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Introduction: In South Africa (SA), steroid-resistant nephrotic syndrome (SRNS) is more frequent in black

than in Indian children.

Methods: Seeking a genetic basis for this disparity, we enrolled 33 Indian and 31 black children with

steroid-sensitive nephrotic syndrome (SSNS) and SRNS from KwaZulu-Natal, SA; SRNS children under-

went kidney biopsy. We sequenced NPHS2 and genotyped APOL1 in 15 SSNS and 64 SRNS unrelated

patients and 104 controls and replicated results in 18 black patients with steroid-resistant focal segmental

glomerulosclerosis (SR-FSGS). Known FSGS genes (n ¼ 21) were sequenced in a subset of patients.

Results: Homozygosity for NPHS2 V260E was found in 8 of 30 black children with SRNS (27%); all 260E/E

carriers had SR-FSGS. Combining SR-FSGS patients from the 2 groups, 14 of 42 (33%) were homozygous

for V260E. One black control was heterozygous for V260E; no Indian patients or controls were carriers.

Haplotype analysis indicated that homozygosity for V260E was not explained by cryptic consanguinity.

Children with NPHS2 260E/E developed SRNS at earlier age than noncarriers (34 vs. 78 months, P ¼ 0.01),

and none achieved partial or complete remission (0% vs. 47%, P ¼ 0.002). APOL1 variants did not associate

with NS. Sequencing FSGS genes identified a CD2AP predicted pathogenic variant in the heterozygous

state in 1 Indian case with SR-FSGS.

Conclusion: NPHS2 260E/E was present in one-third of black FSGS patients, was absent in black controls

and Indian patients, and affected patients were unresponsive to therapy. Genotyping V260E in black

children from South Africa with NS will identify a substantial group with SR-FSGS, potentially sparing

these children biopsy and ineffective steroid treatment.
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N
ephrotic syndrome (NS), the major cause kidney
failure in children, is the consequence of damage

to the glomerular filtration barrier, leading to protein-
uria, hypoalbuminemia, hyperlipidemia, and edema.
NS is classified by its response to steroid therapy as
SSNS or SRNS.1 Although most children with
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idiopathic NS respond to glucocorticoids and have a
favorable prognosis, approximately 20% are steroid
resistant, which is associated with hospital admissions,
treatment with toxic immunosuppressive drugs, and
often progressive loss of kidney function.2 Among SA
children with primary NS, the most common histo-
logical diagnosis in black children is FSGS, whereas
minimal change disease is more frequently diagnosed in
white and Indian children.3�5 SA black children with
SRNS are less likely to achieve complete remission with
oral cyclophosphamide treatment than Indian children
(20% vs. 69%).6,7 The basis for these disparities has
Kidney International Reports (2018) 3, 1354–1362
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not been explained, but has been hypothesized to be
due in part to genetic differences predisposing to SR-
FSGS.8

Among mutations causing monogenic NS in families,
variants in NPHS2 are the most frequent cause of
SRNS.9�12 In a global study of 430 families with NS,
18% were homozygous or compound heterozygous for
deleterious NPHS2 mutations; of these, the most com-
mon mutation was the European founder R138Q mu-
tation, found in 7% of families.13 A study of 1783
families found that monogenic causes of SRNS were
highest in those with early age of onset and among
geographic regions with high rates of consanguinity.
Mutations in NPHS2 were the most frequent cause of
SRNS in children aged 1 to 18 (6% to 13% for different
age groups).14 Among families with SRNS and
congenital NS enrolled in the PodoNet registry cohort,
recessive mutations in NPHS2 were identified 138 of
1088 children (12.6%) undergoing targeted mutational
analysis.15 In other targeted screening studies, mono-
genic causes of nonfamilial FSGS were identified in
only 6% of pediatric FSGS patients and rarely in Af-
rican American children.16,17

Coding variants in APOL1, encoding apolipoprotein
L1, are recessively associated with FSGS and a spec-
trum of chronic kidney disease in African Ameri-
cans.18�20 In SA adults, APOL1 variants are strongly
associated with HIV-asssociated nephropathy, but not
with FSGS.21 Among African American children with
CKD, APOL1 high-risk status was associated with
glomerular disease and with more rapid decline in
estimated glomerular filtration rate,22 and among Af-
rican American children with FSGS, 78% carried high-
risk APOL1 genotypes.23 The association of APOL1
with NS in children in sub-Saharan Africa has not been
investigated.

