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We wish to suggest a structure for the salt of deoxyribose nucleic acid (D.N.A.).

This structure has novel features which are of considerable biological interest.
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1.Einleitung

Spatestens mit der von Arthur Cecil Alport 1927 vero6ffentlichten, bahnbrechenden Arbeit
Uber ein familiar gehauftes, vor allem Manner betreffendes Syndrom aus Hamaturie,
Nierenfunktionsverlust und Taubheit ist die Genetik ein Bestandteil der Nephrologie.! Ein
weiterer Meilenstein der ,Nephrogenetik® sollte bis 1990 dauern, als Forscher um Karl
Tryggvason das beim X-chromosomalen Alport-Syndrom betroffene Gen, COL4Ab5,
klonieren konnten.? Mit der Entschliisselung der Basenabfolge des menschlichen Erbguts
mittels Sanger-Sequenzierung im Rahmen des ,Human Genome Projects® zu Beginn des
21. Jahrhunderts wurde die Ara der genomischen Medizin eingelautet, welche durch die
Einflihrung des Next-Generation-Sequencings (NGS; siehe 1.2) Mitte der 2000er eine
unglaubliche Erfolgsgeschichte erfuhr.®# Dadurch hat auch die Nephrogenetik in den letzten
zwei Jahrzehnten eine rasante Entwicklung vollzogen, welche im Folgenden beleuchtet

werden soll.

1.1 Genetik in der Nephrologie im 21. Jahrhundert - von erblichen
zu multifaktoriellen Krankheiten hin zur Prazisionsmedizin

Mittlerweile sind (Uber 600 Gene mit erblichen (= monogenen), nephrologischen
Krankheitsentitaten verknupft worden.® Erbliche Nierenkrankheiten betreffen knapp 10% der
Erwachsenen mit chronischer Niereninsuffizienz (chronic kidney disease, CKD), bei Beginn

der CKD vor einem Alter von 25 Jahren sind es sogar tiber 70% der Patienten.8

Daneben konnte u.a. mittels genomweiter Assoziationsstudien (genome-wide association
studies, GWAS) gezeigt werden, dass genetische Variation auch bei komplexen
Nierenkrankheiten wie der IgA-Nephropathie und renalen Phanotypen wie der Albuminurie
eine gewichtige Rolle spielt.®* Weiterhin gibt es Krankheiten wie den systemische Lupus
erythematodes, der zu einem kleinen Teil im monogenen Kontext durch seltene Varianten
[minor allele frequency (MAF) < 1,0%] erklart werden kann, bei dem aber auch haufige
Varianten (MAF = 1,0%) als Risikoallele die Krankheitsentstehung in einem multifaktoriellen
Kontext mitbestimmen.? Genannt sei in diesem Zusammenhang zudem der UMOD-Locus
(16p12.3): Einerseits sind seltene Varianten in UMOD mit einer monogenen Krankheit
(autosomal dominant tubulointerstitial kidney disease, ADTKD-UMOD) verknipft, daneben

ist der UMOD-Locus auch von herausragender Bedeutung fir das CKD-Risiko in der



Allgemeinbevolkerung.'® Diese Beispiele zeigen, dass die Grenze zwischen erblichen,

durch seltene Varianten mit

multifaktoriellen,

hoher

durch haufige Varianten mit

Effektstarke

Krankheiten, flieRend ist (Abbildung 1).1314
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Abbildung 1: Das Kontinuum aus haufiger und seltener genetischer Variation mit variabler Effektstéarke und
jeweils angewandten molekulargenetischen Techniken (Next-Generation-Sequencing und genomweite
Assoziationsstudien, GWAS). Aus 15,

Es Determinanten von

Nierenkrankheiten nicht nur zentral in der Diagnostik, sondern auch im therapeutischen

ist mittlerweile eindeutig, dass die Kenntnis genetischer
Kontext ist.1® Ein Beispiel hierfur ist die APOL1-assoziierte Nephropathie: Patienten mit den
gain-of-function-Risikoallelelen G1 oder G2 in APOL1 haben eine erhdhte Aktivitat des
APOL1-lonenkanals, was eine Schadigung von Podozyten zufolge hat, was zu einer
erhohten Anfalligkeit fir eine proteinurische Nierenkrankheit mit konsekutiver fokal
segmentaler Glomerulosklerose (FSGS) fiihrt.2” In einer kurzlich veroffentlichten Phase-2a-
Studie an 16 Individuen mit den Risikoallelen G1 oder G2 in APOL1 und biopsiegesicherter
FSGS mit (sub-)nephrotischer Proteinurie konnte die experimentelle Substanz Inaxaplin, ein
Inhibitor der Kanalfunktion von APOL1, die Proteinurie signifikant senken.8

Insgesamt lasst sich daher zusammenfassen, dass die Genetik der Schlussel zur
Préazisionsmedizin der Zukunft in der Nephrologie (und der gesamten Medizin) ist.
8



