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OPENdominant tubulointerstitial kidney diseases

Diverse molecular causes of unsolved autosomal
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Autosomal Dominant Tubulointerstitial Kidney Disease
(ADTKD) is caused by mutations in one of at least five
genes and leads to kidney failure usually in mid adulthood.
Throughout the literature, variable numbers of families
have been reported, where no mutation can be found and
therefore termed ADTKD-not otherwise specified. Here, we
aim to clarify the genetic cause of their diseases in our
ADTKD registry. Sequencing for all known ADTKD genes
was performed, followed by SNaPshot minisequencing for
the dupC (an additional cytosine within a stretch of seven
cytosines) mutation of MUC1. A virtual panel containing
560 genes reported in the context of kidney disease
(nephrome) and exome sequencing were then analyzed
sequentially. Variants were validated and tested for
segregation. In 29 of the 45 registry families, mutations in
known ADTKD genes were found, mostly in MUC1. Sixteen
families could then be termed ADTKD-not otherwise
specified, of which nine showed diagnostic variants in the
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nephrome (four in COL4A5, two in INF2 and one each in
COL4A4, PAX2, SALL1 and PKD2). In the other seven families,
exome sequencing analysis yielded potential disease
associated variants in novel candidate genes for ADTKD;
evaluated by database analyses and genome-wide
association studies. For the great majority of our ADTKD
registry we were able to reach a molecular genetic
diagnosis. However, a small number of families are indeed
affected by diseases classically described as a glomerular
entity. Thus, incomplete clinical phenotyping and atypical
clinical presentation may have led to the classification of
ADTKD. The identified novel candidate genes by exome
sequencing will require further functional validation.
Kidney International (2022) 102, 405–420; https://doi.org/10.1016/
j.kint.2022.04.031
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H ereditary kidney diseases are manifold and diverse,
with several hundred monogenic diseases identified to
date.1–3 With significant improvement in molecular

diagnostics, the weight of genetics in nephrology has greatly
increased over the last years. However, a significant propor-
tion of patients with a genetic cause of their disease will
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probably not yet have their (correct) diagnosis. The largest
study published to date has yielded diagnostic mutations in
almost 10% in unbiased cohorts of patients with chronic
kidney disease (CKD).4 Naturally, the rate of diagnostic
findings is considerably increased in populations with a
clinical suspicion of hereditary CKD (i.e., positive family
history, young age at onset, or syndromic type of disease).5,6

Profound difficulties in diagnostics can be encountered
with autosomal dominant tubulointerstitial kidney disease
(ADTKD). Clinically, this disease is completely unspecific,
without characteristic findings in kidney morphology, no or
little proteinuria, and bland urinary sediment. Histology
merely shows immunonegative tubulointerstitial fibrosis,7,8

which is not discernible from other diseases, such as hyper-
tensive nephropathy or nephronophthisis. Patients with
ADTKD usually reach end-stage renal disease (ESRD) in mid
adulthood, which may vary considerably even within fam-
ilies.9,10 Often, the clearest clinical clue is an autosomal
dominant family history, mostly with full penetrance.

Mutations in at least 5 genes can cause ADTKD: UMOD
(Online Mendelian Inheritance in Man [OMIM] number
603860),11 MUC1 (OMIM number 174000),12 HNF1B
(OMIM number 137920),13 REN (OMIM number 613092),14

and SEC61A1 (OMIM number 617056).15 According to
Kidney Disease: Improving Global Outcomes (KDIGO) rec-
ommendations, compatible families with negative genetic
testing should be termed ADTKD-NOS (“not otherwise
specified”).7 Several studies have analyzed cohorts of ADTKD
families, with the percentage of ADTKD-NOS ranging from
23% to 55% (Table 110,16–22). The subtype of ADTKD that is
surely the most difficult to detect is caused by MUC1 muta-
tions, which can currently only be analyzed in few labora-
tories worldwide, because routine testing will miss the so far
known diagnostic variants. To date, only mutations with a
single specific frameshift effect of a complex repeat region
have been found, where the most frequent mutation is an
insertion of an additional cytosine (dupC) within a stretch of
7 cytosines.12 Interestingly, several other (atypical) mutations
have been detected, which all lead to the same frameshift
effect (Supplementary Table S1),18,19,22–24 being highly sug-
gestive that this frameshift protein is specifically pathogenic.25

Because the detection of these mutations can be extremely
challenging, immunodetection of mucin 1 frameshift protein
has been established on kidney biopsies16,22 and urinary
smears.22 However, it is not clear if these cumulative efforts
identify all ADTKD-MUC1 families.

The reason for not yielding a diagnostic mutation in
families with suspected ADTKD can be multifaceted. First,
the clinically suspected diagnosis may be faulty and another
distinct disease overlooked, such as mitochondrial diseases
(mitochondrially inherited tubulointerstitial kidney disease
[MITKD]).26 Second, mutations could be too complex to be
detected (such as atypical MUC1 mutations), or mutations in
novel candidate genes for ADTKD could be responsible.
Therefore, unraveling the molecular causes of ADTKD-NOS
is a challenging task and the focus of this study. It required
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intense work with the respective families and broad applica-
tion of molecular biology and genetic techniques. These
studies are representative for the approach to most hereditary
kidney diseases and the developed workflows therefore of
general interest in nephrology. Thus, the diagnostic efforts
and solutions presented herein go beyond ADTKD and are
representative for a timely workup in renal genetics.

METHODS
Patient and ethical approval
All individuals gave written informed consent to all clinical and
scientific procedures. The studies were approved by the ethics
committee of the Friedrich-Alexander University Erlangen-Nürn-
berg (approval number: 251_18 B) and fully adhere to the Decla-
ration of Helsinki.

All web resources are listed in the Supplementary Methods in the
Supplementary WEB resources list.

DNA isolation and Sanger sequencing
DNA from peripheral blood lymphocytes of patients and their family
members was extracted according to standard protocols using Flexi-
Gene Kit (Qiagen).

Complete coding regions of the 5 known ADTKD genes,
including flanking intronic/untranslated region sequences, were
amplified by polymerase chain reaction (PCR) using appropriate
amplification protocols. Primer sequences were selected using
Primer3 software (https://primer3.ut.ee/) and were supplied by
Thermo Fisher. All primer sequences used are available on request.
Purified PCR fragments were sequenced using Big Dye Termination
chemistry v.3.1 (Applied Biosystems) on an automated capillary
sequencer (Applied Biosystems 3730 Genetic Analyzer) and analyzed
using SequencePilot Software (JSI Medical Systems GmbH). Gen-
Bank accession numbers NM_000458.3, NM_001204285.1,
NM_000537.3, NM_013336.3, and NM_001278614.1 were used as
reference sequences for HNF1B, MUC1, REN, SEC61A1, and
UMOD, respectively (http://www.ncbi.nlm.nih.gov/).