The genetic basis for the racial disparity in SRNS
and FSGS histology for black children with NS from SA
is unknown, and no genetic studies have been reported
from sub-Saharan Africa. Considering the increased
risk of black children for SRNS in SA, we hypothesized
that APOL1 renal risk variants, which are found only
on African ancestry haplotypes, or founder mutations
in NPHS2, might be responsible for the higher rate of
SR in black children compared to Indian or white SA
children with NS.
METHODS

Subjects

Unrelated Indian and black children (N ¼ 64) with
sporadic SRNS (n ¼ 49) or SSNS (n ¼ 15) treated be-
tween January 2005 and December 2011 at 2 referral
hospitals in Durban, KwaZulu Province, SA, were
Kidney International Reports (2018) 3, 1354–1362
invited to participate in the study. The majority of
black Africans in KwaZulu-Natal Province identify as
Zulu (>95%). All children with primary NS were given
oral prednisone (2 mg/kg, maximum 60 mg) for 6
weeks, followed by the same dose on alternate days for
another 6 weeks, and reduced to none over 2.5 months.
Failure to respond to oral steroids after 6 weeks was
taken as SR in accordance with standard criteria.2,24

Second-line treatment included oral cyclophospha-
mide (2 mg/kg with a maximum dose of 100 mg daily)
given as a daily dose for 8 to 12 weeks with an
angiotensin-converting enzyme inhibitor (0.5 mg/kg,
maximum 5 mg) given daily, and oral prednisone (1
mg/kg, maximum 60 mg) given on alternate days.
Children with SRNS who did not respond to oral
cyclophosphamide plus low-dose oral prednisone
received intensive treatment with i.v. methylprednis-
olone (n ¼ 11) or i.v. cyclophosphamide (n ¼ 7) or both
methylprednisolone and i.v. cyclophosphamide (n ¼ 2)
or tacrolimus (n ¼ 14), or both i.v. cyclophosphamide
plus tacrolimus (n ¼ 2) together with low-dose pred-
nisone on alternate days. Only children not responding
to oral steroids underwent kidney biopsy. Kidney bi-
opsies were interpreted using light microscopy,
immunofluorescence, and electron microscopy. Chil-
dren with primary SSNS or SRNS and with an esti-
mated glomerular filtration rate >60 ml/min per 1.73
m2 using the modified Schwartz formula25 were eligible
for entry into the study. Children with estimated
glomerular filtration rate <60 ml/min per 1.73 m2 at
presentation were excluded because they were not
given immunosuppression therapy. Other exclusion
criteria included those for whom histology was inde-
terminate or who were lost to follow-up or refused to
participate in the study. The following tests were
performed to exclude secondary forms of NS: anti-
streptolysin O titer (ASOT), hepatitis B and C screen,
blood culture, Widal tests for enteric fever, Wasserman
reaction for syphilis, antinuclear factor, and testing for
Epstein-Barr virus, HIV, parvovirus B19, and cyto-
megalovirus. Black (n ¼ 55) and Indian (n ¼ 49)
healthy blood donors were enrolled as control groups.
Proteinuric remission was defined as a protein to
creatinine ratio (PCR) <0.2 mg/mg and serum albumin
>30g/dl; partial remission was defined as a PCR<1.9
mg/mg and serum albumin >25g/dl, but not meeting
full remission criteria.

For replication of NPHS2 results, we enrolled an
additional 18 black patients with biopsy-proven spo-
radic SR-FSGS, and 18 age-matched black controls,
with normal kidney function and no proteinuria.