1.2 Die Entwicklung der Molekulargenetik — eine
Erfolgsgeschichte

Neben der Entschlusselung der Struktur der DNA durch James Watson, Francis Crick,
Maurice Wilkins und Rosalind Franklin Anfang der 1950er Jahre kann die 1977 von
Frederick Sanger publizierte Kettenabbruchmethode zur DNA-Sequenzierung sicherlich als
zentraler Moment der Molekulargenetik gesehen werden.?®?° Mit der Sanger-
Sequenzierung konnen einzelne DNA-Abschnitte Base flr Base sequenziert werden, was
auch heute noch fiur gezielte Untersuchungen, z.B. auf Tragerschaft einer in der Familie
bekannten krankheitsverursachenden Variante in einem bestimmten Gen, angewandt wird.
Die Effizienz der Methode ist jedoch eingeschrankt: So dauerte die Sanger-Sequenzierung
des menschlichen Genoms (ca. drei Milliarden Basenpaare) im Rahmen des ,Human
Genome Projects” 13 Jahre, von 1990 bis 2003.2%22 Mit der Etablierung des (short-read-
basierten) NGS seit 2005, bei dem nicht eine Base pro Zeiteinheit, sondern Millionen von
Basen parallel sequenziert werden kdnnen (,massively parallel sequencing®), ergab sich ein
Quantensprung in der Molekulargenetik.?® Die Kosten einer Genom-Sequenzierung haben
sich damit in den letzten 20 Jahren von knapp drei Milliarden US-Dollar (,Human Genome
Project”) auf unter 1.000 Dollar reduziert (Abbildung 2).24
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Abbildung 2: Entwicklung der Kosten eines Genoms in US-Dollar zwischen 2001 und 2022 (abgewandelt

nach 24).



Als kostensparende, pragmatische Alternative zur Genom-Sequenzierung (GS) hat sich in
den 2010er Jahren die Exom-Sequenzierung (ES) etabliert. Wahrend bei der GS die
gesamte Erbanlage sequenziert wird, ist es bei der ES nur der proteinkodierende Bereich,
das Exom (ca. 1% des Genoms).?>26 Gerade in der Erforschung erblicher (monogener)
Krankheiten hat die ES zu einem enormen Wissenszuwachs gefuhrt. So wurden in der
Enzyklopadie fur erbliche Krankheiten, der Mendelian Inheritance in Man, 1998 1.486
monogene Krankheiten und Phanotypen gelistet, 2021 waren es Uber 25.000 in dessen
Online-Version, der Online Mendelian Inheritance in Man® (OMIM®; Abbildung 2).27:28

Growth of Gene-Phenotype Relationships
January 2024

7,500
6,750

I Phenotypes with known molecular basis

6,000 : : :
Genes with phenotype-causing mutation

5,250

4,500 i

3,750

300 ———H-HHH-IHIHHT T H

O X b & O O H»x b @ O N Ak

QY N O & OV QAF OV QY QN & OO &

I R N MNP
Year

Abbildung 3: Zeitliche Entwicklung der Anzahl der Phéanotypen/Krankheiten mit bekannter molekularer
Grundlage und der krankheitsassoziierten Gene in der Online Mendelian Inheritance in Man® (OMIM®).

Aus 28,

Ein grolRer methodeninharenter Nachteil der ES ist die fehlende Analysemoglichkeit
nichtkodierender Bereiche. Daher wird, bei weiter fallenden Preisen der GS, die ES
sicherlich in den nachsten Jahren einen Bedeutungsverlust erfahren.?63° Durch die
Integration weiterer ,Omics“-Techniken wie Transkriptomik (RNA-Sequenzierung),

Proteomik und Epigenomik in Zusammenspiel mit kinstlicher Intelligenz wird sich auch die
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Interpretierbarkeit nichtkodierender Varianten in Zukunft enorm verbessern.3-34 AuRerdem
kénnen durch neuere Sequenziermethoden wie dem Long-Read-Sequencing oder dem
Optical-Genome-Mapping grof3ere und komplexe strukturelle Varianten (> 10 Kilobasen
bzw. > 200 Kilobasen) wie Deletionen, Duplikationen, Inversionen, Insertionen und
Translokationen entdeckt werden, was bisher eine Domane der Zytogenetik ist.343 Zuletzt
sei noch erwahnt, dass NGS-Methoden die Erstellung von Gen-Expressions-Atlanten z.B.
der Niere auf Einzelzellebene (,Single-Cell-Sequencing®) ermdglichen, was enorme

Chancen zur Pathway-Analyse und Therapie-Entwicklung bietet.3¢

1.3 Fragestellungen und Ziele der vorliegenden Arbeit

Die folgenden Veroéffentlichungen beschéaftigen sich mit der Anwendung der Exom-
Sequenzierung (ES) bei Individuen mit der klinischen Verdachtsdiagnose einer erblichen
Nierenkrankheit. Einerseits werden klinisch-statistische Fragestellungen bearbeitet, die sich
aus der umfassenden Diagnostik mittels ES ergeben. So kann die klinische
Verdachtsdiagnose einer bestimmten erblichen Nierenkrankheit und die tatsachliche
genetische Diagnose in einigen Fallen nicht Ubereinstimmen (,Phanokopie®), was
Konsequenzen in Management und Therapie einer Krankheit haben kann. Weiterhin
werden klinische Kohorten mit angeborenen Nieren- und Harnwegsfehlbildungen
(congenital anomalies of the kidney and urinary tract, CAKUT) und Typ-IV-Kollagen-
assoziierter Nephropathie/Alport-Syndrom beleuchtet, was z.B. zur Hypothese eines
dominant-negativen Effekts bei heterozygoten Trégern von krankheitsverursachenden
Varianten in COL4A3/COL4A4 (autosomal-dominantes Alport-Syndrom) fuhrt. Anderseits
verfolgt die Arbeit auch das Ziel, neue Gene zu charakterisieren, welche zu erblichen
Nierenkrankheiten bzw. monogenen Syndromen filihren. Hierbei wurde auf eine breite
Palette an Methoden zuriickgegriffen, welche neben Exom-Sequenzierung auch die RNA-

Sequenzierung, Epigenom- und Proteom-Untersuchungen beinhaltet (,Multi-Omics®).