SNaPshot minisequencing was additionally performed to detect
the dupC mutation of MUC1, as previously described.21

Single-molecule, real-time sequencing
DNA samples were processed and analyzed as described.27

Exome sequencing and copy number variant analysis
Exome sequencing (ES) was performed on an Illumina HiSeq-2500
sequencer (Illumina) using the Twist Human Core Exome with
RefSeq add-on panel (Twist Bioscience Inc.) to cover a compre-
hensive target, >99% of all protein-coding genes. Sequence reads
were mapped to the GRCh37 (hg19) reference genome using bwa
mem v0.7.17,28 and the output was written as BAM files through
samtools v1.9. Deduplication was performed using picard Mark-
Duplicates v2.18.21. Targets for local realignment were identified and
realigned using Genome Analysis ToolKit (GATK) v3.8Realign-
erTargetCreator and IndelRealigner, respectively. Reads that are
properly mapped to both regular and alternative contigs are assigned
a mapping score of 0 by bwa mem v.0.7.17. Using Samtools v1.9 and
a custom awk script, the mapping score for these reads was then
adjusted to 60 to improve overall coverage. Single-nucleotide varia-
tions and small insertions and deletions are called using GATK v3.8,
HaplotypeCaller, and UnifiedGenotyper, as well as freebayes v1.2,
SNVer Individual, and platypus v0.8.1. Calls from all 5 callers were
Kidney International (2022) 102, 405–420
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Table 1 | Portion of ADTKD-NOS in different cohorts investigated

Publication Country cohort Method MUC1 VNTR analysis NOS in % (NOS of total families investigated)

Knaup et al. 201816,a Germany Restriction-specific enrichment and
detection by SNaPshot minisequencing

40.4 (19 of 47)b

Ayasreh et al. 201817 Spain Restriction-specific enrichment and
detection by SNaPshot minisequencing

55.3 (31 of 56)

Cormican et al. 201918 Ireland Restriction-specific enrichment and
detection by mass spectrometry

37.5 (6 of 16)

Olinger et al. 202019,c United States and Belgium Restriction-specific enrichment and
detection by mass spectrometry

23.2 (135 of 585)b

Gong et al. 202120 China Long-range, high-fidelity PCR with NGS 27.8 (5 of 18)

ADTKD, autosomal dominant tubulointerstitial kidney disease; NGS, next-generation sequencing; NOS, not otherwise specified; PCR, polymerase chain reaction; VNTR, variable
number of tandem repeats.
aPart of this cohort was previously published in Ekici et al.21
bNot reported: HNF1B, REN, and SEC61A1.
cParts of these cohorts were previously published in Bleyer et al.10 and Zivna et al.22

Only molecular genetic results were considered (no immunodetection).
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then consolidated via union and annotated with different annotation
databases using Annovar.29 Variant data were then assessed for rare
variants using an in-house analysis tool.30 A virtual gene panel,
herein called nephrome, with a total of 560 genes associated with an
abnormal renal physiology phenotype, according to the Human
Phenotype Ontology database (https://hpo.jax.org/: Human Pheno-
type Ontology term: HP_0012210, version from March 2020), was
first evaluated in all affected family members. If no disease-causing
variants were detected, an ES analysis was performed.

As part of the ES analysis, copy number variants were evaluated
using the ExomeDepth-Software (version 1.1.15) with all nonrelated
exomes of the same run as potential references. Identified candidate
copy number variants were confirmed by multiplex ligation-
dependent probe amplification using the appropriate SALSA multi-
plex ligation-dependent probe amplification kits, if available (SALL1:
P180; HNF1B: P241; MRC Holland), according to the manufac-
turer’s instructions.

In silico variant selection and characterization
On the basis of the supposed rare incidence of the phenotype, non-
synonymous and synonymous variants in coding regions, including
splice sites, were selected on the basis of a population frequency <1%
(the Genome Aggregation Database [gnomAD]): https://gnomad.
broadinstitute.org/; dbSNP: https://www.ncbi.nlm.nih.gov/SNP;
Clinical significance of Variants (ClinVar): https://www.ncbi.nlm.nih.
gov/clinvar/), on a “damaging” computational prediction effect scores
using the Sorting Intolerant From Tolerant algorithm (SIFT) (http://
sift.jcvi.org), PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/),
MutationTaster (http://www.mutationtaster.org/), and Muta-
tionAssesor (http://mutationassessor.org), on Combined Annotation
Dependent Depletion (CADD) score>15 (http://cadd.gs.washington.
edu/home31), and on their evolutionary conservation (PhyloP32,
GERPþþ33). In addition, we employed the Exonic Splicing Enhancers
Finder (ESEfinder 3.0) algorithm34 to compare splicing probabilities
for wild-type andmutated sequences. For all selected variants, familial
segregation with the disease was confirmed. All identified novel
candidate genes show expression in human kidney tissues based on
University of California, Santa Cruz (https://genome.ucsc.edu), and
Human Protein Atlas (https://www.proteinatlas.org/) databases
(Supplementary Table S7).

We used the Human Genome Variation Society recommenda-
tions35 for description of sequence variants and the American
Kidney International (2022) 102, 405–420
College of Medical Genetics and Genomics guidelines36 for variant
interpretation.

Sequencing of mitochondrial DNA, analysis of X-inactivation,
and database search in the Genomics England 100,000 Genomes
project are described in the Supplementary Methods section.

Histologic analysis and immunodetection
Wherever possible, we attempted to collect historical kidney biopsies
for pathologic reevaluation. In some cases, the biopsies were not
retrievable, but the pathologic report at that time was, which was
then taken into consideration.

Collagen IV chain a5 (Col IV[a5]) was stained in skin bi-
opsies, retrieved from the upper arm by punch biopsy (6 mm; kai
Europe). The biopsy was divided into equal parts and either fixed
in 4% paraformaldehyde (Sigma) or cryoconserved in tissue tec
(DiaTec). All sections were cut in 2-mm slides for staining.
Commercial antibodies against Col IV(a5) were used at a dilution
of 1:50: H52 and H53 (Chondrex Inc.). Detailed staining pro-
cedure is provided in the Supplementary Methods section.

Mucin 1 frameshift protein in routine kidney biopsies was stained
as described.16

Reverse transcriptase–PCR analysis
Details of PCR conditions and primer sequences are provided in the
Supplementary Methods.

Association with estimated glomerular filtration rate from
genome-wide association study meta-analyses of general
population studies
Genes residing genome-wide significant genetic loci associated
with quantitative traits derived by genome-wide association study
meta-analyses are likely candidates to have a role for the trait
under study.37 We queried the known and newly identified genes
related to ADTKD and surrounding regions (gene � 250 kb) for
genetic variants associated with estimated glomerular filtration rate
(eGFR).38 These data from genome-wide association study meta-
analyses included >1.2 million individuals, mostly general
population-based studies. A gene in a previously identified genetic
locus is thus supported by at least one single nuclear poly-
morphism (SNP) with P < 5 � 10–8 (i.e., genome-wide signifi-
cant). In addition, genes in regions that contained at least one
SNP with an association P < 1 � 10–4 were marked as sugges-
tively associated.
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Figure 1 | Flowchart of the diagnostic workflow applied. Index patients of the 45 registry families were primarily sequenced for the known
autosomal dominant tubulointerstitial kidney disease (ADTKD) genes (by Sanger sequencing and multiplex ligation-dependent probe
amplification analysis until 2017; from 2017 onwards, by next-generation sequencing [NGS]), including SNaPshot minisequencing for the dupC
mutation in MUC1 as well as the coding region of MUC1 (excluding the VNTR). A total of 29 families showed mutations in known ADTKD genes.
No family carried a mutation in SEC61A1. The other 16 families were labeled ADTKD-NOS (not otherwise specified) following Kidney Disease:
Improving Global Outcomes (KDIGO) guidelines. Nephrome analysis, a virtual gene panel consisting of 560 genes associated with abnormal
renal physiology, was performed by NGS in the index patients of the respective ADTKD-NOS families, resulting in diagnostic mutations in 9
families. The remaining 7 families were in parallel (1) reevaluated for compatibility for mitochondrial disease (i.e., mitochondrial inheritance), (2)
checked for atypical MUC1 frameshift mutations by (a) immunohistochemistry on kidney biopsies wherever available as well as (b) MUC1 VNTR
single-molecule, real-time (SMRT) sequencing, and finally (3) exome sequencing by NGS was performed, resulting in 27 putative novel renal
candidate genes. Neither atypical MUC1 frameshift mutations (Supplementary Table S4) nor mitochondrially inherited tubulointerstitial kidney
disease (MITKD) has been detected. n represents the number of families. Dotted lined boxes indicate the diagnostic tool used. IHC,
immunohistochemistry; mtDNA, mitochondrial DNA.
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Expression quantitative trait loci variant analyses
Common variants associated with eGFR that also modulate gene
expression (expression quantitative trait loci variants [eQTLs]) in
kidney tissue can support a gene as relevant for kidney function and
can provide additional support for genes with rare SNPs identified
for ADTKD. Therefore, we searched for eQTLs in kidney tissue for
any of the known and identified candidate genes for ADTKD. We
queried 3 types of eQTL data for significant association (false dis-
covery rate, <0.05) on candidate gene expression levels: (i) eQTL in
tubulointerstitial tissue from the Nephrotic Syndrome Study
Network (NEPTUNE),39 (ii) eQTL in tubulointerstitial tissue from
Susztak data,40 and (iii) eQTL in kidney cortex tissue from the
Genotype-Tissue Expression (GTEx) project.41 For genes within
genome-wide significant eGFR-associated loci, we evaluated whether
the respective eQTLs were previously described as credible set vari-
ants,38 which means that they are statistically more likely causal for
the respective eGFR association signal than other variants in the
same genetic locus.
408
Protein-protein interaction network
The molecular network analysis on the 5 known ADTKD genes and
the 27 selected candidate genes was performed using the Search Tool
for Retrieval of Interacting Genes/Proteins (STRING v11.5) database
(https://string-db.org/).42 A comprehensive network was built up
from known and predicted associations, with confidence scores from
0.15 to 0.4, indicating the strength of data support.

