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SUPPLEMENTARY METHODS 

Detailed explanation of filter criteria selection 

The GCKD cohort consists of more than 5.000 adult individuals with chronic kidney disease 

of stage 3 or overt proteinuria1,2 at entry into the registry (eGFR 30 – 60 ml/min). If financial 

resources were unlimited, it would be preferable to analyse all CKD individuals by whole 

exome sequencing. However, it appears feasible to detect most individuals with a hereditary 

cause of CKD by selecting the most likely probands by distinct criteria and restrict the 

molecular analysis to the most likely genes. 

All participating nephrologists were asked to enter the leading causative reason for CKD, 

where competing diagnoses were possible. In general, we focused on the diseases which 

have the potential of being partly or totally misclassified. Usually, hereditary diseases such as 

ADTKD lead to end stage renal disease (ESRD) latest by 60 years of age. Since most 

diseases of interest develop over many years if not decades we hypothesize that most 

individuals will have reached CKD stage 3 latest by the age of 50. Therefore, for most 

categories we have filtered for individuals equal or below 50 years of age. The single exception 

of this rule is the category of “hereditary disease”, where the clinicians will have recognized a 

positive family history of CKD and thus we did not implement an age restriction. For this group 

the database provides the defined diagnosis for many distinct diseases, which were excluded 

for further analysis by individual calling.  

individuals with certain diseases where the diagnosis is usually an accurate call, we excluded 

completely from further analysis. Amongst these were diseases such as ADPKD, microscopic 

polyangiitis, aHUS/TTP, membranous nephropathy or Lupus erythematodes . We did not 

exclude individuals where diabetes mellitus was entered as the leading cause, since additional 

development of diabetes is not so unlikely in any individual with a hereditary kidney disease, 

considering its incidence in the normal population. 

The group of single kidneys consisted of more than 85% of cases with surgical removal of one 

kidney (i.e. tumors, live donation, trauma). Since this does not correspond to ADTKD medical 

history (in particular not HNF1B-related), we decided to exclude this group also. 

Certain diagnoses are in our experience regularly prone to inaccuracy for different reasons. 

These diagnoses are analgesic nephropathy, chronic glomerulonephritis and IgA 

nephropathy. In the latter the pathologist may be tempted to discuss IgA, when he sees chronic 

degenerative histopathology with some amounts of mesangial deposition of IgA. This may in 

some cases be false, or not the dominant reason for development of CKD. However, since 

most of these calls will be correct, in these cases we decided to imply more stringency and 

reduced the age cutoff to 40 years of age, or lower. 
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Bioinformatic pipeline 

Resulting sequence files in BCL format were demultiplexed using bcl2fastq version v1.8.4 

(Illumina, Inc., San Diego, CA, USA). Resulting paired reads in FASTQ format were aligned 

to the hg19 reference genome using BWA-MEM 3 version 0.7.14-r1136. PCR duplicate reads 

were removed with Picard tools (http://broadinstitute.github.io/picard/) version 1.111 and local 

realignment of indels was performed using Genome Analysis Toolkit (GATK) 4 version 3.8-0 

to produce final BAM files (for alignment statistics see File S1 sheet “BAM_files”). 

Small variants were defined as “single nucleotide variants” (SNVs) and “small insertions or 

deletions” (indels) and were called from the final BAM files using GATK HaplotyeCaller 5 

version 4.1.4.0 in genomic variant call format (gVCF) mode. The resulting gVCF files were 

jointly genotyped with the GATK commands “GenomicsDBImport” and “GenotypeGVCFs” to 

produce one multi-sample VCF for the whole sequenced cohort. To calibrate and normalize, 

we split the cohort VCF by variant type using the “SelectVariants” command from GATK, 

applied recommended hard filtering to both variant sets using the “VariantFiltration” command, 

merged the filtered VCFs using “MergeVcfs” command and finally normalized and split 

multiallelic sites using the “LeftAlignAndTrimVariants” command to produce the final VCF. 

