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Supplementary material and methods

Case definition

All cases had childhood onset of nephrotic syndrome and the criteria for diagnosis with

nephrotic syndrome were defined as per standard guidelines: presence of proteinuria (40

mg/m2/day or protein/creatinine ratio > 200 mg/mmol), hypoalbuminemia < 25 g/L and

edema.1 Steroid sensitive was defined as response to steroid treatment within four weeks

of treatment, according to international guidelines.1

All patients who did not respond to steroid treatment within four weeks of therapy and

therefore were by definition steroid resistant were excluded. Patients who had nephrotic

syndrome secondary to infectious agents, malignancies, medications, and other

conditions were also excluded.1

Case collection

A total of 712 cases were collected by the authors including from the PREDNOS

(EudraCT 2010-022489-29) and PREDNOS2 (EudraCT 2012-003476-39) trials.2 After

selection for European ancestry, 422 cases remained for analysis of which 140 were

female and 282 male, consistent with the reported 1 : 2 female : male ratio in childhood

SSNS.3 Of the 422 cases, 212 were from the PREDNOS and PREDNOS2 trials and the

remainder submitted by the participating clinicians.
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Genomic DNA was extracted from peripheral blood following a standard protocol. Full

consent for DNA collection was obtained by each collaborator. Ethical approval was

granted by host institutions according to local guidelines.

Control cohorts

Ethnically matches controls were obtained from three difference sources:

1. An “Oxford” dataset available through the European Genome Archive

(EGAD00010000144 and EGAD00010000520) provided data from 432

individuals. Genotyping was performed as described.4, 5

2. “CEU Illumina ethnicity” controls were obtained from Illumina and provided data

from 90 individuals genotyped as described previously (http://www.illumina.com).6

3. Wellcome Trust Case Control Consortium (WTCCC) controls. This is a combined

dataset comprising the 1958 UK birth cohort controls and the UK blood service

control group controls (Consortium #251), a total of 5,604 individuals. Genotyping

was performed as described previously and data are available through the

WTCCC website (https://www.wtccc.org.uk).7

Genotyping

Genotyping of all cases was performed at UCL Genomics (Institute of Child Health, UCL,

London, UK) on the Illumina Infinium Multi-Ethnic Global BeadChip v.A1 with 1,779,818
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markers. Sample processing was carried out in accordance with the Infinium HD Ultra

Assay (Part # 15023140 Rev. A) protocol (Illumina Inc, San Diego, CA, USA). Briefly,

200ng DNA was whole genome amplified (37°C for 20 hours), fragmented (37ºC for 1

hour and 15 mins), precipitated and resuspended in hybridization buffer. Samples were

hybridized onto Illumina array beadchips using a liquid handling robot (Freedom Evo,

Tecan Ltd, Switzerland) and incubated at 48°C for 16 hours. Staining of the beadchips

was also performed using a liquid handling robot (Freedom Evo, Tecan Ltd, Switzerland).

Finally, the beadchips were scanned using the iScan scanner with autoloader (Illumina,

San Diego, CA, USA). Data was collected in raw IDAT format.

Post genotyping processing

In-house software was utilized to re-encode genotypes uniformly to the genomic forward

encoding scheme following internal quality control (QC) and matching to dbSNP, based

on the genotyping chip manifest and excluding indels and CNV. The final number of

markers for the case dataset was 1,565,259 of which 1,513,983 were autosomal.

Quality control

Standard procedures were used for QC of samples and markers.8 In summary, QC per

sample included removal of individuals with a call rate < 90%, removal of duplicates or

related individuals (identity by descent (IBD) >0.1875), removal of samples with average

identity by state distance (DST) (i.e., IBS distance (IBS2 + 0.5*IBS1) / (N SNP pairs))

<0.66 and heterozygosity rates of more than three standard deviations below or above

the mean for the overall samples. QC steps for samples and markers were carried out
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independently in the cases and in each control dataset as genotyping had been

performed on different SNP chips. The per sample and per SNP QC steps were

subsequently repeated on the combined case-control set.

 For the cases (n=712), samples were removed because of call rate (CR) <90% (n=3),

IBD >0.1875 (n=58), average DST <0.66 (n=0) and heterogeneity >3SD (n=26).

Remaining for principal component analysis (PCA) were 625 individuals.

 For the Oxford controls (n=432), samples were removed because of CR <90% (n=0),

IBD >0.1875 (n=6), average DST <0.66 (n=0) and heterogeneity >3SD (n=6).

Remaining for PCA were 420 individuals.

 For the Illumina CEU controls (n=90), samples were removed because of CR <90%

(n=0), IBD >0.1875 (n=30), average DST <0.66 (n=0) and heterogeneity >3SD (n=1).

