-dependent
patients in a French cohort of sporadic NS in 2013 [45]. In
1974, Bader et al. already showed a similar clinical course in
16 patients with familial SSNS (9 families) and 54 sporadic
cases [35].

Conflicting data exist regarding the intra-familial variabil-
ity of the disease course in familial SSNS. In 2001,
Fuchshuber et al. reported 32 cases (15 families) with familial
childhood-onset SSNS [12]. Disease course was favorable for
all. Conversely, the clinical course could be very heteroge-
neous among affected relatives, including monozygotic twins
in Bader’s series [35]. Our series confirms this intra-familial
variability, as 42.4% of families shared both FR and NFR in
their affected relatives. It is noteworthy that among the mono-
zygotic triplets, one was unaffected, one was steroid-sensitive,
and the third exhibited secondary steroid-resistance. This
strongly argues against a monogenic cause of familial SSNS,
but rather suggests the role of external environmental factors.

However, we and others have reported the low intra-
familial variability regarding the age at onset. The Pearson
correlation coefficient was 0.77 and 0.56 in the AR and AD
groups respectively. Similarly, in Fuchshuber’s series, the
Spearman rank coefficient correlation test was 0.60 and the
difference in the age at onset between siblings did not exceed
4 years, except in 2 families. This suggests a genetic influence
on the age of familial SSNS onset. Indeed, a common envi-
ronmental cause would result in the synchronous onset of the
disease within relatives, but not at the same age. Overall, if
environment seems to play a major role in disease course, age
at onset could be linked to a genetic predisposition.

At the molecular level, Gee et al. identified EMP2 muta-
tions in three patients with SSNS from two families, and in
one patient with SRNS [19]. The encoding protein EMP2 is
expressed in podocyte [19] and non-podocyte glomerular cells
[46]. However, the underlying defect in hereditary SSNS
would be expected to lie in a gene involved in the immune
system. Moreover, the identification of EMP2 mutations in
both SSNS and SRNS patients is an unexpected finding. We
did not find any EMP2 mutation in 33 affected individuals
(from 33 AR families), suggesting that EMP2 mutations might
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Table 4 Reported SSNS cohorts

since 1970 Reference Year  Country Males/ Familial cases with SSNS
Females
Roy and Pitcock 1971  Cases from the USA 0/2 Identical twins
[32]
Mongcrieffet al. [33] 1973  Cases from two hospitals NA 14 cases in 7 families
in England
White [34] 1973  Cases from 24 hospitals in ~ NA 12 cases
Europe
Bader et al. [35] 1974  Cases from a hospital in 12/4 16 cases in 9 families
the USA
McEnery and 1989  Cases from a hospital in NA 8 cases in 4 families
Welch [36] the USA
Awadalla et al. [37] 1989  Cases from Kuwait 3/0 3 cases in a family
Mallmann [38] 1998  Cases from a hospital in 2/0 2 cases in a family; post-axial
Pakistan hexadactyly
Fuchshuber et al. 2001  Cases from seven 25/7 32 cases in 15 families
[12] Caucasian countries
Kari et al. [29] 2001  Cases from Bengali 5/6 11 cases in 3 families
Rufet al. [14] 2003  Cases from Germany 2/1 3 cases in a family
Landau et al. [13] 2007  Cases from two Bedouin 10/4 14 cases in 2 families
families
Roberts and Gleadle 2008  Cases from Australia 1/1 2 cases in a family
[39]
Motoyama et al. 2009  Cases from Japan 173 4 cases in 2 families
[40]
Xia et al. [41] 2013 Cases from China 72 9 cases in 3 families
Tusgaard Petersen 2012 Cases from Denmark 2/0 2 cases in a family
et al. [42]
Chehade et al. [43] 2013  Cases from Portugal and 5/0 S cases in 2 families

France

Total

75/30 (71.4% 139 familial cases

males)

One hundred and thirty-nine familial cases have been reported. The sex ratio was 2.5. The largest cohort was
published in 2001 and presented 32 cases in 15 families

NA not available, SSNS steroid-sensitive nephrotic syndrome

not be a frequent cause of familial SSNS. Further stud-
ies are needed to decipher its link with the immune
disorders observed in SSNS during relapses. Besides,
data suggest that in addition to their effect on T-cell
function, glucocorticoids might also have an impact on
the cytoskeleton, and might be potentially beneficial in
non-circulating factor NS [47].

Although most hereditary SRNS have a classical monogen-
ic heritability, our results suggest a more complex pattern of
inheritance of familial SSNS. Indeed, although SSNS repre-
sents more than 90% of patients with NS (both SSNS and
SRNS) [48], familial SSNS is very scarce and represents less
than 10% of families with NS in our cohort of 570 pedigrees
with either familial SSNS or familial SRNS. Furthermore, in
the present cohort, only two brothers of a monozygotic male
triplet developed SSNS, at the same age, the third one being
unaffected (family SS6). Last, we failed to identify any EMP?2
mutation nor any common variant in coding genes. Altogether
these data demonstrate that a monogenic inheritance is very
unlikely in familial forms of SSNS, although private

mutations in coding sequences or non-coding RNAs cannot
be excluded.

On the other hand, several studies reported the HLA loci to
be risk factors for SSNS supporting the assumption of a poly-
genic inheritance [49]. We described herein a strong correla-
tion between SSNS and the two variations in the HLA-DQA1
gene (rs1129740 and rs1071630), and higher frequencies of
these alleles in SSNS patients than that observed in healthy
controls. Our findings replicated results reported by
Gbadegesin et al. in 2015 [21]. Owing to the difficulty in
finding ancestry-identical controls, and because of the lack
of familial cases, HLA-DQA variations could not be com-
pared in populations other than European. However, compar-
isons between our cohort and data from the whole 1000ge-
nome database showed similar results (Table 3).

Advances in the pathophysiology underlying nephrotic
syndrome emphasize the importance of distinguishing pa-
tients with an immune-mediated disease from those related
to a podocyte—gene defect. As we report here, steroid-
sensitivity is not an exclusive criterion for supporting immune
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mediation of the disease, as, in this study, all primary and
secondary steroid-resistant patients had a disease course con-
sistent with an immune-mediated NS, and were sensitive to at
least one immunosuppressive drug. Monogenicity seems to be
a very rare cause of immune-mediated NS, at least in familial
forms, supporting the hypothesis of a complex disease. In this
sense, new molecular findings in immune-mediated NS, such
as HLA-DQA variations, would support disease heterogene-
ity and help clinicians with regard to patients’ classifications.
However, these results must be confirmed in larger cohorts.
Indeed, only large-scale genetic analysis could help to deci-
pher the pathophysiology of the disease by discovering other
genetic susceptibility to developing immune-mediated NS.
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