SnpEff6 and SnpSift7 were used to annotate the resulting cohort VCF with variant 

consequences and information from dbNSFP8 version 4.0a. Additionally, we annotated splice 

prediction scores from SPIDEX/SPANR9 version 1.0 and from dbscSNV10 version 1.1 and 

clinical variant assessments from the ClinVar 11 database (status 2020-02-10) and from HGMD 

12 version 2019.3. 

The annotated variants were filtered to pass calibration, have an allele frequency < 5% in the 

cohort and < 1% in gnomAD exomes/ genomes with no homozygotes allowed, not being 

annotated as (likely) benign, while keeping all variants annotated as (likely) pathogenic in 

ClinVar. Only variants annotated as high or moderate impact on the gene product or having 

at least one splicing score predicting aberrant splicing were further analyzed. Compare File 

S3 sheet “hc-joint”. 

Copy number variant (CNV) calling from panel data was performed using CNVkit 13 version 

0.9.6. The parameters “target-avg-size” was set to 50 and “antitarget-avg-size” to 200.000 to 

optimize settings for the smaller panel design. The cohort was divided by the sequencing 

machine (MiSeq vs. HiSeq) and both sub-cohorts were randomly split into two equal sized 

groups which were used as control cohorts for each other. Resulting per sample CNV calls 

were annotated with their RefSeq based gene content and aggregated into a cohort list for 

filtering. Compare File S3 sheet “CNVkit”. 
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Variant evaluation and confirmation 

Small variants (SNV/indel) were evaluated for their biological plausibility, examined for quality 

using the IGV browser and classified according to the five-tier variant classification system 

recommended by the American College of Medical Genetics and Genomics (ACMG) 14. For 

carriers of a (likely) pathogenic variant in CEP290, we performed Sanger sequencing to 

exclude the deep intronic founder variant NM_025114.:c.2991+1655A>G (rs281865192; 

primers 5’-CATGGGAGTCACAGGGTAGG-3’ and 5’-TGATGTTTAACGTTATCATTTTCCC-

3’. 

CNVs were visualized with the “scatter” and “heatmap” functions in CNVkit, They were then 

inspected in the IGV browser to compare their coverage profile with other samples, check the 

variant allele frequencies (VAF) at variant sites and search for break-point informative split 

reads. In the sample from individual "Ind_739404" we could identify split-reads supporting the 

heterozygous COL4A5 deletion chrX:g.107731844_107920385del and confirmed the variant 

with exact breakpoints using allele specific PCR and Sanger sequencing (5’-

AATTTGTTGCCTGTCTTTTGC-3’ and 5’-TGCAGAATAAAACCCACACAAC-3’). The deletion 

("Ind_958149") and duplication ("Ind_207310") affecting the HNF1B locus were confirmed 

using the MLPA kit P241 (MRC Holland, Amsterdam, Netherlands). 

Analysis of the MUC1-VNTR region 

We analyzed the typical cytosine duplication (“dupC”) located at variable positions in the VNTR 

between exons 2 and 3 of MUC1 with an established SNaPshot minisequencing protocol for 

all archived samples selected for panel sequencing15. Additionally, we had designed the panel 

to include capture probes targeting the MUC1-VNTR and included three MUC1-dupC positive 

controls in panel sequencing to enable bioinformatic analysis of this region. We used 

adVNTR16 version 1.3.3 (https://github.com/mehrdadbakhtiari/adVNTR/) with custom settings 

“frameshift” mode and “vntr_id 25561” to identify indels in this complex genomic region. 

Comparison with published screening data in CKD 

We compared our analysis to the currently largest published sequencing study in CKD17 by 

directly downloading all variants from this study from ClinVar (SCV000809114 to 

SCV000809473) as submitted by the authors using a custom R language script. Such 

downloaded HGVS nomenclature was converted to VCF format using the batch function in 

VariantValidator (https://variantvalidator.org). We then annotated the resulting VCF file with 

the pipeline described above for our cohort. Additionally, we annotated whether the respective 

variant could be detected by our panel using the panel design browser extensible data (BED) 

file. To harmonize the ACMG classification for our cohort and the Groopman cohort we used 
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the two automated AMCG classification tools integrated in VarSome (https://varsome.com) 