11



2.ldentifikation von Phanokopien mittels Exom-
Sequenzierung bei Individuen mit klinischer
Verdachtsdiagnose einer erblichen

Nierenkrankheit

Dieses Kapitel bezieht sich auf die folgende Originalarbeit:

- Riedhammer KM, Braunisch MC, Gunthner R, Wagner M, Hemmer C, Strom TM,
Schmaderer C, Renders L, Tasic V, Gucev Z, Nushi-Stavileci V, Putnik J, Staji¢ N,
Weidenbusch M, Uetz B, Montoya C, Strotmann P, Ponsel S, Lange-Sperandio B,
Hoefele J. Exome Sequencing and ldentification of Phenocopies in Patients With
Clinically Presumed Hereditary Nephropathies. Am J Kidney Dis. 2020 Oct;76(4):460-
470. doi: 10.1053/j.ajkd.2019.12.008. Epub 2020 Apr 28. PMID: 32359821.

Folgende Beobachtung in der humangenetischen Beratung nephrologischer Patienten
fuhrte zur Durchfuhrung dieser Studie: Es kommt immer wieder vor, dass die klinisch
gestellte Verdachtsdiagnose [z.B. Alport-Syndrom (AS)] nicht mit der letztlichen genetischen
Diagnose einer erblichen Nierenkrankheit tbereinstimmt (z.B. eine erbliche Coenzym-Q10-
Defizienz).

Diese Situation wird mit dem Begriff ,Phanokopie“ beschrieben. Der Begriff wurde
ursprunglich definiert fur einen Phanotyp, der dem einer erblichen Krankheit &hnelt, aber
durch einen Umwelteinfluss verursacht ist. Ein vielzitiertes Beispiel ist das Medikament
Thalidomid, das, in der Schwangerschaft eingesetzt, zu Fehlbildungen am Ungeborenen
fuhrt, welche wiederum dem Phanotyp einer erblichen Krankheit (Holt-Oram-Syndrom,
OMIM® #142900) ahneln. Weiterhin wird der Begriff in Linkage-Studien verwendet, wenn
ein fur einen bestimmten Phé&notyp (z.B. Parkinson-Krankheit) etablierter Genotyp (z.B.
krankheitsverursachende Variante in LRRK2) nicht in allen Betroffenen eines Stammbaums
identifiziert werden kann. In der hier besprochenen Publikation wird wiederum die breitere
Definition einer Phanokopie benutzt, welche die Ungleichheit aus klinischer

Verdachtsdiagnose und genetischer Diagnose ausdriickt.3’
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Phanokopien (klinische Verdachtsdiagnose = genetische Diagnose) wurden in
ausgewahlten nephrogenetischen Kohorten bereits beschrieben: 10% von 70 Familien mit
klinischem Verdacht auf erbliche FSGS hatten krankheitsverursachende Varianten in den
mit AS verknipften Genen COL4A3 und COL4A4 und nicht in mit erblicher
FSGS/Podozytopathie verknuipften Genen.3 In einer groRen Kohorte mit 300 Familien (335
Individuen) mit der klinischen Verdachtsdiagnose eines steroid-resistenten nephrotischen
Syndroms (d.h. einer erblichen Podozytopathie) konnte in 4% der Familien eine Phanokopie
entdeckt werden. Neben krankheitsverursachenden Varianten in den AS-Genen COL4A3
und COL4A5 wurde auch ein Morbus Fabry (Gen GLA) genetisch diagnostiziert, welcher
durch Enzymersatztherapie urséachlich behandelt werden kann.3°

Die nun besprochene Publikation zeigt das genotypische und phanotypische Spektrum von
Phanokopien in einer Kohorte aus 174 Index-Individuen mit klinischem Verdacht auf eine
erbliche Nierenkrankheit, welche mittels ES molekulargenetisch untersucht wurden.

2.1 Methoden, Studiendesign und -population

Es handelte sich um eine retrospektive Studie an 174 nicht miteinander verwandten Index-
Individuen (= Index-Falle; 53% mannlich, 47% weiblich), die zwischen 2015 und 2018 im
Rahmen der ,NephroGen-Studie“ am Institut fur Humangenetik des Klinikums rechts der
Isar der Technischen Universitat Munchen rekrutiert wurden (Arbeitsgruppenleiterin: Prof.
Dr. Julia Hofele). Das mediane Alter bei genetischer Testung lag bei 19 Jahren
(Interquartilabstand 7,0 — 35,0 Jahre; Tabelle 1). 133/174 (76%) Index-Individuen waren

kaukasischer Abstammung (,Non-Finnish European descent").