Written informed consent was obtained from the
parents of children, and children over 7 years provided
assent. The Biomedical Research Ethics Committee of
1355
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the University of KwaZulu-Natal, SA, approved this
study.

DNA Sequencing and Genotyping

DNA sequencing and genotyping methods are
described in the Supplementary Methods. Briefly,
APOL1 single-nucleotide polymorphisms (SNPs)
defining G1 (rs73885319 and rs60910145) and G2
(rs717185313) were genotyped by ABI Custom TaqMan
SNP Genotyping Assays (ABI, Foster City, CA). NPHS2
exons 1 through 8 were Sanger sequenced using the
ABI 3700 Analyzer under standard conditions.9 Tar-
geted amplification of 21 nephrotic syndrome genes
followed by next-generation sequencing was per-
formed in 21 NS patients (not carrying the V260E
mutation) and 19 controls to identify additional causal
variants as described in the Supplementary Methods
and in Sampson et al. and Crawford et al.16,26 To
determine relatedness and the age of the NPHS2 V260E
mutation, DNA from 9 of 14 V260E homozygous pa-
tients (those with remaining DNA) and 71 black pa-
tients and controls who did not carry the mutation
were genotyped using the Human Exome Chip
(HumanExome-12 v1.2, Illumina, San Diego, CA).

Statistical and Bioinformatics Methods

The Fisher exact test was used for categorical tests for
APOL1 and NPHS2 variants, including aggregation
tests comparing the number of singleton NPHS2
missense variants in patients and controls.27 We
compared the age distributions between Indian and
black SRNS patients, and between black SRNS patients
with and without V260E homozygosity, with the
Table 1. Demographic and clinical characteristics of children with nephr

Disease and patient groups

Disc

Indian NS patients n [ 33 Black NS patie

SSNS 14 (42.4%) 1 (3.

SSRS 19 (57.6%) 30 (96

Age range, mo 37�169 24�
Median age, mo 86 83

Males 13 (31.6%) 13 (43

Females 6 (68.4%) 17 (56

Histology of SRNS

FSGS 14 (73.7%) 24 (80

Interstitial nephritis 1 (5.3%) 2 (6.

Mesangioproliferative glomerulonephritis 1 (5.3%) 2 (6.

Mesangial sclerosis 0 1 (3.

Proliferative glomerulonephritis 0 1 (3.

Glomerulonephritis 2 (10.5%) 0

Minimal change disease 1 (5.3%) 0

CI, confidence interval; FSGS, focal segmental glomerulosclerosis; ND, not determined; NS, n
ulosclerosis; SRNS, steroid-resistant nephrotic syndrome; SSNS, steroid-sensitive nephrotic sy
Data are numbers (percentages) of patients with SSNS and SRNS. Black children were much
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Mann�Whitney test. All statistical tests and simula-
tions were done in R (http://www/R-project.org).

We determined relatedness among NPHS2 V260E
homozygotes by estimating the age of the most recent
common ancestor for the V260E mutation among sub-
jects using coalescence (Supplementary Methods).28

Briefly, we determined the length of homozygosity of
chr 1 SNPs typed on the Illumina Exome chip 12 v1.2,
by plotting heterozygous and homozygous SNPs for
each subject in the region around NPHS2. We
compared the observed lengths of homozygosity with
simulation results for different numbers of generations
since the common ancestor using the Mann�Whitney
test. We tested for consanguinity among V260E ho-
mozygotes by the coefficient of relatedness test imple-
mented in PLINK.29
RESULTS