“ACMG Implementation” and VarSeq v2.2.3 “Sample ACMG Classifier” (Golden Helix, Inc., 

Bozeman, MT, USA; www.goldenhelix.com) for both variant sets with standard settings. We 

aggregated multiple (likely) pathogenic variants, as predicted by the ACMG classifiers, per 

individual in the Groopman cohort and performed 10.000 simulations drawing our final cohort 

sample size (n=271) from the Groopman cohort. In each simulation we counted how many 

individuals could be diagnosed by our panel or by exome and how many individuals would 

have a (likely) pathogenic variant in COL4A5. The results of this simulation were then 

compared with our diagnostic yield using only variants automatically classified as (likely) 

pathogenic and excluding CNVs and mitochondrial variants. Results were visualized using 

scatter and violin plots and empirical p-values were calculated by computing how many 

simulations had a higher or equal yield fraction or collagen IV variant fraction, respectively. 

Statistical analyses and plotting 

All data regarding cohort, panel content and identified variants were aggregated into Excel 

(Microsoft Corporation, Redmond, USA) files and are attached as supplementary to this 

article. These data were imported, analyzed and plotted using R language version 4.1.0 with 

RStudio IDE version 1.4.1717 (RStudio Inc., Boston, MA, USA). Libraries "broom", "cowplot", 

"DiagrammeR", "DiagrammeRsvg", "fs", "fuzzyjoin", "ggrepel", "readxl", "rsvg", "tidyverse" and 

"UpSetR". Inkscape 1.1 (https://inkscape.org/) was used to adjust Figure 1 and Figure 2 for 

parts which could not be directly composed in R. Schematic linear gene plots with variant 

positions represented as lollipops scaled to the variant’s CADD score18 were created in R as 

described previously19. 

The two sided Wilcoxon signed-rank test as implemented in R was used to compare pairwise 

differences between groups (except for the p-values in the simulation estimated by sampling 

or when the question could be modeled as a Bernoulli experiment where we used the binomial 

test).  
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SUPPLEMENTARY RESULTS 

Additional variants of unknown significance in 9.6% 

Further 26 variants of unknown significance (VUS; ACMG class 3) in nine genes (COL4A3, 

COL4A4, COL4A5, DNAJB11, GATM, HNF1B, MYH9, PARN, REN) were identified in 26 

(9.6%) individuals (Table S1). As the VUS category has the largest probability span from >10% 

to <90% chance of being pathogenic, we calculated the odds and p-values of pathogenicity 

using our manual classification criteria and recently published Bayesian framework.20 Seven 

missense variants in seven genes (COL4A3, COL4A4, COL4A5, DNAJB11, GATM, MYH9, 

REN) had an odds-ratio of pathogenicity >9 and a probability of pathogenicity between 0.50 - 

0.68. These “hot” class 3 variants could reach the likely pathogenic class with an additional 

moderate strength criteria like location in an established functional domain (PM1) or if another 

missense change at the same amino acid residue would be reported as pathogenic (PM5). 

With automated ACMG classifiers 3/7 (42.9%) of these “hot” VUS would be classified as likely 

pathogenic by Varsome and all seven (100%) as “VUS/Weak Pathogenic” by VarSeq. Overall, 

this indicates that further research and stringent deposition of diagnostic variants into public 

databases could further improve variant classification and thus increase diagnostic yield. 

Nephronophthisis carrier status is not enriched 

Interestingly, we identified 11 carriers (11/271 ~ 4.1%) for (likely) pathogenic variants in six 

nephronophthisis associated genes (4x NPHP3, 2x CEP290, 2x IQCB1, 1x ANKS6, 1x 

TTC21B, 1x ZNF423), yet not a single diagnostic case with a second (including VUS) variant 

in trans (Table S2). Thus, nephronophthisis does not appear to play a role in this adult cohort. 