RESULTS
Patient recruitment and initial genetic analysis
Patients were either recruited locally or referred by attending
nephrologists throughout Germany. Only patients and their
families were eligible who fulfilled the clinical KDIGO criteria
for ADTKD7 (in essence, CKD with bland urinary sediment,
no to moderate proteinuria, and normal or decreased size
kidneys), with their pedigree consisting of at least 2 affected
family members in 2 successive generations. Each individual
Kidney International (2022) 102, 405–420
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Table 2 | ADTKD families with their respective mutation

Family ID Index patient ID Gene cDNA Amino acid

A-5 ADTKD-0003 MUC1 c.428dupC MUC1-fs
A-11 ADTKD-0013 MUC1 c.428dupC MUC1-fs
A-12 ADTKD-0015 MUC1 c.428dupC MUC1-fs
A-14 ADTKD-0017 MUC1 c.428dupC MUC1-fs
A-15 ADTKD-0018 MUC1 c.428dupC MUC1-fs
A-21 ADTKD-0024 MUC1 c.428dupC MUC1-fs
A-23 ADTKD-0026 MUC1 c.428dupC MUC1-fs
A-24 ADTKD-0027 MUC1 c.428dupC MUC1-fs
A-29 ADTKD-0032 MUC1 c.428dupC MUC1-fs
A-30 ADTKD-0041 MUC1 c.428dupC MUC1-fs
A-33 ADTKD-0048 MUC1 c.428dupC MUC1-fs
A-35 ADTKD-0055 MUC1 c.428dupC MUC1-fs
A-36 ADTKD-0056 MUC1 c.428dupC MUC1-fs
A-37 ADTKD-0057 MUC1 c.428dupC MUC1-fs
A-38 ADTKD-0058 MUC1 c.428dupC MUC1-fs
A-43 ADTKD-0070 MUC1 c.428dupC MUC1-fs
A-47 ADTKD-0077 MUC1 c.428dupC MUC1-fs
A-50 ADTKD-0082 MUC1 c.428dupC MUC1-fs
A-59 ADTKD-0106 MUC1 c.428dupC MUC1-fs
A-6 ADTKD-0006 UMOD c.397_405del p.(Tyr133_Cys135del)
A-13 ADTKD-0016 UMOD c.586G>A43 p.(Asp196Asn)
A-16 ADTKD-0019 UMOD c.707C>G44 p.(Pro236Arg)
A-27 ADTKD-0030 UMOD c.768C>G p.(Cys256Trp)
A-32 ADTKD-0047 UMOD c.509G>A45 p.(Cys170Tyr)
A-41 ADTKD-0066 UMOD c.1463G>A46 p.(Gly488Asp)
A-44 ADTKD-0072 UMOD c.899G>T p.(Cys300Phe)
A-61 ADTKD-0132 UMOD c.(464G>A; 907G>C) p.(Cys155Tyr; Asp303His)
A-18 ADTKD-0021 HNF1B c.780G>C47 p.(Glu260Asp)
A-10 ADTKD-0012 REN c.45_47del14 p.(Leu16del)

ADTKD, autosomal dominant tubulointerstitial kidney disease; ID, identifier; MUC1-fs, mucin 1 frameshift protein.
Part of this cohort was previously published in Ekici et al.,21 Wenzel et al.,27 and Knaup et al.16 Initial reports of individual mutations are cited (Williams et al.,43 Sanna-Cherchi et
al.,44 Dahan et al.,45 Bokhove et al.,46 So et al.47). c.428dupC of MUC1 was reported in Kirby et al.12 In family A-61, the 2 variants lie in cis, as confirmed by segregation in
successive generations.
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(affected or nonaffected) signed the informed consent and was
assigned a pseudonym (ADTKD-0xxx), whichwas entered into
the pedigrees. Initially, all index patients were primarily tested
for the 5 known genes for ADTKD and the common dupC
mutation of MUC1 by SNaPshot PCR.21 If also negative, the
families were classed as ADTKD-NOS, and an exome-wide
approach was initiated. In parallel, the pedigrees of these
families were checked for compatibility with mitochondrial
inheritance, and a histologic screenwas undertaken for atypical
MUC1 mutations, wherever possible (Figure 1). Genotyping
for segregation of variants was always undertaken on every
individual with a pseudonym in ADTKD-NOS families.

Figure 1 shows the results of the sequencing analysis of the
5 known ADTKD genes in 45 families. In 29 families, a
diagnostic mutation was identified, with the most frequent
subtype being MUC1 (42% [19 of 45]), followed by UMOD
(18% [8 of 45]), HNF1B (2% [1 of 45]), and REN (2% [1 of
45]). Mutations in SEC61A1 were not identified
(Table 212,16,21,27). A total of 16 ADTKD-NOS families (36%)
were identified (see Supplementary Clinical Notes for detailed
clinical description and pedigrees). Table 3 summarizes the
clinical data and characteristics of these families. More
important, the phenotype of the ADTKD-NOS families does
not show a notable difference in comparison to the specified
ADTKD families or the KDIGO criteria.7 Thereby, a typical
difficulty is already displayed, because in many cases biopsies
Kidney International (2022) 102, 405–420
or ESRD of investigated patients has taken place many years
or even decades ago. This circumstance handicaps the quality
of the data but is a real-life situation in clinical nephrology.