A total of 64 unrelated children with sporadic idio-
pathic NS were enrolled between 2005 and 2011
(Table 1) from 2 tertiary hospitals in Durban, KwaZulu-
Natal Province, SA. Mothers of the affected children
reported no affected siblings and no family history of
kidney disease. SRNS was much more frequent among
black children with NS; 97% of black (all but 1 child)
versus 58% of Indian children were SR (odds ratio ¼
21; 95% confidence interval ¼ 2.8�960; P ¼ 0.0002).
For children with SRNS, the median age of presentation
was similar for Indian (86 months) and black (83
months) children. Among 49 children with SRNS un-
dergoing biopsy, FSGS was the most common histo-
pathology in both black (80%) and Indian (74%)
otic syndrome in the discovery and replication cohorts
overy Replication

nts n [ 31 Statistics: black versus Indian Black SR-FSGS patients n [ 18

2) OR ¼ 21
95% CI ¼ 2.8�960

P ¼ 0.0002

0

.8%) 18

168 P ¼ 0.34 26�165

93

.3%) OR ¼ 2.8
95% CI ¼ 0.7�11.5

P ¼ 0.14

11 (62%)

.7%) 7 (38%)

.0%) OR ¼ 1.4
95% CI ¼ 0.3�6.8

P ¼ 0.7

18 (100%)

7%) ND 0

7%) ND 0

3%) ND 0

3%) ND 0

ND 0

ND 0

ephrotic syndrome; OR, odds ratio; SR-FSGS, steroid-resistant focal segmental glomer-
ndrome.
more likely than South Asian Indian children to have SRNS.

Kidney International Reports (2018) 3, 1354–1362
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Table 3. Association of NPHS2 V260E restricted to the subset of
black children with SR-FSGS
Discovery cohort

NPHS2 genotype Controls SR-FSGS OR (95% CI), PFET

p. 260 V/V 54 (98%) 16 (67%) Reference

p. 260 E/V 1 (2%) 0 Not significant

p. 260 E/E 0 8 (33%) N (4.9�N) 3 � 10�5

Replication cohort

p. 260 V/V 18 (100%) 12 (67%) Reference

p. 260 V/E 0 0 �
p. 260 E/E 0 6 (33%) N (1.4�N) 0.02

Combined cohorts (n¼42)

p. 260 V/V 72 (99%) 28 (67%) Reference

p. 260 V/E 1 (0.7%) 0 Not significant

p. 260 E/E 0 14 (33%) N (7.7�N) 2 � 10�7

CI, confidence interval; FET, Fisher exact test; OR, odds ratio; SR-FSGS, steroid-resistant
focal segmental glomerulosclerosis.
NPHS2 genotypes are summarized for individuals with SR-FSGS and controls. NPHS2
sequencing results were available for 42 FSGS patients and 73 controls. NPHS2 260 E/E
were compared to NPHS2 260V/V.
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children. Children responding to oral steroids did not
undergo biopsy.

As previous studies identified NPHS2 autosomal
recessive mutations as the most frequent Mendelian
cause of SRNS in children with both familial and spo-
radic disease, we Sanger sequenced all NPHS2 exons in
SSNS and SRNS patients and controls. Supplementary
Table S1 lists the NPHS2 variants identified in Indian
and black patients and controls. We observed 7
missense variants, namely P20L, G42R, A61V, R229Q,
A242V, and V260E, all of which have been previously
reported, and a novel variant, P369S, which has not
been reported in the 1000 Genomes or gnomAD data-
bases and is predicted to be benign. As A242V has been
observed with minor allele frequency of >5% in Af-
rican populations (Supplementary Table S1), this mu-
tation is unlikely to have severe phenotypic
consequences.

Notably, NPHS2 V260E was present in the homo-
zygous state in 8 of 30 (27%) black SRNS patients.
V260E homozygosity was specifically associated with
biopsy-confirmed FSGS (Table 2), accounting for 33%
of black children (8 of 24) with SR-FSGS, but none of
the Indian children. One black healthy control was
heterozygous for NPHS2 V260E; no black SRNS case
was heterozygous for NPHS2 V260E, and the variant
was not observed in any of the Indian NS patients or
controls (Tables 2 and 3). NPHS2 V260E (Hg19 coor-
dinate,1:179523626 A/T) is a known recessive patho-
genic mutation previously observed in several
consanguineous families from regions associated with
the former Omani Empire.11,30 The NPHS2 V260E
mutation disrupts podocin trafficking to the podocyte
plasma membrane by producing a protein that is
retained in the endoplasmic reticulum.31