Remaining for PCA were 59 individuals.

 For the WTCCC controls (n=5604), samples were removed because of CR <90%

(n=55), IBD >0.1875 (n=67), average DST <0.66 (n=0) and heterogeneity >3SD

(n=82). Remaining for PCA were 5400 individuals.

After QC of the samples, the total number of cases was 625 and the total number of

combined controls was 5879.
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QC for markers included the removal of markers with CR <99%, markers with more than

one alternate allele and markers with a minor allele frequency of <1%.9 Markers in the

control datasets with a significant (p-value <0.001) deviation from Hardy-Weinberg

equilibrium (HWE) were removed. For controls, QC per marker was performed on each

dataset separately before the control datasets were combined.

 For the cases (autosomal markers n=1,512,983), markers were removed because

of CR <99% (n=222,889), minor allele frequency (MAF) <1% (n=700,397) and

multiallelic (n=0). Remaining were 669,943 markers.

 For the Oxford controls (autosomal markers n=653,959), markers were removed

because of CR <99% (n=13,310), MAF <1% (n=67,724), multiallelic (n=0), HWE

p<0.001 (n=2,889). Remaining were 571,616 markers.

 For the Illumina CEU controls (autosomal markers n=653,959), markers were

removed because of CR <99% (n=79,777), MAF <1% (n=68,185), multiallelic

(n=0), HWE p<0.001 (n=1,795). Remaining were 516,372 markers.

 For the WTCCC controls (autosomal markers n=1,025,437), markers were

removed because of CR <99% (n=133,778), MAF <1% (n=135,992), multiallelic

(n=0), HWE p<0.001 (n=16,941). Remaining were 788,849 markers.

The number of markers in the combined control dataset was 372,137.
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After combining with the case dataset, data were available for 158,314 overlapping

markers. Subsequently, QC was performed on the combined case-control dataset with

HWE testing on controls only. The final number of markers in the combined dataset was

158,217.

Analysis was done using SNP & Variation Suite (SVS) v8.8.1 (Golden Helix Inc.,

Bozeman, MT, USA; www.goldenhelix.com).10 The identification of duplicates and related

individuals was undertaken using PRIMUS

(https://primus.gs.washington.edu/primusweb/index.html)11 following linkage

disequilibrium (LD) pruning of markers.12 LD pruning was performed in SVS using

standard settings.

Ancestry selection

PCA was used to evaluate population stratification and to select individuals of European

ancestry only. Analyses were performed in SVS using genotyped data after LD pruning.

Based on the distribution of cases and controls along principal component axes,

European ancestry outliers were visualized and those with a standard deviation >3 from

the combined dataset (cases and controls) were excluded (Supplementary Figure 1).

After QC and ancestry selection, the final dataset comprised 422 cases and 5642 controls

genotyped for 158,217 markers. PCA was repeated on the final dataset to retrieve

eigenvectors for the first ten (based on manual inspection of Eigen values) principal
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components for use as covariates in the association analysis to adjust for finer resolution

population substructure.

Imputation

Imputation analysis was performed using Beagle 5.0

(https://faculty.washington.edu/browning/beagle/beagle.html) with the 1000 Genomes

Project Phase 3 data (version 5a) as a reference panel

(ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/).13 Cases and controls were

imputed together using only samples and markers passing the aforementioned stringent

QC. Post imputation filter was performed using bcftools

(https://samtools.github.io/bcftools/bcftools.html) to remove those markers with Dosage

R-Squared (DR2) <80%. INDELS and markers with a MAF <1%, CR <99% and those

showing significant deviation from HWE (p<0.001) in the control individuals were removed

using PLINK v1.90 beta (https://www.cog-genomics.org/plink/1.9).14 The final dataset

included 5,216,266 markers and was imported into SVS for further analysis.

GWAS methods and conditional analysis

Genome-wide association analysis was performed only on those samples and markers

which passed the stringent QC. For association analysis, a numerical association test

under a logistic regression model was used. Association analysis was performed using

both the best guess genotypes and using allelic dosages. The methods delivered

comparable results and only those using the best guess genotypes are reported. The first

ten principal components were included as covariates. The widely accepted p-value <
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5.0x10-8 was used to declare genome-wide significance.15 Association testing and the

generation of the Manhattan plot were performed using SVS. The genomic inflation factor

was calculated to quantify potential inflation of type I error due to stratification or technical

artefacts. No substantial inflation was noted (lambda = 1.027).

Conditional analysis was performed using a numerical regression analysis model as per

the discovery GWAS but incorporating the test SNP genotypes, in numerical form, as a

covariate.

