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STUDY I

HLA DQA1 and PLA2R1 Polymorphisms and

Risk of Idiopathic Membranous Nephropathy
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SUMMARY

Background

SNPs within PLA2R1 (rs4664308) and HLA DQA1 (rs2187668) were identified as strong risk

factors for IMN. PLA2R1 is the major antigen in IMN while HLA DQA1 plays a central role in

immune system response. CNVs within FCGR3A and FCGR3B genes are associated with various

autoimmune diseases due to the crucial role of these genes in the generation of a well

balanced immune response. The extremely variable clinical course of IMN includes

spontaneous remission, immunosuppressive therapy response, and poor response to

immunosuppressive therapy with progression to ESRD.

Aims

The aims of this study were 1) to validate the associations of HLA DQA1 and PLA2R1 risk alleles

with IMN in a Spanish population, 2) to study the putative association of CNVs within FCGR3A

and FCGR3B genes with IMN, and 3) to assess the use of these genetic variants in predicting

spontaneous remission, immunosuppressive therapy response, and renal function decline.

Materials and methods

A cohort of 89 biopsy proven IMN patients and 286 age and sex matched Spanish controls

were considered. PLA2R1 and HLA DQA1 SNPs were genotyped using TaqMan SNP Genotyping

Assays. Akaike’s Information Criterion was used to decide the inheritance model of each SNP.

FCGR3A and FCGR3B CNVs were determined by paralogue ratio test followed by restriction

enzyme digest variant ratio assay. Association analyses were performed by means of chi

squared or Fisher’s exact test. The contribution of these polymorphisms to predict clinical

outcome was analyzed by logistic regression, Kaplan Meier, and multivariate Cox regression

analyses.

Results

The association of HLA DQA1 (rs2187668) and PLA2R1 (rs4664308) with IMN was validated in a

Spanish cohort. The risk for IMN increased when combining the disease associated genotypes

of both SNPs. No association was found between FCGR3A and FCGR3B CNVs and IMN.

Spontaneous remission was not significantly associated with any of the genetic variants tested,

although a higher proportion of FCGR3B CNVs was observed in non spontaneous remission

patients. In contrast, carrying the combination of HLA DQA1 and PLA2R1 risk genotypes for

IMN development strongly predicted a response to immunosuppressive therapy. HLA DQA1
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risk genotypes for IMN development also predicted protection against renal function decline.

These predictive values increased when adjusting for baseline proteinuria.

Conclusions

The association of HLA DQA1 (rs2187668) and PLA2R1 (rs4664308) with susceptibility of IMN

was validated in a Spanish cohort, whereas no significant association was found for FCGR3A or

FCGR3B CNVs. For the first time, evidence is presented for the contribution of these HLA DQA1

and PLA2R1 SNPs to the prediction of IMN immunosuppressive therapy response and renal

function decline. This finding may help to identify potential responding and non responding

patients and, thus, provide some help in treatment decisions.
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Supplementary methods 

CNV analysis 

The paralogue ratio test (PRT) was used to determine CNVs at the FCGR3 locus (including 

FCGR3A and FCGR3B genes). The same pair of fluorescently labeled primers amplified the 

test locus and a region within chromosome 18 known to have two copies (26). We amplified 10 

ng of genomic DNA by 24 PCR cycles in order to obtain a non-saturated amount of product 

using standard conditions. PCR products were differentiated by length using an ABI 3100 Avant 

Genetic Analyzer (Applied Biosystems, Foster City, CA). Fragment analysis was carried out 

using Genescan software (Applied Biosystems, Foster City, CA). Peak area ratios between 

FCGR3A+FCGR3B (73 bp) and the reference region on chromosome 18 (83 bp) were used to 

estimate the total copy number (CN) of the FCGR3 locus. Restriction enzyme digest variant 

ratio (REDVR) assay was used to distinguish between FCGR3A and FCGR3B genes using a 

single fluorescently labeled primer pair (26). Digestion products were separated by capillary 

electrophoresis on an ABI 3100 Avant Genetic Analyzer (Applied Biosystems Foster City, CA). 

Peak height ratios between FCGR3A (182 bp) and FCGR3B (134 bp) were used to estimate the 

CN of each gene. Mean values for the duplicates were taken. Internal controls for CN<2, CN=2, 

and CN>2 were run in each experiment. 