Several of the other NPHS2 mutations observed are
predicted to be pathogenic (Supplementary Table S1)
and have been associated with FSGS, but only in the
homozygous or compound heterozygous state. In
Table 2. NPHS2 V260E in 64 black and Indian SSNS and SRNS
patients in the discovery cohort

NPHS2 genotype

Black patients n [ 31 Indian patients n [ 33

260V/V
n [ 23

260E/E
n [ 8

260V/V
n [ 33

260E/E
n [ 0

SSNS 1 0 14 0

SRNS 22 8 19 0

FSGS 16 (73%) 8 (100%) 14 (74%) 0

Other histologies 6 (27%) 0 5 (26%) 0

FSGS, focal segmental glomerulosclerosis; SRNS, steroid-resistant nephrotic syndrome;
SSNS, steroid-sensitive nephrotic syndrome.
Only children who showed no remission in proteinuria after a 4-week course of
glucocorticoid treatment underwent renal biopsy. Data are the number of NPHS2 V260E
genotypes in the nephrotic syndrome discovery cohort. No steroid-sensitive case
carried the NPHS2 260E mutation, and the mutation was not observed in Indian patients.
NPHS2 V260E homozygosity was specifically associated with FSGS histology.
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particular, NPHS2 R229Q is a relatively frequent
pathogenic polymorphism for FSGS, but causes FSGS
only with certain other NPHS2 pathogenic mutations
in trans configuration.32 However, outside of the chil-
dren homozygous for NPHS2 V260E, no black or In-
dian SSNS or SRNS patients carried more than 1
missense variant. NPHS2 mutations in the heterozy-
gous state have not been associated with childhood
FSGS, and gene burden tests for these variants did not
reveal an excess of variants in SSNS or SRNS patients
versus controls (P > 0.5).

To replicate the 260E/E association with SR-FSGS,
we sequenced DNA from a second group of 18 unre-
lated black children with SR-FSGS and 18 race- and
age-matched controls. Of the 18 children with SR-FSGS,
6 (33%) were homozygous for V260E, whereas none of
the controls in this cohort carried the mutation.
Combining the discovery and replication SR-FSGS pa-
tients, V260E homozygosity accounted for 14 of 42
(33%) black children with SR-FSGS (P < 10�6)
(Table 3). Black SR-FSGS patients homozygous for
V260E had an earlier age of onset compared to SRNS
patients homozygous for the V260 reference allele
(median onset age, 34 months vs. 78 months, P ¼ 0.01)
(Figure 1, Supplementary Figure S1). One of 73 black
controls was heterozygous for V260E (nominal allele
frequency ¼ 0.7%; 95% binomial confidence
interval ¼ 0.02%�4%) (Table 3). The ExAC Browser
(exac.broadinstitute.org) reports a population fre-
quency of 0.02% (2 of 10,384) in Africans and 0 in
Asians, Europeans, Latinos, and South Asians.
Response to Therapy

We assessed response to therapy by urinary PCR and
serum albumin levels in black children with SRNS. No
1357
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Figure 1. Comparison of distributions of ages of onset of steroid-
resistant nephrotic syndrome (SRNS) between carriers of 2 copies
of the reference allele, 260V (n ¼ 34), and carriers of 2 copies of the
mutant allele, 260E (n ¼ 14) at NPHS2 V260E. The P value was
calculated using the Mann–Whitney test. There were no heterozy-
gotes for this locus in the SRNS group. Data are from the combined
discovery and replication cohorts.