Extended genetic analysis in ADTKD-NOS families
We next performed the nephrome analysis of these 16 ADTKD-
NOS families, which yielded 10 diagnostic mutations in 9
families, segregating with the disease status in their respective
families. Rather unexpectedly, most of the affected genes are
traditionally considered to be involved in glomerular diseases:
collagen IV–associated diseases or Alport syndrome (AS; 4�
COL4A5 [OMIM number 301050]; 1� COL4A4 [OMIM
number 203780]), focal segmental glomerular sclerosis (FSGS)
type 7 (PAX2 [OMIM number 616002]), and 2� FSGS type 5
(INF2 [OMIM number 613237]). Several variants were
excluded by segregation, gene curation (PKD1), or lacking
splice effect in mRNA extracted from patient-derived skin fi-
broblasts (FN1). Table 421,48 lists all of the detected variants
from the nephrome analysis and the conclusions drawn by
specific criteria. The classic and atypical features of respective
index patients in these families are summarized in
Supplementary Table S2. The predicted effect of each missense
variant of COL4A5 and INF2 is depicted in Supplementary
Figure S1. Furthermore, the effects of the copy number vari-
ants forPAX2, SALL1, and PKD2, as well as the splice site variant
within COL4A4, are discussed in Supplementary Table S3.
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Table 3 | ADTKD-NOS clinical characteristics

Family ID
Index

patient ID

Affected
individuals/
generation Age at ESRD, yr Kidney biopsy

Urinary findings (at CKD
stage)

Renal imaging
(ultrasound, at

respective CKD stage)

A-1 ADTKD-0001 3/3 II.2 at 63
III.1* at 36

III.1*-2012 (only
report)

Bland urinary sediment
(G3a)

Hyperechogenic,
normal size, no cysts

A-2 ADTKD-0102 5/2 II.2 at 60
III.3* at 42
III.4 at 34
III.6 at 45

No Not available Not available

A-7 ADTKD-0062 4/2 II.2 at 55
II.4 at 51
II.5 at 19
III.1* at 19

III.2-1989 Bland urinary sediment,
proteinuria 2, 11 g/L (G4)

Decreased in size, no
cysts

A-8 ADTKD-0010 4/3 I.1 at 67
II.2 at mid-50s
II.3* at 56

No Bland urinary sediment,
proteinuria, 732 mg/L (G4)

Normal size
1 cyst left kidney w2.1
cm

A-17 ADTKD-0020 4/2 II.1 at 36
III.1* at 23

No Urine dipstick test protein
(þþ), erythrocytes (þ)
(G5)

Decreased in size, no
cysts

A-26 ADTKD-0029 4/2 II.3 at 29
III.2* at 58

III.2*-1996 (only
report)

Bland urinary sediment
(G3a)

Hyperechogenic,
normal size, no cysts

A-31 ADTKD-0045 5/3 II.6 at 65
III.2* at 79

III.2*-2008 Bland urinary sediment, no
proteinuria (G2)

Normal size, no cysts

A-42 ADTKD-0067 4/4 II.1 at 72
III.2* at 66
IV.2 at 11

No Bland urinary sediment,
proteinuria, 530 mg/L (G5)

Decreased in size, no
cysts

A-48 ADTKD-0079 6/3 I.1 at 48
II.4* at 60

III.2-1994 (only
report)

Bland urinary sediment,
proteinuria, 1.31 g/L (G4)

Hyperechogenic,
decreased in size, no
cysts

A-49 ADTKD-0080 3/3 I.1 at 60
II.1* at 47

I.1-2014
II.1*-2018

Bland urinary sediment,
moderate proteinuria, 1.4
g/L (G4)

Decreased size, no
cysts

A-51 ADTKD-0085 7/4 II.1 at 80
II,3 at 73
III.3* at 52

No Bland urinary sediment,
proteinuria, 1.1 g/L (G5)

Decreased in size, left
kidney one 0.5 � 0 �
4-cm cyst

A-52 ADTKD-0090 5/4 III.2 at 66
IV.2* at 37

IV.2*- 1980 (no
report þ no
material)

Not available Not available

A-53 ADTKD-0091 7/2 II.2 at 67
II.4 at 78
II.6 at 66
II.5 at 60
III.6 at 62

III.6-2011
III.7*-2019

Bland urinary sediment,
proteinuria, 150 mg/L (G3)

Decreased size, no
cysts

A-54 ADTKD-0092 4/3 None No Bland urinary sediment,
proteinuria, 800 mg/L (G4)

Decreased size right
side, 4–5 cysts up to 20
mm in size both sides

A-56 ADTKD-0094 3/2 II.5 at 17 III.2*-2011 Bland sediment, no
proteinuria (G3a)

Normal size, no cysts

A-57 ADTKD-0095 7/2 I.2 at 41
II.1 at 42
II.3 at 36
II.7 at 42
II.9 at mid-20s
II.11* at 49
II.15 at 36

No Bland urinary sediment,
proteinuria, 197 mg/L (G2)

Normal size, no cysts

ADTKD, autosomal dominant tubulointerstitial kidney disease; CKD, chronic kidney disease; ESRD, end-stage renal disease; ID, identifier; NOS, not otherwise specified.
Affected individuals are defined as established CKD stage 3 or worse and/or detected familial mutation. Kidney biopsies where no biopsy material could be obtained have the
addition: report only or no report. Marked individuals (roman and Arabic numbering) in columns 4 and 5 can be identified in the pedigrees provided (Figures and Supplementary
document). Asterisks mark the index patients of the respective family. Urinary findings and renal imaging are provided from the respective index patient. Proteinuria can increase
unspecifically over the progression of CKD, which is why the CKD stage is provided. Ultrasound findings reported date to the time frame (stage of CKD) of the urinary findings.
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Table 4 | Genetic variants from nephrome

Family ID Index patient ID Variant
ACMG
class CADD score

Reason for
exclusion

Diagnostic
mutation

A-1 ADTKD-0001 None — — — —

A-2 ADTKD-0102 COL4A5 (NM_000495.4): exon 47: c.435G>T,
p.(Gly1451Val), hemizygous

5 28.3 — COL4A5

A-7 ADTKD-0062 PAX2: GRCh37/hg19: NC_000010.10: g.(?
_102495466)_(102510648_?)dup

4 N/A — PAX2

A-8 ADTKD-0010 None — — — —

A-17 ADTKD-0020 INF2 (NM_22489.3): exon 6: c.764G>A,
p.(Asp255Asn), heterozygous

3 27.1 — INF2

A-26 ADTKD-0029 INF2 (NM_22489.3): exon 2: c.212A>C,
p.(Gln71Pro), heterozygous

4 21.4 — INF2

A-31 ADTKD-0045 None* — — — —

A-42 ADTKD-0067 FN1 (NM_002026.2): intron 22: c.3518-3T>C,
heterozygous

3 9.1 No splice
effect

—

A-48 ADTKD-0079 COL4A5 (NM_000495.4) exon 25: c.1871G>A,
p.(Gly624Asp)

5 24.6 — COL4A5

A-49 ADTKD-0080 COL4A4 (NM_000092.4): intron 45:
c.4333þ2T>C, heterozygous

4 26.9 — COL4A4

PKD1 (NM_000296.3): exon 15: c.4057G>A,
p.(Gly1353Ser), heterozygous

3 25 Gene curation —

A-51 ADTKD-0085 COL4A5 (NM_000495.4) exon 25: c.1871G>A,
p.(Gly624Asp), hemizygous

5 24.6 — COL4A5

A-52 ADTKD-0090 COL4A5 (NM_000495.4) exon 51: c.5030G>A,
p.(Arg1677Gln), hemizygous

5 33 — COL4A5

A-53 ADTKD-0091 SLC7A9 (NM_014270.4): exon 5: c.544G>A,
p.(Ala182Thr), heterozygous

4 15.73 Segregation —

A-54 ADTKD-0092 SALL1 (NM_001127892): genomic,
heterozygous deletion around exon 2 and
3‘UTR: HGVS: NC_000016.9: g.(?_51168112)
_(51171538_?)del

4 N/A — SALL1

PKD2 (NM_000297): genomic, heterozygous
deletion of exon 13: HGVS: NC_000004.11:
g.88989050-88989213del, r. 2458_2621del,
p.Leu842ProfsTer20

4 N/A — PKD2

A-56 ADTKD-0094 COL4A3 (NM_000091.49): exon 23: c.1483C>T,
p.(His495Tyr), heterozygous