HLA type imputing and association testing

HLA imputation was performed using SNP2HLA v1.0.3

(http://software.broadinstitute.org/mpg/snp2hla/) with default parameters.16 As input a

subset of 1,189 SNPs from those selected for GWAS (post QC) and overlapping with the

SNP2HLA imputation HapMap European reference dataset were used. Post imputation

filtering included removal of imputed HLA types with a quality score R2<80%. A total of

100 HLA types were carried forward for further analysis. Logistic regression with

adjustment for the first ten PCs of ancestry was used to test for association of each HLA

allele with SSNS. If the higher resolution and lower resolution allele frequencies were the

same in cases and controls, only the higher resolution results were reported. Conditional

analysis of the lead HLA alleles was performed using a logistic regression model.
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eQTL Analysis

The following publicly available expression quantitative trait loci (eQTL) databases were

queried (December 2018) to ascertain whether variants significantly associated with

SSNS were known to influence the expression levels of corresponding gene products in

multiple tissues: Gtex17 (https://gtexportal.org/home/), eQTLgene18

(http://www.eqtlgen.org), NephQTL19 (http://nephqtl.org) and Human Kidney eQTL

Atlas20 (http://susztaklab.com/eqtl).

Calculation of genetic risk scores

Genetic risk scores were calculated using Mangrove software21 (https://cran.r-

project.org/web/packages/Mangrove/index.html) for all individuals based on their

genotype at the two replicated loci using the odds ratios and allele frequency, using a

logistic regression model. The proportion of phenotypic variation explained by the genetic

risk score was calculated using Nagelkerke’s pseudo R2 with the fmsb package in R

(https://cran.r-project.org/web/packages/fmsb/index.html).
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Supplementary results

Conditional HLA analysis

After conditioning on HLA-DQA1*02:01 the strongest signal came from HLA-DQA1*01

(P=1.24x10-31, OR=0.31, 95% CI=0.25-0.38). After conditioning on both, HLA-

DQA1*02:01 and HLA-DQA1*01 only HLA-DQB1*03:03 (P=1.22x10-8, OR=0.38, 95%

CI=0.26-0.54) and HLA-DQB1*03 (P=1.69x10-8, OR=0.64, 95% CI=0.55-0.75) remained

independently significant.

GWAS power calculation

A power calculation was performed using the Michigan Genetic Association Study power

calculator (https://csg.sph.umich.edu/abecasis/gas_power_calculator/index.html).22

Comparing 422 cases with 5642 controls using alpha = 5x10-8 under a multiplicative

model, the power to detect association of an allele with a frequency of 0.1 in controls

exceeds 0.8 at a genotype relative risk (GRR) of 1.6 and power to detect the effect of

more common alleles exceeds 0.8 at smaller GRRs.

Calculation of genetic risk scores

We calculated that the two replicated loci (Chr 6p21.3 and 6q22.1) together explain

approximately 11% of the risk of SSNS.
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Supplementary Tables

Supplementary Table 1: Effect estimates for the three lead genotyped SNPs at the

associated loci

Locus SNP
Minor
allele

MAF
cases

MAF
controls

p-value

6p21.3

rs479536 T 0.22 0.07 1.87×10-47

rs4947342 A 0.45 0.24 4.90×10-42

rs9501626 A 0.27 0.11 3.70×10-39

6q22.1

rs549262 A 0.30 0.40 4.30×10-9

rs648210 G 0.33 0.43 8.73×10-9

rs4142087 C 0.32 0.40 1.04×10-6

4q13.3

rs9090 T 0.13 0.08 6.13×10-7

rs1043633 T 0.13 0.08 1.03×10-6

rs11098369 T 0.23 0.18 1.42×10-4

Minor allele frequencies (MAF) and p-values of the three lead genotyped SNPs for each

locus reaching significance in the imputed dataset.

Standard filtering steps with a call rate cut off of 97% for markers was used for quality

control. Basic allele test was used for association testing.
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Supplementary Table 2: Linkage equilibrium at the Chromosome 4q13.3 locus

European African
D’ r2 D’ r2

D’/r2 rs59882675
(BTC)

rs59882675
(BTC)

rs59882675
(BTC)

rs59882675
(BTC)

rs10518133
(PARM1)

0.1983 0.0004 0.0414 0.0004

Shown are values for the normalized coefficient of linkage disequilibrium (D’) and the

coefficient of correlation (r2) for the lead SNP at the chromosome 4q13.3 locus in our

study (rs10518133) and the lead SNP identified at this locus by Debiec et al.