FCGR3B CN was confirmed by duplex quantitative PCR using TaqMan CN assay for FCGR3B 

(Hs04211858_cn, Applied Biosystems) and normalizing with TaqMan Copy Number Reference 

Assay RNAse P (Part Number 4403326, Applied Biosystems Foster City, CA) on an ABI Prism 

7000 Instrument (Applied Biosystems Foster City, CA). Quantitative PCR was carried out with 

20 ng of DNA in triplicate following the manufacturer’s instructions. Internal controls for CN<2, 

CN=2, and CN>2 were run in each experiment and CN calculations were performed using the 

delta-delta Ct method. 
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Supplementary Table 1. Association between SNPs within HLA-DQA1 and PLA2R1 genes  

and FCGR3B CNV with spontaneous remission

 

Abbreviations: SR, spontaneous remission; NSR, no spontaneous remission; CN, copy number; OR, odds ratio; 95% 

CI, 95% confidence interval. 

aGenotype frequency difference test (X2) under dominant model for HLA-DQA1 and PLA2R1. 

bFisher’s exact test considering CN =2 vs CN different from 2. 

Gene (SNP) 
 n (Frequency) 

OR (95% CI)  

Genotypic 

P value  G/G A/G A/A 

HLA-DQA1 

(rs2187668) 

SR 10 (43.5) 13 (56.5) 0 (0) 0.95 (0.35-2.61)  0.92a 

NSR 23 (41.8) 30 (54.5) 2 (3.6)   

PLA2R1 

(rs4664308) 

SR 2 (8.7) 7 (30.4) 14 (60.9) 1.36 (0.48-3.85)  0.57a 

NSR 5 (9.1) 18 (32.7) 32 (58.2)   

  CN <2 CN =2 CN >2   

CN FCGR3B 

SR 1 (4.3) 22 (95.7) 0 (0) 4.84 (0.59-39.59)  0.17b 

NSR 7 (12.7) 45 (81.8) 3 (5.5)   
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STUDY II

Targeted next generation sequencing in

steroid resistant nephrotic syndrome:

mutations in multiple glomerular genes may

influence disease severity
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SUMMARY

Background

The high genetic heterogeneity and phenotypic variability of SRNS makes genetic testing using

Sanger sequencing costly and time consuming. Targeted next generation sequencing (NGS) of

a broad panel of NS related genes has emerged as a cost effective strategy to screen the

multiple genes involved in SRNS/FSGS.

Aims

The goals of this study were to develop a glomerular disease gene panel for genetic diagnosis

of SRNS/FSGS and to study the influence of mutations in multiple genes on phenotype

variability.

Materials and methods

High throughput mutation analysis of a 26 glomerular disease gene panel was performed in a

heterogeneous cohort of 50 SRNS/FSGS patients, a validation cohort of 25 patients with

previously identified mutations, and a discovery cohort of 25 uncharacterized patients with

probable genetic etiology. Five control individuals who had previously been genome wide

genotyped were included to assess the sensitivity and specificity of our targeted NGS panel.

Results

In the validation cohort, all 42 previously known pathogenic mutations in their correct

heterozygous/homozygous state were detected. Analysis of the controls revealed that our

targeted NGS panel had a sensitivity of 95.6% and a specificity of 99.9%. In the discovery

cohort, disease causing mutations in NS genes were identified in 9 out of the 25 SRNS/FSGS

patients. Also, three patients carrying mutations in an SRNS/FSGS gene in combination with

COL4A3 were identified. In the clinical phenotype of these patients, the co existence of NS and

microhematuria at presentation stands out. Two of them were familial cases that presented a

more severe phenotype than their family members with mutations in only one gene.