Alle eingeschlossenen Individuen hatten den klinischen Verdacht auf eine spezifische
erbliche Nierenkrankheit bzw. -krankheitsentitat, gestellt durch den einsendenden Arzt
(Kinder-, Erwachsenen-Nephrologe oder externer Humangenetiker) oder hatten den
Verdacht auf eine erbliche Nierenkrankheit, weil mindestens eines der folgenden Kriterien
zutraf: Beginn der Krankheit im Kindes-/Jugendalter (< 18 Jahre), syndromales
Krankheitsbild (weitere Organe neben der Niere betroffen), positive Familienanamnese oder
berichtete elterliche Konsanguinitat. Der Phanotyp wurde, zusatzlich zu den Arztbriefen, mit
einem standardisierten Fragebogen erhoben. Alle Individuen wurden 6 Krankheitsgruppen

nach der klinischen Verdachtsdiagnose bzw. Symptomatik zugeordnet (Abbildung 4). Falle,

13



die keiner der 6 Krankheitsgruppen zugewiesen werden konnten, wurden in die Gruppe
,Andere“ (,Other*) einsortiert (n = 27, 16%).

Alle 174 Index-Individuen wurden mittels ES untersucht (inklusive mitochondriale DNA). Die
Variantenbewertung erfolgte nach den Richtlinien des American College of Medical
Genetics and Genomics (ACMG).4® Weiterhin wurde in den Fallen, in denen eine
Phanokopie gefunden wurde (n = 10, 6%), untersucht, ob diese Félle auch durch eine Gen-
Panel-Untersuchung eines kommerziellen Anbieters hatten gelést werden kénnen (,enges”

Panel mit 6 — 10 Genen bzw. umfassendes Panel mit 272 Genen).

ADTKD
CAKUT 39%

17%

Ciliopathy
1%
(n=19)

Other
16%
(n=27)

FSGS/SRNS

28% VACTERL

(n=49) 5%
(n=9)

Abbildung 4: Aufteilung der klinischen Krankheitsgruppen (Kohorte mit 174 Index-Individuen mit klinischem
Verdacht auf eine erbliche Nierenkrankheit). ADTKD, autosomal dominant tubulointersitial kidney disease
(autosomal-dominante tubulointerstitielle Nierenkrankheit); AS, Alport-Syndrom; CAKUT, congenital
anomalies of the kidney and urinary tract (angeborene Nieren- und Harnwegsfehlbildungen); FSGS, fokal
segmentale Glomerulosklerose; SRNS, steroid-resistentes nephrotisches Syndrom; VACTERL-Assoziation:
V, vertebrale Anomalien, A, anorektale Fehlbildungen, C, cardiovascular anomalies (kardiovaskulare
Anomalien), T, tracheodsophageale Fisteln; E, esophageal atresia (Osophagusatresie), R, renale
Anomalien, L, limb defects (Extremitatenfehlbildungen). Aus 1.
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2.2 Ergebnisse

2.2.1 Diagnoserate in der Kohorte

Mittels ES konnte bei 52 von 174 Index-Fallen eine genetische Diagnose gestellt werden,
was einer Diagnoserate von 30% entspricht. Die Diagnoseraten in den einzelnen
Krankheitsgruppen waren sehr unterschiedlich: 3/6 (50%) bei ADTKD, 16/34 bei AS und
9/19 Ziliopathie (je 47%), 8/30 (27%) bei CAKUT und 8/49 (16%) bei FSGS/steroid-
resistentes nephrotisches Syndrom (SRNS). In der VACTERL-Gruppe konnte keiner der
neun Falle genetisch gelost werden [VACTERL: V, vertebrale Anomalien, A, anorektale
Fehlbildungen, C, cardiovascular anomalies (kardiovaskulare Anomalien), T,
tracheodsophageale Fisteln; E, esophageal atresia (Osophagusatresie), R, renale
Anomalien, L, limb defects (Extremitatenfehlbildungen)]. In der Gesamtkohorte wurden zehn
Phanokopien (10/174, 6%) identifiziert, also in einem von 16 Fallen stimmte die klinische
Verdachtsdiagnose nicht mit der genetischen Diagnose uberein (Tabelle 1 und Abbildung
5). Wenn man sich nur die genetisch gelosten Falle ansieht (nur in diesen kann eine
Phanokopie aufgedeckt werden), so liegt in ca. jedem funften Fall (10/52, 19%) eine
Phanokopie vor.