We asked whether the observed carrier frequency in our cohort represents an enrichment, 

which could point to either missed deep intronic/ regulatory variants or to nephronophthisis 

carrier status being a risk factor for CKD. We thus downloaded all variants from the gnomAD 

database for the 17 nephronophthisis genes in our target design, classified them using the 

VarSeq classifier and used the allele frequencies for (likely) pathogenic variants detectable by 

our design to calculate the probability of being a variant carrier in at least one of these genes 

(~ 3.5%). As nine variants in our cohort (9/271 ~ 3.3%) would be automatically classified as 

(likely) pathogenic, the results indicate no enrichment and refutes our initial hypothesis. 

Knowing this high background carrier probability, reporting of heterozygous carrier status in 

individuals without a clear clinical suspicion of nephronophthisis should carefully be 

considered to not cause diagnostic uncertainty in individuals and clinicians. 
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Comprehensive MUC1-VNTR analysis identifies no MUC1-dupC 

We performed diagnostic grade SNaPshot mini-sequencing15 for the typical MUC1-dupC 

variant in the VNTR in all 271 archived DNA samples from the final cohort. For 225 individuals 

(83.8%) we obtained reliable results but did not identify a MUC1-dupC positive case. In 14 

samples (5.2%) the results obtained could not reliably be evaluated and in the remaining 32 

samples (11.8%) SNaPshot sequencing was not possible, likely due to low DNA quality. Due 

to the GCKD study design we could not re-contact the individuals/ clinicians to obtain new 

samples. 

We had designed the panel target to directly cover the MUC1-VNTR with capture probes and 

included three known MUC1-dupC positive DNA samples from individuals previously 

diagnosed in our institute.15,21 Using the adVNTR software, we could confirm the MUC1-dupC 

event (“I22_2_G_LEN1”) in the three positive controls, but did not find this typical duplication 

or any other high confidence sequence variant in the VNTR, potentially leading to a similar 

aberrant protein product, in any of the 271 cohort samples. 

Thus, combining SNaPshot mini-sequencing and bioinformatic analysis, no ADTKD-MUC1 

case (0/271) could be identified in this cohort of mostly sporadic kidney diseases (Figure 2G). 

Compare also File S322 sheets “SNaPshot” and “adVNTR” for complete per sample results. 
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SUPPLEMENTARY FIGURES 

Figure S1 | Diagnostic yield and COL4 gene fraction simulations using automated 

variant classification 

 
Results as in main Figure 1 but using automated variant classifications for both our and the 

Groopman cohort variants. (A) and (B) automated ACMG classification using Varsome. (C) 

and (D) automated ACMG classification using VarSeq.   
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Figure S2 | Albumin-Creatinine Ratio (ACR) by IgA nephropathy (IgAN) status and 

genetic diagnosis group 

 
Data on ACR in the cohort from the right panel of Figure 3C faceted by (A) IgAN status (left 

clinical group with IgAN, right other groups) and (B) genetic diagnosis group (left no genetic 

diagnostic variant identified, left with (likely) pathogenic variant). Colored as in Figure 3C. 

Results indicate that individuals with clinical IgAN have significantly higher ACR, but this does 

not drive the significantly higher ACR observed in the individuals with a diagnostic variant. 

This might further support that the clinical classification of IgAN in these individuals with a 

diagnostic variant is not the primary cause of nephropathy.  
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Figure S3 | Proposed clinically enhanced exome design and evaluation workflow 

(A) Schematic figure explaining short read sequencing based panel and exome sequencing 

(ES) and their respective advantages. ES covers all coding exons but has gaps in complex 

regions (like the MUC1-VNTR or PKD1 duplicated exons), may miss clinically relevant intronic 

variants and has low coverage for mtDNA. Custom panels in contrast can be designed to have 

high coverage of these regions but would need to be iteratively re-designed and re-sequenced 

for each possible disease entity. An ES target design enhanced through expert knowledge 

(several companies nowadays offer adding custom capture probes) allows adapting the 

design to the respective diagnostic needs (ceES). (B) Our proposed workflow to select 

individuals for genetic diagnosis is based on positive family history, syndromic disease (e.g. 