Conclusions

In this study, the feasibility and robustness of targeted NGS for genetic diagnosis of SRNS/FSGS

is demonstrated. This approach allows for a more complete characterization of patients with

SRNS/FSGS. Our results indicate that patients carrying mutations in an SRNS/FSGS gene and

also in COL4A3 gene have increased disease severity.
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Supplementary Table 1. Coverage statistics of the 26 glomerular disease gene panel

Gene Target 
coverage (%) 

Mean
depth (x) 

Depth 
100x (%) 

Depth 
50x (%) 

Depth 
20x (%) 

Depth 
10x (%) 

Depth 
5x (%) 

Depth 
1x (%) 

ALL 99.91 465.72 95.95 98.80 99.56 99.73 99.81 99.91 

NPHS1 100.00 590.30 98.58 99.89 99.99 100.00 100.00 100.00 

NPHS2 100.00 533.42 96.88 98.09 98.83 99.44 99.82 100.00 

WT1 99.95 512.64 97.41 98.30 99.02 99.44 99.69 99.95 

INF2 99.53 444.92 95.79 97.84 98.65 98.93 99.15 99.53 

TRPC6 100.00 397.87 96.11 99.04 99.80 99.95 99.99 100.00 

LAMB2 100.00 652.95 95.97 98.58 99.79 99.97 100.00 100.00 

COL4A5 100.00 274.88 89.99 98.18 99.73 99.93 99.98 100.00 

COL4A3 100.00 447.63 96.99 99.15 99.72 99.91 99.97 100.00 

COL4A4 100.00 462.38 96.49 98.77 99.54 99.79 99.92 100.00 

GLA 100.00 358.18 96.01 99.59 99.93 99.98 100.00 100.00 

PLCE1 99.62 582.17 97.81 98.45 98.66 98.86 99.09 99.62 

ACTN4 99.99 614.85 92.17 95.23 98.12 99.20 99.67 99.99 

CD2AP 100.00 268.86 89.67 97.65 99.81 99.95 99.98 100.00 

MYO1E 100.00 570.37 98.49 99.73 99.96 99.99 100.00 100.00 

ARHGAP24 99.98 521.64 97.55 99.19 99.76 99.87 99.90 99.98 

CUBN 100.00 528.75 97.62 99.32 99.91 99.99 100.00 100.00 

CFH 99.95 357.15 91.38 97.10 98.65 98.85 99.20 99.95 

COQ2 99.99 343.29 87.59 94.66 98.58 99.48 99.86 99.99 

COQ6 100.00 645.30 99.78 100.00 100.00 100.00 100.00 100.00 

ITGA3 100.00 611.80 93.40 97.79 99.61 99.92 99.99 100.00 

LMX1B 98.56 471.47 90.17 92.65 94.60 95.69 96.51 98.56 

NEIL1 100.00 571.56 96.69 98.93 99.90 99.98 99.99 100.00 

PDSS2 100.00 476.96 96.89 99.90 100.00 100.00 100.00 100.00 

PTPRO 100.00 540.18 97.65 99.10 99.90 99.98 100.00 100.00 

SCARB2 98.75 474.95 94.12 95.24 95.97 96.60 97.19 98.75 

SMARCAL1 100.00 676.42 99.27 99.93 100.00 100.00 100.00 100.00 
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Supplementary Table 2. Sequencing quality control parameters of the 26-glomerular disease 

gene panel in the five control individuals 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: FP, false positive; FN, false negative; Het, heterozygous; Hom, homozygous; NGS, next-generation 

sequencing; PPV, positive predictive value; SNPs, single nucleotide polymorphisms; TN, true negative; TP, true 

positive. 

PPV was calculated as: [number of true positives/(number of true positives + number of false positives)]  

 Control individuals

 Sum 462 586 606 616 624 

Total genotyped positions 4766 953 954 953 953 953 

Total genotyped SNPs 1375 258 276 287 297 257 

Total NGS SNPs 1319 248 264 276 284 247 

NGS TP 1315 247 263 275 283 247 

NGS FP 4 1 1 1 1 - 

NGS TN 3387 694 677 665 655 696 

NGS FN 60 11 13 12 14 10 

NGS PPV 1.00 1.00 1.00 1.00 1.00 1.00 

NGS sensitivity 0.96 0.96 0.95 0.96 0.95 0.96 

Genotyping Het 919 191 179 179 187 183 

Het TP 886 186 170 174 179 177 

Het TP (correct allele) 880 186 167 172 178 177 

Het TP (wrong allele) 6  3 2 1 - 

Het FP 3 1 1 - 1 - 

Het FN 33 5 9 5 8 6 

Het PPV 1.00 0.99 0.99 1.00 0.99 1.00 

Het sensitivity 0.96 0.97 0.95 0.97 0.96 0.97 

Genotyping Hom 456 67 97 108 110 74 

Hom TP 429 61 93 101 104 70 

Hom TP (correct allele) 427 61 93 101 103 69 

Hom TP (wrong allele) 2 - - - 1 1 

Hom FP 0 - - - - - 

Hom FN 27 6 4 7 6 4 

Hom PPV 1.00 1.00 1.00 1.00 1.00 1.00 

Hom sensitivity 0.94 0.91 0.96 0.94 0.95 0.95 
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Supplementary Table 3. Classification of amino acid substitutions (in silico scoring system) found in the discovery cohort 