AS ADTKD CAKUT Ciliopathy FSGS/SRNS VACTERL Other Total
No. of index 34/174 6/174 30/174 19/174 49/174 9/174 271174 174
cases (20%) (3%) (17%) (11%) (28%) (5%) (16%)
Male sex 20/34 3/6 19/30 7119 25/49 5/9 14/27 93/174

(59%) (50%) (63%) (37%) (51%) (56%) (52%) (53%)
Positive family 18/34 5/6 9/30 8/19 19/49 0/9 10/27 69/174
history (53%) (83%) (80%) (42%) (39%) (0%) (37%) (40%)
Reported 0/34 0/6 2/30 2/19 5/49 0/9 1/27 10/174
consanguinity (0%) (0%) (7%) (11%) (10%) (0%) (4%) (6%)*
Age at genetic 15 53 6 9 31 10 24 19
testing, y [8.0-26.0] [47.0-65.0] [0.1-25.0] [0.8-19.0] [19.0-42.0] [1.0-12.5] [7.0-37.0] [7.0-35.0]
Diagnostic 16/34 3/6 8/30 9/19 8/49 0/9 8/27 52/174
yield (47%) (50%) (27%) (47%) (16%) (0%) (30%) (30%)
No. of 3/34 0/6 0/30 1/19 3/49 0/9 3/27 10/174
phenocopies (9%) (0%) (0%) (5%) (6%) (0%) (11%) (6%)

Tabelle 1: Uberblick tiber die Studienkohorte. Geloste Falle sind solche, in denen eine
krankheitsverursachende Variante(n) identifiziert wurde und eine genetische Diagnose gestellt werden
konnte. Phanokopie (Phenocopy) bedeutet, dass die genetische Diagnose nicht mit der klinischen
Verdachtsdiagnose Ubereinstimmt. Fir pranatale Manifestationen/Diagnosen wurde das Alter auf ,0 Jahre®
festgesetzt. Das ,Alter bei genetischer Testung“ bezieht sich auf das Alter bei der Exom-Sequenzierung (=
»Alter bei genetischer Diagnose® bei gelésten Fallen). Die Werte sind als n/N (Prozent) oder Median
[Interquartilabstand] angegeben. ADTKD, autosomal dominant tubulointersitial kidney disease (autosomal-
dominante tubulointerstitielle Nierenkrankheit); AS, Alport-Syndrom; CAKUT, congenital anomalies of the

kidney and urinary tract (angeborene Nieren- und Harnwegsfehlbildungen); FSGS, fokal segmentale
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Glomerulosklerose; SRNS, steroid-resistentes nephrotisches Syndrom; VACTERL-Assoziation: V, vertebrale
Anomalien, A, anorektale Fehlbildungen, C, cardiovascular anomalies (kardiovaskulare Anomalien), T,
tracheodsophageale Fisteln; E, esophageal atresia (Osophagusatresie), R, renale Anomalien, L, limb

defects (Extremitatenfehlbildungen). Aus 1.

2.2.2 ldentifizierte Phanokopien

Drei Individuen wiesen folgende Phé&nokopie auf: Genetisch gesicherte erbliche
FSGS/SRNS, welche Klinisch als AS eingestuft wurde. Bei zwei weiteren Individuen konnte
die umgekehrte Situation beobachtet werden, genetisch gesichertes AS bei klinischem
Verdacht auf erbliche FSGS/SRNS. Bei einem zusétzlichen Individuum wurde klinisch eine
IgA-Nephropathie vermutet (keine Biopsie aufgrund des jungen Alters des Betroffenen),
genetisch konnte ein X-chromosomales AS nachgewiesen werden. In einem weiteren Fall
deutete das Ergebnis der Nierenbiopsie auf eine Typ-IV-Kollagen-assoziierte Nephropathie
hin (elektronenmikroskopisch verschmalerte Basalmembran), genetisch konnte jedoch das
Dent-Syndrom diagnostiziert werden (krankheitsverursachende hemizygote Variante in
CLCND5). Bei einem Individuum wurde klinisch eine autosomal-rezessive polyzystische
Nierenkrankheit, eine Ziliopathie, diagnostiziert, bei der molekulargenetischen
Untersuchung ergab sich dann aber eine heterozygote 1,2-Megabasen-Deletion in 17q12,
welche das CAKUT-Gen HNF1B beinhaltet. Die letzten zwei Félle prasentierten sich klinisch
als Tubulopathien, hatten aber einerseits genetisch eine Mitochondriopathie
(homoplasmische krankheitsverursachende Variante m.616T>C in MT-TF), andererseits
einen Prohormon-Prozessierungsdefekt mit compound-heterozygoten
krankheitsverursachenden Varianten in PCSK1. Genaue genotypische und phanotypische
Informationen kdnnen in der Originalpublikation nachgelesen werden.

16



100

B Unsolved

Bl  Solved - Non-Phenocopy
I  Solved - Phenocopy
o

AS (n=34) ADTKD (n=6) CAKUT (n=30) Ciliopathy (n=19) FSGS/SRNS (n=49) VACTERL (n=9) Other (n=27)

80

60

Percent (%)

40
1

20

Abbildung 5: Diagnoserate der jeweiligen Krankheitsgruppe. Geltste Falle (Solved) sind solche, in denen
eine krankheitsverursachende Variante(n) identifiziert wurde und eine genetische Diagnose gestellt werden
konnte. Phanokopie (Phenocopy) bedeutet, dass die genetische Diagnose nicht mit der klinischen
Verdachtsdiagnose Ubereinstimmt. Die gelosten Falle sind in ,,Geldst — keine Phanokopie® (dunkelblau) und
,Gelost — Phanokopie® (hellblau) aufgeteilt. Die Diagnoserate der Gesamtkohorte (n = 174 Index-Individuen)
liegt bei 30%. ADTKD, autosomal dominant tubulointersitial kidney disease (autosomal-dominante
tubulointerstitielle Nierenkrankheit); AS, Alport-Syndrom; CAKUT, congenital anomalies of the kidney and
urinary tract (angeborene Nieren- und Harnwegsfehlbildungen); FSGS, fokal segmentale Glomerulosklerose;
SRNS, steroid-resistentes nephrotisches Syndrom; VACTERL-Assoziation: V, vertebrale Anomalien, A,
anorektale Fehlbildungen, C, cardiovascular anomalies (kardiovaskuldare Anomalien), T, tracheotsophageale
Fisteln; E, esophageal atresia (Osophagusatresie), R, renale Anomalien, L, limb defects

(Extremitatenfehlbildungen). Aus 1.