multiple organ systems affected) and isolated simplex cases without secondary cause of CKD 

younger than 50 years. Genetic diagnostics should be based on clinically selected virtual 

panels and include ACMG recommended secondary findings and COL4A3, COL4A4 and 

COL4A5 genes. Depending on the outcome and whether eventual variants explain the 

phenotype of the individual the ceES data should be opened to research analysis enhanced 

by possible RNA analyses and functional tests using e.g. renal tubular cells to finally reach a 

genetic diagnosis.  
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SUPPLEMENTARY TABLES 

Gene Variant Type 
ACMG 

criteria 
Individual 

Previous Clinical 

diagnosis 

Kidney 

biopsy 

COL4A3 

c.685C>T, 

p.(Arg229Trp) 
SNV 

class 3 

(p=0.50) 
Ind_581621 nephrosclerosis no 

c.1052A>C, 

p.(Gln351Pro) 
SNV 

class 3 

(p=0.19) 
Ind_190910 nephrosclerosis no 

c.4421T>C, 

p.(Leu1474Pro) 
SNV 

class 3 

(p=0.19) 
Ind_501279 

chronic 

glomerulonephritis 
no 

c.4523A>G, 

p.(Asn1508Ser) 
SNV 

class 3 

(p=0.19) 
Ind_805187 unknown no 

c.897C>T, p.(=) SNV 
class 3 

(p=0.10) 
Ind_313427 IgA nephropathy yes 

c.4782C>T, p.(=) SNV 
class 3 

(p=0.10) 
Ind_485984 nephrosclerosis yes 

MYH9 

c.979A>T, 

p.(Arg327Trp) 
SNV 

class 3 

(p=0.68) 
Ind_220163 others no 

c.490+47G>A, p.? SNV 
class 3 

(p=0.32) 
Ind_200834 nephrosclerosis yes 

c.2041G>A, 

p.(Gly681Ser) 
SNV 

class 3 

(p=0.19) 
Ind_399997 nephrosclerosis yes 

c.3340T>C, 

p.(Ser1114Pro) 
SNV 

class 3 

(p=0.19) 
Ind_279807 nephrosclerosis yes 

c.3340T>C, 

p.(Ser1114Pro) 
SNV 

class 3 

(p=0.19) 
Ind_702034 unknown no 

c.5128A>G, 

p.(Ile1710Val) 
SNV 

class 3 

(p=0.10) 
Ind_819147 

chronic 

glomerulonephritis 
yes 

COL4A4 

c.4963G>A, 

p.(Val1655Met) 
SNV 

class 3 

(p=0.68) 
Ind_527531 others no 

c.5045G>A, 

p.(Arg1682Gln) 
SNV 

class 3 

(p=0.32) 
Ind_257933 hereditary disorders no 

c.1770A>T, p.(=) SNV 
class 3 

(p=0.19) 
Ind_791075 nephrosclerosis no 

c.3398-3C>T, p.? SNV 
class 3 

(p=0.10) 
Ind_753616 nephrosclerosis yes 

PARN 

c.1319-16T>A, p.? SNV 
class 3 

(p=0.10) 
Ind_737791 unknown no 

c.1330C>T, 

p.(Arg444Cys) 
SNV 

class 3 

(p=0.10) 
Ind_554434 IgA nephropathy yes 
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Gene Variant Type 
ACMG 

criteria 
Individual 

Previous Clinical 

diagnosis 

Kidney 

biopsy 

c.1501G>T, 

p.(Ala501Ser) 
SNV 

class 3 

(p=0.10) 
Ind_958149 unknown no 

DNAJB11 

c.973G>C, 

p.(Asp325His) 
SNV 

class 3 

(p=0.50) 
Ind_180606 nephrosclerosis no 

c.895C>G, 

p.(Leu299Val) 
SNV 

class 3 

(p=0.10) 
Ind_102360 unknown no 

HNF1B 

c.1127C>T, 

p.(Thr376Ile) 
SNV 

class 3 

(p=0.19) 
Ind_501279 

chronic 

glomerulonephritis 
no 

c.1006C>G, 

p.(His336Asp) 
SNV 

class 3 

(p=0.10) 
Ind_533929 hereditary disorders no 

COL4A5 
c.3095T>C, 

p.(Met1032Thr) 
SNV 

class 3 

(p=0.68) 
Ind_890866 unknown no 

GATM 
c.875A>G, 

p.(His292Arg) 
SNV 

class 3 

(p=0.50) 
Ind_550368 interstitial nephritis no 

REN 
c.699G>T, 

p.(Glu233Asp) 
SNV 

class 3 

(p=0.50) 
Ind_579540 IgA nephropathy no 

Table S1 | Additional variants of unknown significance 

List of all individuals who had a VUS identified and their diagnostic group/s and whether they 