Substitutions Exon Previous descriptiona Control Chrsb Segregation analysisc GDd GVe GD/GV matrix scoref GDevg Polyphenh SIFTi Condelj Mutation Tasterk SNP databasel VS MGm

NPHS1                               

E121K 3 (1)(+1) 0/284 (+2) +4 57 112.9 -2 36.7 (+1) +0 -1 -1 -1 +0 3 I

R367C 9 (2)(+1) 0/284 (+2) +4 180 85.1 +4 126.7 (+0) +1 +1 +1 +1 +0 15 B

A552D 13 Novel 0/284 (+2) NA 126 0 [xe] +6 125.8 (+2) +1 -1 +1 +1 +0 12 B

C623F 14 (3)(+1) 0/284 (+2) NA 204 0.0 +8 204.4 (+2) +1 +1 -1 +1 +0 15 B

NPHS2               

G92C 1 (4)(+1) 0/284 (+2) +4 158 0.0 +7 158.2 (+2) +1 +1 -1 +1 +0 18 B

L107P 2 (5)(+1) 0/284 (+2) NA 98 51.3 +3 67.8 (+1) +1 +1 +1 +1 +0 11 B

R138P 3 (6)(+1) 0/284 (+2) NA 103 0.0 +6 102.7 (+2) +1 +1 +1 +1 +0 15 B

R138Q 3 (4)(+1) 0/284 (+2) NA 43 0.0 +5 42.8 (+2) +1 +1 +1 +1 +0 14 B

L169P 4 (7)(+1) 0/284 (+2) +4 98 0.0 +6 97.8 (+2) +1 +1 +1 +1 +0 19 B

WT1               

H473Q 9 Novel 0/284 (+2) +4 24 0.0 +2 24.1 (+2) +1 +1 +1 +1 +0 14 B

INF2               

E220K 4 (10)(+1) 0/284 (+2) +4 57 0.0 +5 56.9 (+2) +1 +1 +1 +1 +0 18 B

R689W 12 Novel 0/284 (+2) -10 101 26.0 +5 96.0 (+2) +1 +1 -1 +1 +0 1 I

TRPC6

E886K 13 Novel 0/284 (+2) +4 57 0.0 +5 56.9 (+2) +1 +1 +1 +1 +0 17 B
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Abbreviations: Chrs, Chromosomes; NA, not assessed; NC, not considered; MG, mutation group; SNP, single nucleotide polymorphism, VS, variant score; aWhen a change was described previously 

in the literature as a pathogenic mutation or in the HGM database (+ 1); bWhen a sequence variant was not present in the control chromosomes (+2), if present less than 1% ( 1) or more than 1% (-

2); cSegregation demonstrated in family (+4) if there were affected siblings or an affected parent, (-10) present in asymptomatic patient; dGD (Grantham distance), score of chemical difference 

between the normal and mutated residue (high score, greater difference); eGV (Grantham variation), score of chemical difference between orthologs (ranging from chimpanzee to zebrafish, 

0 = completely conserved among orthologs, [xe] = conserved among orthologs except in Xenopus; fGD/GV matrix score, ranging from -2 to +8 [lower matrix scores corresponded to low GD and high 

GV (conservative change and strong variation within the MSA), while higher matrix scores corresponded to high GD and low GV (non-conservative change and strong conservation within the 

multiple sequence alignment, MSA)]; gGDev (Grantham deviation), score of chemical difference between the mutated residue and the range of variation between orthologs (GD similar to GDev, 

higher difference, +2); hPolyphen prediction: probably damaging (+1); possibly damaging (+0); benign ( 1); iSIFT prediction: not tolerated (+ 1), tolerated (-1); jCondel prediction: deleterious (+1), 

neutral (-1); kMutation Taster: disease causing (+1), polymorphism ( 1); lSNP database: not described (+0), described ( 1); mMG: B, highly likely pathogenic VS 11; C, likely pathogenic 5 VS 10; 

I, indeterminate pathogenicity 4 VS 4; NV, neutral variant VS 5. 