(rs59882675). Note that linkage equilibrium is seen with reference data from European,

as well as African ancestries, suggesting that these SNPs are independent. Reference

data were pulled from the 1000 genome project (phase 3 version 5;

https://www.genome.gov/27528684/1000-genomes-project/) using all European (CEU,

TSI, FIN, GBR, IBS) or African (YRI, LWK, GWD, MSL, ESN, ASW, ACB) population

data.
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Supplementary Table 3: List of SNPs with a suggestive association

Locus SNP
Minor
allele

MAF
cases

MAF
controls

OR 95% CI p-value

1q32.1 rs113752715 G 0.04 0.08 0.47 0.33-0.66 1.62e-06
3q21.1 rs530462 T 0.15 0.21 0.63 0.52-0.77 2.63e-06
3q25.1 rs6763024 C 0.34 0.27 1.41 1.21-1.63 8.89e-06
3q27.2 rs487575 T 0.15 0.22 0.63 0.52-0.77 1.27e-06
4p14 rs6531527 G 0.46 0.38 1.38 1.20-1.58 6.74e-06

6q16.1 rs2674382 T 0.33 0.07 0.46 0.32-0.68 9.15e-06
6q23.2 rs2746419 A 0.55 0.46 1.42 1.23-1.63 1.08e-06
7p14.1 rs111796602 C 0.16 0.10 1.63 1.34-1.99 3.31e-06
9p23 rs201899638 C 0.004 0.02 0.11 0.03-0.40 4.96e-07

10p11.22 rs1891621 G 0.55 0.47 1.39 1.21-1.60 3.56e-06
19q13.12 rs34217742 A 0.18 0.12 1.56 1.29-1.88 7.64e-06

Listed are lead SNPs from loci achieving suggestive genome-wide significance with a p-
value between 5x10-8 and 1x10-5. Minor allele frequency (MAF) and odds ratio (OR) with
95% confidence intervals (95% CI).
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Supplementary Figures

Supplementary Figure 1. Flowchart of quality control steps and GWAS

Shown is a flowchart providing information on data input and processing. QC: quality
control; CR: call rate; IBD: identity by descent; DST: identity by state distance; Het rate:
heterozygosity rate; MAF: minor allele frequency; HWE: Hardy-Weinberg equilibrium.

CASES
N = 712 SNPs = 1,512,983

Infinium Multi-Ethnic Global BeadChip

CONTROLS
Oxford = 432 SNPs = 653,964

HumanOmniExpress-12 BeadChip

Illumina = 90 SNPs = 653,963
HumanOmniExpress-12 BeadChip

WTCCC = 5,604 SNPs = 1,025,441
Illumina Human 1.2M Duo BeadChip

Whole genome imputation

CASES + CONTROLS
Cases = 422

Controls = 5,642

SNPs = 5,216,266

HLA imputation

QC SNPs: Removal of DR2<80%, INDELs, MAF<1%, CR<99%, HWE P<0.001 on controls

CASES
N = 625 SNPs = 669,943

CONTROLS
N = 5879 SNPs = 372,137

SNPs: Overlapping in both datasets
Samples: Ancestry selection with PCA

CASES + CONTROLS
Cases = 422

Controls = 5,642
SNPs = 158,217

QC Samples: Removal of CR<90%, IBD>0.1875, DST<0.66, Het rate>3SD
QC SNPs: Removal of MAF<1%, CR<99%, AC>2, HWE P<0.001 on controls

SNPs = 1,189

QC HLA alleles: Removal of R2<80%

CASES + CONTROLS
Cases = 422

Controls = 5,642

HLA alleles = 100

Overlapping with HLA
reference panel
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Supplementary Figure 2. Results of classical HLA type association analysis

A)
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B)

A) Results for HLA allele imputation for HLA class I (HLA-A, -C and -B) and class II
(HLA-DRB1, -DQB1) genes. Shown are the odds ratios (OR) for classical HLA
alleles on Y-axis and chromosomal position on X-axis. HLA alleles with an OR > 1
are deemed to be disease causing versus HLA alleles with an OR < 1 deemed to
be protective. Significantly associated HLA alleles are colored in red (p-value
<5x10-8). Indicated are the three HLA alleles with the lowest p-value for the
independent association with risk for SSNS.