had a renal biopsy. Please compare Supplementary Notes for the calculation of the Bayesian 

p-values and File S3 for detailed criteria applied in manual ACMG variant classification. 
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Gene Variant Type 
ACMG 

criteria 
Individual 

Previous Clinical 

diagnosis 

Kidney 

biopsy 

NPHP3 

c.1381G>T, 

p.(Glu461*) 
SNV 

class 5 

(p=0.99) 
Ind_600000 IgA nephropathy yes 

c.2694-2_2694-1del, 

p.0? 
indel 

class 5 

(p=0.97) 
Ind_581621 nephrosclerosis no 

c.2694-2_2694-1del, 

p.0? 
indel 

class 5 

(p=0.97) 
Ind_834192 IgA nephropathy yes 

c.1629-2A>G, p.0? SNV 
class 4 

(p=0.90) 
Ind_440439 

nephrosclerosis; IgA 

nephropathy 
yes 

CEP290 

c.5493del, 

p.(Ala1832Profs*19) 
indel 

class 5 

(p=0.99) 
Ind_613519 IgA nephropathy yes 

c.292_293insA, 

p.(Leu98Hisfs*18) 
indel 

class 5 

(p=0.99) 
Ind_903214 IgA nephropathy yes 

IQCB1 

c.1518_1519del, 

p.(His506Glnfs*13) 
indel 

class 5 

(p=0.97) 
Ind_181070 IgA nephropathy yes 

c.1518_1519del, 

p.(His506Glnfs*13) 
indel 

class 5 

(p=0.97) 
Ind_245000 

IgA nephropathy; chronic 

glomerulonephritis 
no 

ANKS6 
c.130_157del, 

p.(Glu44Argfs*72) 
indel 

class 4 

(p=0.90) 
Ind_999093 nephrosclerosis yes 

TTC21B 
c.1715C>A, 

p.(Ser572*) 
SNV 

class 4 

(p=0.90) 
Ind_753169 nephrosclerosis no 

ZNF423 
c.2738C>T, 

p.(Pro913Leu) 
SNV 

class 5 

(p=0.97) 
Ind_890866 unknown no 

Table S2 | Nephronophthisis carrier variants 

List of all individuals in which a heterozygous (likely) pathogenic variant in 17 nephronophthisis 

genes was identified together with their diagnostic group/s and whether they had a renal 

biopsy. Please compare Supplementary Notes for the calculation of the Bayesian p-values 

and File S3 for detailed criteria applied in manual ACMG variant classification.  
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WEB RESOURCES 

gnomAD browser: http://gnomad.broadinstitute.org/ 

ClinVar: https://www.ncbi.nlm.nih.gov/clinvar/ 

VariantValidator: https://variantvalidator.org 

adVNTR: https://github.com/mehrdadbakhtiari/adVNTR/ 

RNAfold: http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi 

MITOMAP: https://www.mitomap.org/MITOMAP 

 

ABBREVIATIONS 

ADTKD:autosomal dominant tubulointerstitial kidney disease 

CKD: chronic kidney disease 

COL4: Collagen-4 genes associated with Alport syndrome (COL4A5, COL4A4 and COL4A3) 

CNV: copy number variant 

DNA: deoxyribonucleic acid 

ES: exome sequencing 

GCKD: German Chronic Kidney Disease 

indel: insertion/ deletion variant 

MITKD: mitochondrially inherited tubulointerstitial kidney diseases 

NPHP: nephronophthisis 

SNV: single nucleotide variant  
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