2.2.3 Exom-Sequenzierung vs. Gen-Panel-Untersuchung

»=Enge“ NGS-Genpanel nach klinischer Verdachtsdiagnose mit < 25 Kilobasen Grol3e (6-10
Gene; zum Zeitpunkt der Publikation mit den gesetzlichen Krankenkassen abrechenbare
PanelgroR3e) hatten keine der zehn Phanokopien aufdecken kdnnen. Ein umfassendes
NGS-Genpanel auf erblichen Nierenkrankheiten mit 272 Genen (siehe Tabelle S3 in der
Originalpublikation) hatte 8/10 (80%) Phanokopien aufgedeckt. Die beiden Falle, die klinisch
als Tubulopathie imponierten und letztlich genetisch eine Mitochondriopathie und ein
Prohormon-Prozessierungsdefekt waren, hatten auch nicht mit einem umfassenden Gen-

Panel aufgedeckt werden kénnen.
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2.3Diskussion und Zusammenfassung

Anders als in vorherigen Studien wurde in dieser Publikation das Spektrum an Phanokopien
Uber die gesamte Breite der Nephrogenetik illustriert. Die Rekategorisierung einer Krankheit
durch die genetische Diagnose hat mehrere klinische Implikationen: Zum einen kann diese
Auswirkungen im therapeutischen Management haben, wie z.B. Hormonersatz bei einem
PCSK1-assoziierten Prohormon-Prozessierungsdefekt, aber auch die Prognose der
Krankheit andern (autosomal-rezessive polyzystische Nierenkrankheit vs. 17q12-Deletion).
AuBerdem andert sich auch die Wiederholungswahrscheinlichkeit bei Nachkommen, je
nach Erbgang (z.B. X-chromosomal vs. autosomal-rezessiv), was Konsequenzen fir die

Reproduktionswiinsche von Ratsuchenden haben kann.

Man muss in diesem Zusammenhang nattrlich anmerken: Ein klinisch tatiger Arzt muss sich
auf Grundlage der Anamnese, Symptome und Befunde zu einem bestimmten Zeitpunkt
Differentialdiagnosen Uiberlegen und dann eine Verdachtsdiagnose stellen. Mit dem Verlauf
der Krankheit und zunehmenden Diagnosemadglichkeiten kdnnen sich Differentialdiagnosen
auch andern bzw. angepasst werden. Jedoch zeigt diese Arbeit, dass aufgrund der
genetischen und phanotypischen Heterogenitat von erblichen Nierenkrankheiten eine
umfassende genomweite Untersuchung wichtig ist, zumindest wenn eine erste
umschriebene Gen-Panel-Untersuchung unauffallig war. Es ist auffallend, dass keine
einzige der identifizierten Phé&nokopien durch eine enggefasste Gen-Panel-Untersuchung
auf Grundlage der klinischen Verdachtsdiagnose hatte diagnostiziert werden kénnen. Siehe

hierzu auch das zugehdrige Editorial.*?
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3.Phanotypische, genotypische und funktionelle
Charakterisierung des Gens TASP1 als
krankheitsassoziiertes Gen flr das Suleiman-El-

Hattab-Syndrom

Dieses Kapitel bezieht sich auf folgende Originalarbeit:

- Riedhammer KM, Burgemeister AL, Cantagrel V, Amiel J, Siquier-Pernet K, Boddaert
N, Hertecant J, Kannouche PL, Pouvelle C, Htun S, Slavotinek AM, Beetz C, Diego-
Alvarez D, Kampe K, Fleischer N, Awamleh Z, Weksberg R, Kopajtich R, Meitinger T,
Suleiman J, El-Hattab AW. Suleiman-El-Hattab syndrome: a histone modification
disorder caused by TASP1 deficiency. Hum Mol Genet. 2022 Sep 10;31(18):3083-
3094. doi: 10.1093/hmg/ddac098. PMID: 35512351; PMCID: PMC9476618.