B) Same as A), but after conditioning on HLA-DQA1*02:01. Note that the protective
allele HLA-DQA1*01 is essentially unchanged, indicating that its effect is
independent of HLA-DQA1*02:01.
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Supplementary figure 3. Locus Zoom plot of the association on chromosome 4

X-axis indicates chromosomal position, the left Y-axis the log-transformed p-value and
the right Y-axis the recombination rate. The purple dot indicates the top SNP for each
region. Recombination hotspots indicated by blue lines. The purple diamond indicates
SNP with the smallest p-value within each region. SNPs are colored based on their
pairwise LD to the lead SNP as per 1000 Genomes European reference data, according
to the key. Recombination hotspots are indicated by blue lines. Data are shown for 200
kb either side of the lead SNP.
Note that PARM1 and BTC are approximately 150 kb apart and separated by a strong
recombination hotspot (> 50cM/Mb).
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Supplementary Figure 4. Principal component analysis of cases and controls
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Shown is the principal component analysis.
A) Prior to the exclusion of non-European individuals. Distribution of cases samples along
the top two principal components (PC1 and PC2) identified by principal component
analysis of 687 cases and 5,879 controls. The results are visualized in comparison to the
Illumina ethnicity controls (CEU, YRI and CHB-JPT) for panels A and B.
B) and C) Distribution of remaining European 422 cases and 5,642 controls after removal
of cases and controls with principal components of more than 3 standard deviations from
the mean. Panel C is a zoomed in image of panel B without the Illumina ethnicity controls.
Inflation factor lambda = 1.027.
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Supplementary Figure 5. Manhattan plot with genotyped markers only

Shown is the Manhattan plot for the analysis with the 158,217 directly genotyped SNPs.
Note that the same three peaks are seen, as in the analysis with the imputed dataset
(Figure 1), although the peak on chromosome 4 is not significant with genotyped markers
only. Same QC criteria were used as in the full analysis, except for a cut-off for the CR of
<0.97.
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Supplementary Figure 6. Locus zoom plot with genotyped markers only for the HLA locus

Shown is the locus zoom plot for the HLA locus with genotyped markers only. Note that
the SNP with the lowest p-value (rs479536) is approximately 0.4 Mb telomeric to the peak
over HLA-DQB1, seen with the imputed analysis. However, the SNP with the second
lowest p-Value (rs4947342, upstream of HLA-DQB1, not annotated) is within the peak
identified in the imputed analysis.
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Supplementary Figure 7. Locus zoom plot with genotyped markers only for the CALHM6

locus

Shown is the locus zoom plot for the peak on chromosome 6q22.1 with genotyped
markers only. Note that the SNP with the lowest p-Value (rs549262) is in the same peak
over CALHM6 (here annotated with the old name FAM26F), identified in the imputed
analysis.
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Supplementary Figure 8. Locus zoom plot with genotyped markers only for the chr. 4q13.3

locus

Shown is the locus zoom plot for the peak on chromosome 4q13.3 with genotyped
markers only. Note that the SNP with the lowest p-Value (rs9090) is in the same peak
over PARM1, identified in the imputed analysis.
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Supplementary Figure 9: Linkage Disequilibrium of SNP in the HLA region associated

with SSNS

Shown is the LD data for the lead HLA SNPs identified in previous GWAS of SSNS and
this analysis, based on European reference data from the 1000 genome dataset. Note
that the SNPs rs9273542 and rs2858317, identified in this analysis are in strong LD with
rs4642516, identified by Jia et al.23 and with two markers, rs1063348 and rs28366266,
identified by Debiec et al..24 In contrast, the third, most telomeric marker identified by
Debiec et al. rs9348883 is only in weak LD with the other markers.
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Summary Statistics

Due to the large file size (spreadsheet with >5.000.000 rows), this is provided as a separate

document (SSNSSummaryStatistics.csv). Each row contains information for one of the 5,216,266

SNP analysed. The column headers indicate the information provided. Columns 1-6 contain

general information about the respective SNP from dbSNP (www.ncbi.nlm.nih.gov/snp), whereas

columns 7-10 contain information derived from our analysis.

Column 1 “rsid”: SNP identifier

Column 2 “chromosome”: name of chromosome on which the SNP is located

Column 3: “position”: base pair position on the chromosome

Column 4 “minor_test_allele”: the base that constitutes the minor allele

Column 5 “major_allele”: the base that constitutes the major allele

Column 6 “maf”: the frequency of the minor allele, indicated as a fraction of 1

Column 7 “allele_freq_cases”: the minor allele frequency in cases

Column 8 “allele_freq_controls”: the minor allele frequency in controls

Column 9 “regression_pvalue”: the p-value for the difference in allele frequency between cases

and controls

Column 10 “odds_ratio”: the odds ratio, as calculated using logistic regression under an additive

model with adjustment for the first ten principal components of ancestry

This data will be deposited with the European Genome-phenome Archive (EGA) (https://ega-

archive.org/) and is available through collaboration / corresponding authors.