3 15.02 Segregation —

BLK (NM_001715.2): exon 11: c.1075C>T,
p.(Arg359Cys), heterozygous

3 29.4 Segregation —

A-57 ADTKD-0095 GRCh37/hg19: heterozygous deletion
NC_000020.10:g.(?_62669975)_(62694737_?)
Deleted genes: C20orf204, SOX18, TCEA2

3 N/A Segregation —

EHHADH (NM_001966.3): exon 7: c.1411G>C,
p.(Val471Leu), heterozygous

3 25.3 Segregation —

ACMG, American College of Medical Genetics and Genomics; ADTKD, autosomal dominant tubulointerstitial kidney disease; CADD, Combined Annotation Dependent
Depletion; HGVS, Human Genome Variation Society; ID, identifier; N/A, not applicable; UTR, untranslated region.
The genetic variants of individual families identified in the nephrome with their exact position in relation to the accession number provided. The variant classification by ACMG
and the evaluation by the CADD score are displayed (see Methods section). Asterisk in family A-31 marks the segregating UMOD T62P variant, which was already reported in
Ekici et al.21 and further studied in Olinger et al.48 Structural impacts of COL4A5 and INF2 missense mutations are shown in Supplementary Figure S1. See Supplementary
Table S3 for further validation of the diagnostic copy number variants (PAX2, SALL1, and PKD2) and the splice site variant in COL4A4. For better visualization, the predom-
inant findings per family are highlighted in bold. CADD scores do not describe copy number variants and, therefore, are indicated as N/A. Dashes were placed where no entry
was possible.
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Phenotype reanalysis of individual families
The families with a classically considered glomerular origin
of their disease were thoroughly reanalyzed for the existing
clinical data wherever possible to ensure that crucial in-
formation was not overlooked when classifying them as
ADTKD. The index patient in family A-7 showed a
Kidney International (2022) 102, 405–420
paternally inherited duplication commencing in the 50-un-
translated region and spanning the exons 1 to 3 in the
PAX2 gene (Figure 2a and b). PAX2 (paired box 2) is a
transcription factor with a critical role in the development
of the urogenital tract, the eyes, and the central nervous
system. Mutations in the PAX2 gene are known to cause
411



Figure 2 | Features and consequences of an identified PAX2 mutation. Pedigree of family A-7 (a), displaying 4 affected individuals, all
experiencing end-stage renal disease, in 2 generations, including the index patient autosomal dominant tubulointerstitial kidney disease
(ADTKD)–0062 (arrow). The existing information did not reliably enable identification of the affected individual in generation I, who was
deceased (for more information, see Table 3 and Supplementary Clinical Notes). Circles symbolize female individuals, and squares symbolize
male individuals. Filled (black) symbols mark affected family members. #Individual who was analyzed by next-generation sequencing. (b)
Visualization of copy number variant analysis in the index patient ADTKD-0062, showing a duplication commencing within the 50-untranslated
region (UTR) and spanning from exon 1 to exon 3 of the PAX2 gene. Box and red dot plots of read counts (y axis) are shown as identified by
ExomeDepth for individual ADTKD-0062 (red dot) and all nonrelated exomes in the same run (n ¼ 46; box) and white dots as outliers (control)
for the different exome targets of the PAX2 gene on chromosome (Chr.) 10 (x axis; 50-UTR: 102495466–102495490; exon 1: 102505950–
102506060; exon 2: 102509503–102509671; exon 3: 102510451–102510648). An equivalent data set was achieved by analyzing the stored DNA
of the index patient’s father (ADTKD-0009; data not shown). (c,d) Light microscopy of a kidney biopsy of individual ADTKD-0009 at the age of
34 years in 1989 (II.2), illustrating mild interstitial fibrosis/tubular atrophy (arrow in d) and focal lymphocytic infiltration (arrow in c). Glomeruli
appear normal on light microscopy (d). Routine immunohistochemistry was negative (data not shown). Bars indicate the magnification.
Sections were stained with periodic acid–Schiff. (e,f) Electron microscopy, demonstrating mesangial matrix expansion and mild wrinkling of
the glomerular basement membranes as well as predominantly well-preserved podocyte foot processes (arrows in e) with focal and mild
effacement (arrows in f). Bars ¼ 2000 nm. Thus, the biopsy report at the time described no seminal finding; in particular, no segmental
glomerular sclerosis was observed. To optimize viewing of this image, please see the online version of this article at www.kidney-international.
org.
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FSGS type 7 (OMIM number 616002) and papillorenal
syndrome (OMIM number 12033049,50). None of the
affected family members were reported to have experienced
nephrotic syndrome. The little information that could be
412
found in the clinical archive is low to moderate proteinuria
in the index patient. Ophthalmologic investigation did not
show retinal coloboma. A single historical kidney biopsy
within this family was taken >3 decades ago (Table 3) from
Kidney International (2022) 102, 405–420
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Figure 3 | Blended phenotype by a de novo SALL1 and familial PKD2 deletion. Pedigree of family A-54 (a), displaying 4 affected
individuals in 3 generations, all experiencing autosomal dominant polycystic kidney disease on the basis of a PKD2 deletion, symbolized by
filled (black) half symbols on the left-hand side. #Individual who was analyzed by next-generation sequencing. The arrow indicates the index
patient, autosomal dominant tubulointerstitial kidney disease (ADTKD)–0092. All affected members show numerous bilateral kidney cysts. To
date, apart from the index patient, only the grandmother (I.2) shows chronic kidney disease (CKD; stage 3), next to several distant family
members abroad with end-stage renal disease (for more information, see Supplementary Clinical Notes). (b) Agarose gel image of a
polymerase chain reaction, specific for the exon 13 deletion of PKD2 from the cDNA of all available family members (as indicated). Only the
affected patients show an additional signal that migrates faster, at z300 bp, corresponding to the genomic deletion of the mutated allele. All
samples amplify a signal at z450 bp from the wild-type allele, including a positive control from cDNA of healthy human kidney. Right-hand
line marks the negative control with water instead of DNA. (c) Ultrasound images of the rather small kidneys of the index patient, ADTKD-0092,
with CKD stage 4, showing several solitary cysts next to intact renal structures (upper panel showing right kidney with the dimensions [i] 76.8
mm and [ii] 32.9 mm; lower panel showing left kidney with the dimensions [i] 85.9 mm and [ii] 43.2 mm). Overall, the kidney cysts do not
appear to sufficiently explain the progress of CKD in this patient. (d,e) Confirmation of SALL1 exon 2 deletion by multiplex ligation-dependent
probe amplification analysis in the affected patient. The upper histogram shows fluorescent intensity of amplification (y axis) of single exon (x
axis) of the patient sample in green and of control samples in blue. The lower histogram shows the ratio of fluorescent intensity of
amplification calculated from proband versus controls. If the ratio exceeds the defined limits indicated by the red lines, a dark blue bar
indicates a genomic change. We used a lower limit (lower dotted line) of 75% (deletion) and an upper limit (higher dotted line) of 130%
(duplication). Data are expressed as means � SD of control samples. Only the index patient (ADTKD-0092) bares the exon 2 deletion of SALL1.
Family members ADTKD-0126 and ADTKD-0128 showed an identical result like the nonaffected individual, ADTKD-0127 (data not shown).
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the father of the index patient, which did not show
glomerular pathology indicating FSGS (Figure 2c and d),
but discrete interstitial fibrosis and tubular atrophy and
minimal interstitial inflammatory infiltrates. More impor-
tant, the electron microscopy did not show glomerular
basement membrane pathology and predominantly intact
podocytes with only focal podocyte foot process effacement
(Figure 2e and f).