PLCE1

R1195W 12 Novel 0/284 (+2) NC 101 26.0 +5 95.8 (+2) +1 +1 +1 +1 +0 13 B

H1905R 26 Novel 0/284 (+2) NC 29 0.0 +2 28.8 (+2) +0 -1 +1 +1 +0 7 C

CUBN 

D2160G 43 Novel 0/284 (+2) NC 94 0.0 +6 93.8 (+2) +1 -1 +1 +1 -1 11 B

COL4A3

G1277S 43 (11)(+1) 0/284 (+2) NC 55 0.0 +5 55.3 (+2) +1 +1 -1 +1 -1 11 B

F1502L 49 Novel 0/284 (+2) NC 22 0.0 +2 21.8 (+2) +1 +1 -1 +1 +0 8 C

LAMB2 

R94W 4 Novel 0/284 (+2) NC 101 0.0 +6 101.3 (+2) +1 +1 +1 +1 +0 14 B
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Supplementary Table 4. Clinical and genetic data of patients with three mutated alleles in two NS genes 

 

Abbreviations: CNF, congenital nephrotic syndrome of Finnish type; CP, cyclophosphamide; Cr, creatinine; Cs, corticosteroids; CsA, cyclosporin A; ESRD, end-stage renal disease; F, female; Fam, 

familial case; FSGS, focal segmental glomerulosclerosis; FSGS*, mesangioproliferative lesions with FSGS; M, male; MG, mutation group; MMF, mycophenolate mofetil; NP, not performed; NS, 

nephrotic syndrome; Sp, sporadic case. 

Therapy effect categories: (-) no response. Mutations on these genes were classified according to Genebank Accession numbers: NG_013356.2, NM_004646.2 & NP_004637.1 (NPHS1); 

NG_007535.1, NM_014625.2 & NP_055440.1 (NPHS2); NG_008967.1, NM_001081.3 & NP_001072.2 (CUBN); NG_008094.1, NM_002292.3 & NP_002283.3 (LAMB2); NG_015799.1, 

NM_016341.3 & NP_057425.3 (PLCE1). The nomenclature used in this study for the description of sequence variants in DNA and protein is in accordance with the Human Genome Variation Society 

guidelines and can be found at http://www.hgvs.org/. Mutation groups: A, definitely pathogenic; B, highly likely pathogenic VS 11; C, likely pathogenic 5 VS 10. 
aProband; bProband’s brother; cMutations in these genes were previously known by Sanger sequencing. 

Leiden Open Variation Database proband IDs (following the order of the table from top to bottom): 18845, 19409, 19411, 19412. 

Family Gender Familial/
sporadic 

Age at onset 
(years) 

Features at 
presentation 

Renal 
biopsy 

Immunosuppressive 
therapy Evolution Gene Mutation 1 (MG) Mutation 2 (MG) Gene Mutation (MG) 

20 M Sp 0 NS NP - ESRD at 1 years NPHS1c c.1701C>A c.1868G>T LAMB2 c.280C>T 

p.(C567*) (A) p.(C623F) (B) p.(R94W) (B) 

19 F Sp 0.2 NS CNF - ESRD at 1 years NPHS1c c.1701C>A c.3343G>T CUBN c.6479A>G 

p.(C567*) (A) p.(E1115*) (A) p.(D2160G) (B) 

79-1 F Fama 6 NS FSGS Cs, CsA, CP, MMF - Normal Cr at 20 years NPHS1c c.1099C>T c.361G>A PLCE1 c.3583C>T 

p.(R367C) (B) p.(E121K) (I) p.(R1195W) (B) 

79-2 M Famb 1 NS FSGS* Cs, CsA - Normal Cr at 12 years NPHS1c c.1099C>T c.361G>A PLCE1 c.3583C>T 

p.(R367C) (B) p.(E121K) (I) p.(R1195W) (B) 

77 F Sp 5 NS FSGS Cs, CP, CsA, MMF - ESRD at 13 years NPHS2c c.855_856del c.855_856del PLCE1 c.5714A>G 

p.(R286Tfs*17) (A) p.(R286Tfs*17) (A) p.(H1905R) (C) 
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