Table 4. Response to therapy by NPHS2 genotype for black SRNS
and SSNS patients

NPHS2 genotype

Treatment response

Any remission
n (%)

No response
N (%)

Partial remission
n (%)

Full remission
n (%)

p. 260 VV 17 (53) 6 (19) 9 (28) 15 (47)

p. 260 EE 14 (100) 0 0 0

P value 0.16 0.04 0.002

SRNS, steroid-resistant nephrotic syndrome; SSNS, steroid-sensitive nephrotic
syndrome.
In contrast to patients with NPHS2 260 V/V, patients with NPHS2 E/E showed no
response to glucorticoid or second-line therapies. Complete remission was defined as
urinary protein to creatinine ratio <0.2 g/g and serum albumin >30 g/dl. Partial
remission was defined as not meeting the criteria for full remission, with protein to
creatinine ratio <1.9 g/g and serum albumin >25 g/dl. Three subjects had insufficient
clinical data to determine remission status.
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subjects homozygous for V260 E (n ¼ 14) had either
complete or partial remission in response to additional
immunosuppressive therapy (Table 4). In contrast,
among 32 black NS subjects homozygous for the V260
reference allele, 9 had complete remission, 6 had partial
remission, and 17 had no treatment response. Six
children carrying 260E/E were further treated with
tacrolimus (n ¼ 3) or i.v. cyclophosphamide (n ¼ 3),
but none showed complete or partial remission. The
differences in treatment response between NPHS2 260
EE and 260VV were statistically significant for com-
plete remission (P ¼ 0.04) and combined complete and
partial remission (P ¼ 0.002). Five of the 14 children
(35%) homozygous for NPHS2 V260E progressed to
end-stage kidney disease (estimated glomerular filtra-
tion rate <15 ml/min per 1.73 m2), with times from NS
1358
diagnosis of between 38 and 61 months, whereas 2 of
28 children (7%) not carrying the variant progressed to
end-stage kidney disease, at 44 and 51 months.

Founder Effect and Age of Variant

We tested for identity by descent by further geno-
typing 9 patients homozygous for NPHS2 V260E (all
that had sufficient DNA) and 71 patients and controls
lacking the mutation. We used the Illumina Exome
array; this provides good coverage of the region (1674
SNPs within 10 Mb of NPHS2). Inbreeding coefficient
tests in PLINK showed no evidence of consanguinity
among the 9 children.29 To test for identity by descent
from a more distant founder we determined the length
of homozygosity surrounding NPHS2 (Supplementary
Figures S2 and S3). Two of the 9 V260E homozygous
children had runs of homozygosity around NPHS2 of
13 and 14 Mb, whereas the remaining 7 had runs of
homozygosity ranging from 1.9 to 3.6 Mb. The longer
runs likely result from more recent common ancestors
of the respective parents. We took the shorter runs to
be indicative of time to the overall common ancestor,
and by comparing these lengths to results of a coales-
cent simulation, we arrived at an estimate of 31 gen-
erations as the most likely distance to a common
ancestor (95% confidence interval ¼ 19�47).

Search for Additional Genetic Associations

We performed targeted amplification paired with next-
generation sequencing of 21 genes implicated in
monogenic NS or proteinuria in 21 patients and 19
controls lacking NPHS2 260E/E, as previously
described.16 A predicted pathogenic variant, CD2AP
K346N, in a known FSGS gene, was observed in the
heterozygote state in an Indian child diagnosed with
SR-FSGS at 7.5 years (Supplementary Table S2).33,34

We also tested for association between APOL1 and
NS. No Indian patients or controls carried either the G1
or G2 variant. Among the black controls, the allele fre-
quencies for the G1 and G2 alleles were 8.9% and
Kidney International Reports (2018) 3, 1354–1362
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10.1%, respectively. The APOL1 association with kid-
ney disease is largely recessive, with carriage of 2 risk
alleles required for APOL1-associated FSGS.18,19 When
we limited analysis to the subset of black individuals
not carrying 2 copies of NPHS2 V260E, 2 of 73 controls
and 1 of 28 FSGS patients carried 2 APOL1 risk alleles
(odds ratio¼ 1.3, 95% confidence interval¼ 0.02�26.2,
P¼ 1, Fisher exact test) (Supplementary Table S3). Two
black FSGS patients homozygous forNPHS2 V260E also
carried 2 APOL1 risk alleles.
DISCUSSION