The index patient in family A-54 was referred for ADTKD
diagnostics at the age of 27 years, showing CKD stage 4
without any sign of glomerular disease. Interestingly, the
mother and grandmother were known to show numerous
Kidney International (2022) 102, 405–420
kidney cysts, and the grandmother had CKD stage 3 years ago
(Figure 3a). Several relatives with ESRD after the sixth decade
of life were reported but not available for genetic testing. The
index patient showed several cysts in rather small kidneys, not
explaining the extent of CKD (Figure 3c). The nephrome
analysis showed a deletion of exon 13 in PKD2 (Figure 3b) as
well as a deletion of exon 2 in SALL1 (Figure 3d and e). The
PKD2 deletion segregated within the affected family mem-
bers, establishing the diagnosis of autosomal dominant
polycystic kidney disease. However, the SALL1 variant in the
index patient was de novo. SALL1 mutations have been re-
ported previously to cause Townes-Brocks syndrome (OMIM
413



Figure 4 | Features and consequences of an identified COL4A4mutation. Pedigree of family A-49 (a), illustrating 3 affected individuals in 3
generations, including the index patient, autosomal dominant tubulointerstitial kidney disease (ADTKD)-0080 (arrow). #Individual who was
analyzed by next-generation sequencing. The index patient and her mother, ADTKD-0101, have end-stage renal disease, whereas the
daughter, ADTKD-0124, shows persistent microhematuria with currently normal glomerular filtration rate and no proteinuria at the age of 26
years (for more information, see Table 3 and Supplementary Clinical Notes). Light microscopy of historic kidney biopsies (b,c,e,f) of the index
patient and her mother, illustrating pronounced interstitial fibrosis/tubular atrophy (asterisks in c,f) with lymphocytic infiltration and
lamellation of tubular basement membranes (arrows in b,e). Glomeruli show uncharacteristic changes (c,f), with advanced global sclerosis, as
depicted in the index patient (f). Routine immunohistochemistry was negative (data not shown). Bars indicate the magnification. Sections were
stained with periodic acid–Schiff. (d,g) Electron microscopy, demonstrating wrinkling of the glomerular basement membranes and only mild
foot process effacement compatible with mild ischemic injury in patient ADTKD-0101 without textural changes of the basement membranes
(d) and thinning of the glomerular basement membranes (mean width, 151 nm) in patient ADTKD-0080 (g). Thus, thin basement membrane
disease was discussed. Bars ¼ 2000 nm. To optimize viewing of this image, please see the online version of this article at www.kidney-
international.org.
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number 107480), variably associated with malformations of
multiple organ systems (eyes, ears, anal and genitourinary
tract, kidneys, and heart) and extremities, as well as func-
tional renal impairment leading to ESRD.51 Therefore, the
Figure 5 | Immunohistochemical detection of type IV collagen chain
p.(Gly624Asp) mutation. Skin biopsies from a healthy control (left-han
immunofluorescence (IF) with the anti–Col a5(IV) antibody H52 (upper p
panel), detecting distinct epitopes. One hemizygous male patient (autoso
analyzed in parallel to 2 heterozygous women (ADTKD-0079 and ADTKD
membrane of healthy controls, whereas the H53 antibody does not dete
patients but not in the female ADTKD-0079. Arrows indicate the position
should be located. Bars indicate the magnifications used. Nuclei were co
viewing of this image, please see the online version of this article at ww
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digenic nature of findings in the index patient may explain the
increased severity of his phenotype, compared with his
affected relatives, in a blended phenotype.52 Interestingly, the
index patient had to undergo surgery for anal stenosis and
a5 (Col a5[IV]) in skin biopsies from patients with the
d panels) and 3 affected individuals were compared by
anel) and by immunohistochemistry with the antibody H53 (lower
mal dominant tubulointerstitial kidney disease [ADTKD]–0085) was
-0114). Both antibodies detect Col a5(IV) in the dermal basement
ct the protein in any patient. However, H52 detects Col a5(IV) in 2
of the dermal basement membrane, where the Col a5(IV) protein
unterstained in IF with 40,6-diamidino-2-phenylindole. To optimize
w.kidney-international.org.
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Figure 6 | Clinical findings and exome analysis of families A-53 and A-57. Pedigree of family A-53 (a), illustrating 7 affected individuals
(6� end-stage renal disease [ESRD], and 1� chronic kidney disease G5) in 2 generations, including the index patient autosomal dominant
tubulointerstitial kidney disease (ADTKD)-0091 (arrow). #Individuals who were analyzed by next-generation sequencing (NGS). The
grandmother (I.2) of the index patient died early in the fourth decade of life and was believed to have kidney disease (symbol in pedigree in
gray, because information is not fully resilient; for more information, see Table 3 and Supplementary Clinical Notes). Pedigree of family A-57
(b), illustrating 7 affected individuals (all with ESRD) in 2 generations, including the index patient ADTKD-0095; arrow). For more information,
see Table 3 and Supplementary Clinical Notes. #Individuals who were analyzed by NGS. Because the pedigree is principally compatible with
mitochondrial inheritance, we also analyzed mitochondrial DNA, which did not yield a diagnostic variant. The list beneath the respective family
pedigree shows results of in silico analysis of selected variants in 4 candidate genes (A-53), with 3 candidate genes (A-57) that have fulfilled the
filtering criteria (see Methods) and segregate with disease status in those family members who have been assigned a patient identifier (ID).
Conservation of amino acids (not conserved [–], moderately conserved [þ], to highly conserved [þþ]). Variants with a (continued)

FJ Wopperer et al.: Molecular causes of ADTKD-NOS c l i n i ca l i nves t iga t ion

Kidney International (2022) 102, 405–420 415



Figure 7 | Association of genetic regions around known and identified autosomal dominant tubulointerstitial kidney disease
(ADTKD) genes with estimated glomerular filtration rate (eGFR) in general populations. We queried the regions around the 5 known and
27 potentially novel genes for ADTKD (gene region � 250 kb) for association with eGFR from genome-wide association study meta-analysis
(n ¼ 1,202,929; Stanzick et al.38). Shown are association P values on the log10 scale by chromosomal base position (GRCh37) reduced to the
relevant gene regions. The red dashed lines mark genome-wide significant and suggestive association (5 � 10–8 or 1 � 10�4, respectively).
Green and orange dots mark single-nucleotide polymorphisms that reach genome-wide significant or suggestive association, respectively.
Chr, chromosome.
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hypospadia as a newborn. In addition, the patient shows a
hypoplastic right thumb (Supplementary Clinical Notes and
Supplementary Figure S19), in summary establishing the
diagnosis of Townes-Brocks syndrome.