Wie in der Einleitung dargelegt, hat die ES zu einem enormen Anstieg des Wissens um
krankheitsassoziierte Gene gefuhrt. Die folgende Publikation befasst sich mit der
Charakterisierung eines neuen krankheitsassoziierten Gens, TASPL1. Biallelische loss-of-
function-Varianten, die zu TASP1-Defizienz fuhren, konnten bereits 2019, unter Mitwirkung
des Habilitanden, mit einem komplexen Syndrom aus Entwicklungsverzdgerung,
Verhaltensauffalligkeiten, fazialen Dysmorphien und angeborenen Fehlbildungen verknipft
werden (Suleiman-El-Hattab-Syndrom, OMIM® #618950).43

TASP1 kodiert fur Taspase 1 (Threonin-Aspartase 1, TASP1), eine heterodimere
Endopeptidase, welche u.a. Histonmethyltransferasen der KMT2-Proteinfamilie im Zellkern
aktiviert. Damit spielt das Enzym eine Rolle in der Methylierung der DNA (Epigenetik) und
beeinflusst mittelbar die Gentranskription.** Defekte der ,epigenetischen Maschinerie“ wie
z.B. eine Haploinsuffizienz von KMT2A (auch MLL; kodiert fur eine Histonmethyltransferase,
welche durch TASP1 aktiviert wird) sind bereits mit monogenen Syndromen verknipft
worden (Wiedemann-Steiner-Syndrom, OMIM® #605130).4°
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Die obige Publikation beschreibt sechs Individuen (darunter drei aus der Arbeit von 2019
und drei bisher nicht publizierte Individuen) und zeigt, mittels internationaler Kollaboration,
die funktionelle Auswirkungen einer TASP1-Defizienz. Hierfur erfolgten u.a. Transkriptom,

Proteom, Epigenom und in-vivo-Untersuchung an Zebrafischen.

3.1 Methoden

Die sechs Individuen wurden durch Padiater oder Genetiker rekrutiert. Die internationale
Vernetzung bzgl. TASP1 erfolgte teilweise mittels GeneMatcher.*6 Der Fall aus dem Institut
fur Humangenetik der Technischen Universitat Munchen ist Individuum 5, bei dem mittels
ES die homozygote Nonsense-Variante NM_017714.3:c.199C>T, p.(Arg67*) in TASP1
priorisiert wurde. Um eine reproduzierbare, distinkte faziale Dysmorphie aus den
vorhandenen Gesichtshildern der Betroffenen zu erstellen, wurde der Algorithmus
DeepGestalt verwendet (Face2Gene, FDNA Inc., USA).#

Western Blotting von TASP1 erfolgte aus primaren Fibroblasten von Individuen 5 und 6.
Fibroblasten von Individuum 5 wurden auch zur RNA-Sequenzierung und fur das Proteom
verwendet. Die RNA-Sequenzierung erfolgte mit dem TruSeq Stranded mRNA Sample Prep
Guide auf einem NovaSeq 6000 (lllumina, USA). Die Methode OUTRIDER wurde
verwendet, um eine differentielle Genexpression im Vergleich zu einer Kontrollkohorte von
269 Proben zu detektieren.*® Fur die Proteomik wurde eine quantitative Tandem-Mass-Tag-

Methode angewandt (beschrieben in 49).

Zur Untersuchung der DNA-Methylierung (Epigenomik) wurde genomische DNA aus Blut
mit dem EpiTect PLUS Bisulfite Kit (Qiagen, Deutschland) behandelt und dann mit dem
lllumina Infinium Human Methylation EPIC BeadChip hybridisiert (lllumina, USA), um tber
850 000 CpG-Stellen zu analysieren. Die TASP1-Proben (Individuen 4 und 5) wurden mit
alters- und geschlechtstibereinstimmenden gesunden Kontrollen (n = 65) und mit Individuen
mit Kabuki-Syndrom-1 (n = 5) mit einer heterozygoten Variante in KMT2D (kodiert fir eine

Histonmethyltransferase) verglichen.

taspl wurde mittels CRISPR (clustered regularly interspaced short palindromic repeats)
/Cas9 in Zebrafischen ausgeknockt. Homozygote Larven wurden kryosektioniert zur

weiteren histologischen Untersuchung.
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3.2Ergebnisse

3.2.1 Phanotypische und genotypische Informationen

Die sechs Individuen stammten aus funf nicht verwandten Familien und tragen alle
bialllelische (angenommene) Loss-of-function-Varianten in TASP1. Das Alter lag zwischen
9 Monaten und 10 Jahren. Alle Betroffenen hatten eine Entwicklungsverzégerung mit
schwerer Sprachentwicklungsverzogerung (nur wenige Worter konnten gesprochen
werden) und motorischer Entwicklungsverzégerung (das Gehen wurde im Alter zwischen
zwei und vier Jahren erlernt), Muskelhypotonie und Mikrozephalie. Auffallig war ein

freundliches Auftreten.

Die Betroffenen hatten typische faziale Dysmorphien mit bauschigen und gebogenen
Augenbrauen, fulligen Augenlidern, Synophrys, Epikanthus, einem breiten Nasenrtcken,
einer breiten Mundoffnung mit langem Philtrum, diinner Ober- und dicker Unterlippe, und
niedrigsitzenden, dysplastischen Ohren (siehe Abbildung 6A — I, inklusive Stammbaume).
Es konnte eine spezifische faziale Gestalt durch den Algorithmus DeepGestalt etabliert
werden (Abbildung 6K).

Angeborene Fehlbildungen umfassten Gehirnfehlbildungen (v.a. Malformationen der Fossa
posterior), kardiovaskulare Fehlbildungen [Vorhof- (Atriumseptumdefekt, ASD) und
Ventrikelseptumdefekt (VSD), Fallot'sche Tetralogie] und auch eine linksseitige
Hydronephrose bei Individuum 4. Die Phanotypen und Genotypen der einzelnen Individuen
sind in Tabelle 2 gezeigt, Abbildung 6L zeigt die Verteilung der Varianten im Gen bzw.