We found that 1 autosomal recessive mutation, NPHS2
V260E, accounted for 33% of SR-FSGS among unrelated
black children with NS. This was an unexpected result,
as published data suggest that monogenic mutations are
infrequently detected in children with nonfamilial
SRNS.16,17,35 Children homozygous for NPHS2 V260E
were steroid resistant with FSGS, did not respond to
intensive treatment, and developed disease at a younger
age compared to noncarriers, consistent with the
severity of disease previously reported for the NPHS2
V260E pathogenic mutation.11 NPHS2 V260E, like the
European founder mutationNPHS2 R138Q, disrupts the
trafficking of the altered podocin protein to the plasma
membrane by its retention in the endoplasmic reticu-
lum. Podocin localization is essential for recruitment of
nephrin to podocyte lipid rafts and for the structural
integrity of the podocyte slit diaphragm.31,36

To elucidate the history of this mutation and to
determine whether consanguinity accounted for the
high rate of V260E homozygosity, we genotyped 9
subjects homozygous for V260E, and 71 black patients
and controls without the mutation, with a genome-wide
array. Overall, parents of children carrying the V260E
mutation showed no sign of recent consanguinity, but
rather the length of segments homozygous due to
identity by descent around NPHS2 showed evidence of
descent from a common ancestor estimated to be 31
generations removed from the present. This suggests that
V260E may be more widely dispersed among the Zulu
population, comprising the largest ethnic group in SA.

Previous observations of SRNS caused by NPHS2
V260E have been in consanguineous families from re-
gions in and around the Indian Ocean, notably in re-
gions associated with the Omani Empire of the late 17th
to 19th centuries, prompting the hypothesis that the
mutation spread with travel and migrations associated
with this empire.37 The Omani Empire was a power on
the East African coast from the 1690s to the mid 19th
century, and in the early 19th century traded exten-
sively with the African Great Lakes region, where Bantu
ancestors of the Zulu population lived.38 However, the
Kidney International Reports (2018) 3, 1354–1362
age of the mutation in our population suggests an
appearance prior to this time and makes it more likely
that it was introduced to the Omani Empire by Africans.
It remains to be determined whether NPHS2 V260E in
our population is related by descent to previously
observed V260E or is an independent mutation.

APOL1 was not significantly associated with
increased risk for FSGS in black SA children, in
agreement with our previous finding that APOL1 did
not associate with FSGS in SA adults; however, the
prevalence of APOL1 high-risk genotypes is much
lower in southern Africa (w3%) compared to either
western Africa (w25%) or in African Americans
(w13%).21 We did, however, have 96% power to
detect significant associations for odds ratio >4.5 for
the recessive model, suggesting that if APOL1 HR
status is associated with pediatric FSGS in this popu-
lation, its penetrance is much less than we see in
children or adult African Americans with FSGS.18,19,23

To identify additional variants associated with
nephrotic syndrome, we performed targeted
sequencing of 21 genes implicated in FSGS or pro-
teinuria in 21 patients and 19 controls, which revealed
1 predicted pathogenic variant of unknown signifi-
cance.16 An Indian child with SR-FSGS was heterozy-
gote for CD2AP K346N; haploinsufficiency of CD2AP
has been implicated in early and late onset of
FSGS.39�41 Unfortunately, the family was not available
to assess causality by segregation analysis.

The results for the studied population, black Afri-
cans of the Zulu ethnic group of the KwaZulu-Natal
Province, may not be generalizable to other black
ethnic groups. However, the frequency of the associ-
ation in our study and the age of the mutation suggest
that the mutation may be present in the broader Zulu
population, and possibly in other Bantu populations
that share ancestry with the Zulu. This study reaffirms
the importance of sequencing diverse, endogamous
populations to detect disease-causing variants that may
account for population-specific disparities in disease
prevalence, presentation, or treatment response.