In agreement with other studies, we identified several fam-
ilies with AS, which appears to be much more frequent than
clinically anticipated.4,53,54 We identified a COL4A4 variant in
family A-49, which segregated with disease state in 3 genera-
tions (Figure 4a). Neither of the 2 existing kidney biopsies
showed glomerular basement membrane changes diagnostic
for AS. Reanalysis of these biopsies showed rather unspecific
tubulointerstitial fibrosis (Figure 4b and e), as well as pro-
nounced glomerulosclerosis (Figure 4c and f).More important,
the electron microscopy of both biopsies also did not show
findings diagnostic for AS (Figure 4d and g), although thinning
of glomerular basement membrane was noted in the index
patient, ADTKD-0080 (Figure 4g). The families A-2, A-48, A-
51, andA-52 are affected by amutation inCOL4A5 (Table 4 and
Supplementary Figure S1). Interestingly, 2 of these families (A-
48 and A-51) show the recently reported “hypomorphic”
mutation c.1871G>A (p.[Gly624Asp]), which appears to be a
foundermutation in central Europe, leading to a relatively mild
disease and usually reaching ESRD in mid adulthood.55,56

Because skin biopsies are often discussed as additional diag-
nostic option in AS,57 we were particularly interested in the
findings of this frequent mutation. Figure 5 shows the results of
immunostaining with 2 different antibodies against type IV
collagen chain a5 (Col a5[IV]) on skin biopsies, where in our
=

Figure 6 | (continued) damaging (D/0) or probably damaging (P/0.5-0)
Intolerant From Tolerant algorithm [SIFT]; see Methods) used prediction
(CADD) score >15 are shown. Allele frequency is based on the Genome
novel candidate genes are reported in Clinical significance of Variants (C
reported in a different genetic context with heterozygous variants. Chr,
prediction effort.
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hands the antibody H52 only functions in cryopreserved
immunofluorescence and H53 only in paraformaldehyde-fixed
and embedded biopsies in immunohistochemistry. Interest-
ingly, using the H53 antibody, none of the patients analyzed
showed a specific signal for Col a5(IV). However, using the
H52 antibody, the affected individuals ADTKD-0114 (female,
heterozygote for the mutation) and ADTKD-0085 (male,
hemizygote) show a specific signal along the dermal basement
membrane, comparable to the control. The female patient
ADTKD-0079 did not show staining with the H52 antibody.
Because this finding is unexpected compared with the other 2
patients investigated, we analyzed the ES data for mutations in
COL4A1, COL4A2, and COL4A6, which are also contained in
the 3-dimensional molecule of collagen IV in the skin.58,59 We
could not identify any variant in these genes in patient ADTKD-
0079. Furthermore, using DNA from the patient`s peripheral
blood, we could not detect skewed X-inactivation, whichmight
explain this unexpected result (data not shown). In summary,
the staining results of the skin in patients with the COL4A5
mutation p.(Gly624Asp) are difficult to interpret, and caution
should be taken to use these data alone for clinical decision
making and counseling.

Mitochondrial sequencing and ES, as well as search for
atypical MUC1 mutations in unsolved families
In 7 families, the nephrome analysis did not yield a putative
disease-causing variant. The pedigrees of 3 families (A-1, A-
56, and A-57) were compatible with mitochondrial
prediction effect based on 1 of at least 2 (Polyphen2/The Sorting
programs and with Combined Annotation Dependent Depletion
Aggregation Database (gnomAD). None of the listed variants in the
linVar) database. Asterisks mark genes that have been previously
chromosome; D, damaging prediction effort; P, probably damaging
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Figure 8 | Scheme of suggested diagnostic workflow for hereditary tubulointerstitial kidney diseases. Evaluation of a patient with the
suspicion of a hereditary tubulointerstitial kidney disease starts with a thorough paraclinical/clinical assessment, possibly recognition of
syndromic features, evaluation of urine parameters and kidney histology (if available), and careful pedigree analysis. These efforts should
formulate a clinical suspicion for further genetic analysis, if the patient wishes to proceed. In prospect of potentially required broadening of the
molecular diagnostics, we would recommend including research-based investigations in the primary patient consenting (left-hand panel of
the scheme). For genetic analysis, we would meanwhile recommend using an exome-wide next-generation sequencing platform from the
beginning, with stepwise extension of the genetic assessment, if no diagnostic variants can be detected. For autosomal dominant
tubulointerstitial kidney disease (ADTKD) primarily, the 5 known genes should be studied, followed by the MUC1 VNTR dupC mutation. If
negative, the genetic analysis should be extended to further plausible genes, such as collagen IV genes (a3, 4, and 5), autosomal dominant
focal segmental glomerular sclerosis disease candidates, and possibly the mitochondrial genome (should the pedigree show compatibility). All
these steps would be desirable on a routine basis in a contemporary genetic analysis (middle panel). The borders toward research-based
analyses (red dotted line) are variable, center dependent, and clearly conditional on staff (financial) resources. Therefore, investigation of the
complete nephrome will only be possible in dedicated institutions on a routine basis. In present time, analysis of the exome is a research effort
and has numerous implications for further validation steps. We would expect that the borders between routine and research analyses will be
progressively shifted in future (red arrows on dotted line). In the context of tubulointerstitial diseases, atypical MUC1 mutations could be
considered. However, the detection of these are highly complex and clearly a research effort by specialized centers. The workflow indicates
putative diagnostic steps for ADTKD/tubulointerstitial diseases with blue arrows and writing and the running changeover to other or unknown
kidney diseases in black.
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inheritance and, thus, were also analyzed for mitochondrially
inherited tubulointerstitial kidney disease, which did not
show a diagnostic variant (data not shown). Wherever avail-
able, kidney biopsies of these families were stained for mucin
1 frameshift protein,16 and single-molecule, real-time
sequencing was performed to sequence the Variable Number
of Tandem Repeats (VNTR)27 (Figure 1). The former did not
detect mucin 1 frameshift protein (data not shown), and the
latter merely showed wild-type VNTRs (Supplementary
Table S4). The families were then taken on to an ES anal-
ysis, where minimally 1 and maximally 6 individuals per
family were available for this analysis. In family A-8, only the
index patient was available for analysis, thus resulting in 104
detected variants after ES, being too large for a meaningful
conclusion (data not shown; available on request). The
Supplementary Table S5 lists the results for candidate genes
from the ES analysis of 4 families, who fulfilled the selection
criteria (see Methods) and segregated with disease status
within the families. Interestingly, not a single candidate gene
was identified twice in the 7 families. Figure 6 shows exem-
plarily the results from these studies for individual families
A-53 (Figure 6a) and A-57 (Figure 6b), including their
respective pedigree depicting the number of affected family
Kidney International (2022) 102, 405–420
members and a list of segregating variants detected in 4 (A-
53) and 3 (A-57) candidate genes.

Finally, we aimed to validate and prioritize the identified
candidate genes. First, we queried the 5 known and 27
potentially novel ADTKD genes for evidence in recently
published genome-wide association study data.38 For 3 of the
5 known ADTKD genes (UMOD, MUC1, and HNF1B) and 9
of the 27 potentially novel ADTKD genes, the gene regions �
250 kb contained at least 1 genome-wide significant variant
associated with eGFR (P < 5 � 10–8; i.e., a known locus for
eGFR; Figure 738). We observed significant eQTLs (false dis-
covery rate, <0.05) in kidney tissue for genes with genome-
wide significant evidence for eGFR association for the 2
known ADTKD genes (UMOD and MUC1) and for 7
potentially novel ADTKD genes (SPG7, SERTAD3,
CDK5RAP3, HTR3B, NDUFB7, WNT9B, and PLEKHM1;
Supplementary Table S6). Among genes in regions with
suggestive evidence for eGFR association, we found eQTLs in
kidney tissue for further 6 potentially novel ADTKD genes
(GPR1, PGAP6, CDH13, WNT11, PLA2R1, and MYOM3).
Second, we performed numerous database analyses for asso-
ciation with animal models, protein function, and renal
expression as well as searched for the identified alleles of the
417
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27 candidate genes in the Genomics England 100,000 Ge-
nomes Project, which resulted in 2 hits connected to a kidney
phenotype within MMP3 and CDK5RAP3 (Supplementary
Table S7). Third, a STRING search of all known ADTKD
candidate genes with the 27 identified exome variants showed
a cluster of some candidates with the ADTKD genes
(Supplementary Figure S2). With all due care, validation of
the identified candidate genes by the different measures
applied may prioritize the genes FOXO3, MMP3, CDK5RAP3,
WNT9B, and WNT11 for further functional analyses.