Screening for the NPHS2 V260E mutation has the
potential to inform the differential diagnosis, prognosis,
and treatment in black African children presenting with
NS. Identification of this mutation as a part of differ-
ential diagnosis would be a cost-effective alternative to
kidney biopsy in homozygous carriers, and would
identify a large subset of patients who are unresponsive
to immunosuppressive agents (specifically, oral gluco-
cortiocoid treatment, cyclophosphamide, and calci-
neurin inhibitors). This would spare children with
NPHS2V260E homozygosity the adverse effects of toxic
agents while at the same time reducing health care costs
for an overburdened health care system (Figure 2). In
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Figure 2. Proposed targeted genetic approach for black African children presenting with nephrotic syndrome to identify those who could be
managed conservatively and those who might benefit from a course of glucocorticoid therapy. NS, nephrotic syndrome; SR-FSGS, steroid-
resistant focal segmental glomerulosclerosis; SRNS, steroid-resistant nephrotic syndrome; SSNS, steroid-sensitive nephrotic syndrome.
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view of the lack of response to immunosuppressive
treatment in patients with V260E homozygosity, the
focus of treatment for this group of patients should shift
to other nonimmunosuppressive agents, such as
maximal renoprotection using angiotensin-converting
enzyme inhibitors or angiotensin II receptor
blockers.42 With such a large burden of homozygous
NPHS2 V260E SRNS patients, sufficiently powered
clinical trials may be possible to determine optimal
treatment and, particularly, responsiveness to treatment
with nonglucocorticoid immunosuppressive agents.

In summary, the high frequency of NPHS2 V260E
homozygosity makes genetic testing for this mutation
in black African children presenting with NS a po-
tential application of precision medicine; for in-
dividuals carrying 2 copies of NPHS2 V260E, a
targeted genetic test may replace an invasive kidney
biopsy requiring hospitalization, and an unhelpful and
potentially toxic course of treatment. The applicability
of this approach may extend beyond the more than 12
million Zulu individuals living in southern Africa, as
the variant is likely to be present in other Bantu pop-
ulations sharing ancestry with Zulu.
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SUPPLEMENTARY MATERIAL

Supplementary Methods. Sequencing and genotyping and

bioinformatics.

Figure S1. Kaplan�Meier plot of age of onset of SRNS for

subjects homozygous for the variant or for the wild-type

allele for NPHS2 V260E. The Kaplan�Meier log-rank sta-

tistic was calculated by the r function survdiff.

Figure S2. Heterozygous and homozygous loci around

NPHS2 V260E from genotyping by the Illumina Exome

V2.1 chip, for 9 individuals carrying p.260 E/E

(homozygous for the variant allele). The region shown is

10 mB before and after V260E; x axis coordinates are base

positions relative to this locus. Top dots represent

homozygous loci, bottom heterozygous; the region lacking

heterozygous loci indicates the region where the subjects’

2 parental chromosomes carry identical haplotypes.
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Figure S3. Heterozygous and homozygous loci around

NPHS2 V260E from genotyping by the Illumina Exome

V2.1 chip, for 40 individuals (representative of 71 total)

carrying p.260 V/V (homozygous for the wild-type allele),

for comparison with Supplementary Figure S1. In contrast

to the individuals homozygous for the V260E mutant allele,

for most individuals here there is no visible extent of ho-

mozygosity around the locus.

Figure S4. Histograms of the extent of homozygosity

around NPHS2 V260E (A) for individuals homozygous for

the mutant allele and (B) for individuals homozygous for

the wild-type allele, as shown in Supplementary

Figures S2 and S3.

Table S1. NPHS2 variants detected in Indian and black

African children with nephrotic syndrome and controls.

Table S2. Pathogenic variants identified in 21 nephrotic

syndrome patients, lacking NPHS2 V260E, and 19

controls, detected by next-generation sequencing 21

monogenic nephrotic syndrome genes.

Table S3. APOL1 risk alleles in SR-FSGS patients and

controls.

Supplementary References.

Supplementary material is linked to the online version of

the paper at www.kireports.org.
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