DISCUSSION
Recent data have shown that hereditary kidney diseases are
more frequent than the clinical perception.60 Thus, many
families are still undiagnosed, although they may show a pos-
itive family history for kidney disease, which may date back for
many generations. This situation is clearly unsatisfactory,
considering the technological possibilities that are available
nowadays. Large studies show that up to 30% of patients with
ESRDmay have a close family member also experiencing CKD,
which demonstrates a strong genetic background in the pop-
ulation of patients with CKD,61,62 although not all of these
families will be affected by a monogenic disease. In patients
suggestive of hereditary kidney disease, a genetic clarification is
desirable for many reasons (i.e., contemporary and noninva-
sive conclusion of a diagnosis, family counseling, prevention of
unnecessary therapeutic attempts, and access to targeted
therapies or clinical studies, if available). Thus, modern
nephrology should strive to correctly diagnose every single
family with a hereditary trait.

Considering the clinical difficulties in recognizing patients
with ADTKD, it is noteworthy that two-thirds of the families
investigated herein were correctly placed into this disease
entity (Figure 1). These numbers are comparable to other
studies (summarized in Table 1). Therefore, the criteria
developed to classify ADTKD7 appear valid. Attempting to
clarify the molecular cause of disease in the group of
ADTKD-NOS will inevitably unravel incorrect clinical di-
agnoses (if a diagnostic variant in a gene is found, which was
previously not anticipated) or identify novel candidate genes
for ADTKD. The former was achieved in 9 families (Table 4),
whereas the latter may be true for 7 families (Figure 6 and
Supplementary Table S5). Rather unexpectedly, 8 of the 10
diagnostic variants (in 9 families) involve genes in a tradi-
tional context to glomerular diseases. This shows that clinical
classification may be difficult, partly because of incomplete
clinical information and partly because of atypical clinical
course. In this context, it is tempting to speculate that some of
the atypical clinical presentations may be caused by renal
tubular pathomechanisms, not yet defined. Interestingly, the
type IV collagen chains a3, 4, and 5 are also strongly
expressed in the distal tubular basement membranes of the
kidney.59 However, its roles in physiology and diseases are not
yet defined. Therefore, even the seemingly easy clinical dif-
ferentiation between glomerular and tubulointerstitial disease
may be blurry or faulty. For this reason, the best effort of
418
clinical characterization of any given disease should be un-
dertaken and the option for a broader successive genetic
analysis should be reserved (see below).

In view of the recent results of next-generation sequencing
analysis in representative CKD populations,4,53,63 it is not
surprising that collagen IV–associated diseases were the
largest group of diagnoses among the ADTKD-NOS families
(5 collagen IV–associated diseases; Table 4). In the past,
collagen IV–associated diseases were reported to have been
misclassified as hereditary FSGS in several studies.54 Of in-
terest, the same has been reported for families with ADTKD-
UMOD.64 Therefore, we assume that the purely descriptive
histologic findings of glomerular segmental scleroses are
secondary in nature, as would be the moderate extent of
proteinuria, which can develop. More important, even with
the knowledge of the molecular diagnoses, we could not
clearly recognize unambiguous histologic or ultrastructural
features of these diseases on reanalysis of the biopsies
(Figures 2 and 4). Thus, any workup for hereditary kidney
diseases should not restrict the virtual panel of genes to be
analyzed too early.

Therefore, in our view, a contemporary workflow for ge-
netic analysis of families suspected for ADTKD should ideally
use an exome-wide platform from the beginning. Clinical and
(if available) histologic information should be recorded to
choose the appropriate panel of known disease genes, which
can successively be screened for variants. Considering the
relatively high frequency of collagen IV–associated diseases in
such cohorts and the relative ease of analysis, we would
investigate the respective COL4 genes early on after exclusion
of the known ADTKD candidate genes (Figure 8). Should
these efforts not yield a diagnostic mutation, MUC1 VNTR
analysis should be performed and the pedigree checked for
compatibility with mitochondrial diseases. Further options
will then be analysis of the nephrome and the exome, as well as
searching for an atypical MUC1 mutation. However, many of
these options will probably need to be performed by a
specialized and/or academically interested laboratory. At this
point, it is important to stress that the full spectrum of an-
alyses cannot be expected on a routine clinical basis. The
blurred transition from clinical diagnostics to research in-
terest and broad genetic analysis also has ethical implications
and should be recognized in the patient consent.65
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Figure S1. Structural impacts of missense mutations detected by
nephrome analysis. Structural impact of missense mutations in
proteins encoding for selected genes listed in Table 4 were assessed
by a-fold structure predictions and docking. (A) Exchange of Gly1451
against a valine residue close to the noncollagenous C-terminal
domain (C-NC) of COL4A5 and of the positively charged Arg1677
against the polar glutamine residue in the C-NC might disturb proper
trimerization and subsequent hexamerization, which are key to the
collagen networking (based on the a-fold model AF-P29400-F1-
model_v2.pdb 1430-1680 and the pdb entry code 5naz). (B)
Nonconservative exchange of Gly624, which is part of the repetitive
G-X-Y motif (in green) in the long collagenous region of COL4A5
against a negatively charged aspartate residue, most likely affects
formation of the coiled triple helix (inset). As the G-X-Y- motif is
already naturally interrupted at position G626 (red box),S1 G624D
would affect the triple helix conformation significantly. (C) Exchange
of the negatively charged Asp255 against the polar asparagine
residue in the diaphanous inhibitory domain (DID) of inverted-formin-
2 proteins INF2 and of Gln71 against a proline just in front of the G-
domain of INF2 (AF-Q2781-F1-model-v2.pdb) would interfere with
ionic interactions (e.g., between Asp255 and Arg214; inset). This
missense mutation might affect the super helical coil of the armadillo
repeat of the DID domain (orange) with likely consequences on Rho-
GTPase binding and INF2 dimerization, which play a role in nucleation
and elongation of actin filaments.
Figure S2. Protein-protein interaction network between autosomal
dominant tubulointerstitial kidney disease (ADTKD) genes and novel
candidates. Molecular network generated by the STRING protein
interaction database using the 5 known ADTKD genes and 27 novel
candidate genes as input. Line color indicates type of interaction
evidence, as shown in the figure.
Table S1. Published MUC1 frameshift mutations.
Table S2. Heterozygous nephrome variants in relation to clinical
characteristics.
Table S3. Validation of the diagnostic copy number variants (CNVs)
and splice site variant identified by nephrome analysis.
Table S4. Single-molecule, real-time (SMRT) sequencing of the MUC1
VNTR.
Table S5. Genetic variants identified in exome analysis.
Table S6. Estimated glomerular filtration rate (eGFR) association and
expression quantitative trait loci variants (eQTLs) for regions around
the 5 known and 27 putative novel autosomal dominant
tubulointerstitial kidney disease (ADTKD) genes.
Table S7. Biobank data of putative novel renal candidate genes.
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Supplementary Clinical Notes. Clinical description of autosomal
dominant tubulointerstitial kidney disease (ADTKD)–not otherwise
specified (NOS) families.
Figure S3. Pedigree of family A-1.
Figure S4. Pedigree of family A-2.
Figure S5. Pedigree of family A-7.
Figure S6. Pedigree of family A-8.
Figure S7. Pedigree of family A-17.
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Figure S9. Pedigree of family A-31.
Figure S10. Kidney biopsy of affected individual in family A-31.
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Figure S13. Pedigree of family A-49.
Figure S14. Pedigree of family A-51.
Figure S15. Pedigree of family A-52.
Figure S16. Pedigree of family A-53.
Figure S17. Kidney biopsy of affected individual in family A-53.
Figure S18. Pedigree of family A-54.
Figure S19. Townes-Brocks syndrome, causative for hypoplastic right
thumb.
Figure S20. Pedigree of family A-56.
Figure S21. Kidney biopsy of affected individual in family A-56.
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