Protein.
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Abbildung 6: Fotografien der Betroffenen mit Stammbaumen und Genotypen (A — J), durch DeepGestalt*”
zusammengesetztes Gesichtsbild (K), Ergebnisse der Western Blots mit TASP1-Defizienz (Alpha-
Untereinheit p28; M und N), schematisches Bild des Gens TASP1 (NM_017714.3) und des Proteins TASP1
(NP_060184.2) mit identifizierten Varianten (L). WT/wt, Wildtyp. Details siehe Ergebnisse. Aus °.
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Individual 1 2 3 4 5 6 Case 32

Gender Male Male Female Female Male Female Male
Ethnicity Arabian Arabian Arabian Arabian Turkish North Africa Arabian
Peninsula Peninsula Peninsula Peninsula Peninsula
Age 7 years 9 months 19 months 3 years 6 years 10 years 3 years
TASP1 allele 1 Exon 5-11 Exon 5-11 Exon 5-11 Exon 5-11 €.199C>T c.81del c701C>T
deletion deletion deletion deletion p.{ATg67*) p.(Gluz9Serfs*79)  p.(Thr234Met)
TASP1 allele 2 Exon 5-11 Exon 5-11 Exon 5-11 Exon 5-11 c.199C>T c.(598_599del) c701C>T
deletion deletion deletion deletion p.(Arg67*) p.(Lys200Glufs*24) p.(Thr234Met)
Neurodevelopment
Developmental delay + + + + + + + 717
Hypotonia + + + + + - + 6/7
Microcephaly + - + + + + + 6/7
Seizures - - - - + - + 2/7
Posterior fossa malformation - + + - + + - a4/7
Dilated ventricles - + - - + + + a7
Feeding and growth
Feeding difficulties + + + + + + + 717
Salivary drooling + - + + - - + a4/7
Failure to thrive + + + + - - + 5/7
Happy demeanor + NA (too young) + + + — + 5/6
CVS malformation ASD/VSD TOF PFO/VSD PFO/VSD VSD VSD - 6/7
Cryptorchidism + - NA NA + NA + 3/4
Hirsutism + - + + - + — 47
Recurrent respiratory infections + - + + + - - 4/7
Preauricular skin tag - + + + + - - 4/7
Single palmar crease + - + + - 3/7
Facial features
Prominent glabella + + + - + + 4/7
Excess forehead hair + - + + + — - 4/7
Thick eyebrows + + + + + + + 717
Arched eyebrows + + + + + + + 717
Synophrys + - + + + + + 717
Epicanthus + + -+ + + + + 7/7
Hypertelorism + + + + + + + 717
Downslanted eyes - - + + - — - 2/7
Thick eyelids + + + + + + + 717
Periorbital fullness + + + + + + + 7/7
Broad nasal bridge + + + + + + + 717
Long smooth philtrum + + + + - + + 6/7
Wide mouth + + + + - + + 6/7
Thin upper lip + + + + + + + 717
Thick lower lip + + + + + + + 7/7
Microretrognathia - + + - + - - 3/7
High arched palate - - + - + - 2/7
Low-set ears + + + + + + + 77
Dysplastic ears + + + + + + + 77
Webbed neck + - + + - — - 3/7
Ophthalmologic anomalies - - - Hyperopia Strabismus, Hyperopia -
amblyopia, pale
optic disc
Limb deformities Brachydactyly, —Overlapping - Polydactyly - Short extremities, —
clinodactyly toes brachydactyly,
broad thumb and
first toe
Skeletal deformities - - - - - Scoliosis, genu Short stature
recurvatum
Skin - Lumbar skin Sacral hair tuft, Congenital - - -
dimple dermal
melanocytosis
Others Hearing - Umbilical Left Inguinal hernia Choanal stenosis, —
impairment hernia hydronephrosis anteriorly placed

anus, spasticity of
the lower limbs

Tabelle 2: Phanotypische und genotypische Informationen der beschriebenen Individuen mit Suleiman-El-
Hattab-Syndrom. 2, in 43 beschrieben, keine neuen phanotypischen oder funktionellen Daten. In der Tabelle
und der Diskussion genannt, um alle publizierten Individuen mit Suleiman-El-Hattab-Syndrom darzustellen.
ASD, Atriumseptumdefekt (Vorhofseptumdefekt); CNS, central nervous system (Zentralnervensystem); CVS,
cardiovascular (kardiovaskular); NA, not applicable (nicht zutreffend); PFO, persistierendes Foramen ovale;
TOF, tetralogy of Fallot (Fallot'sche Tetralogie); VSD, Ventrikelseptumdefekt. TASP1-Transkript
NM_017714.3, TASP1-Protein NP_060184.2. Aus 0.

23



3.2.2 Western Blot, RNA-Sequenzierung, Proteom, Epigenom und
Zebrafisch-Knockout

Im Western Blot aus priméaren Fibroblasten von Individuum 5 und 6 konnte kein TASP1 im
Vergleich zur Kontrolle nachgewiesen werden. Es konnte kein Unterschied in der globalen
Histonmethylierung (Histon-Merkmal H3K4me3) bei Individuum 5 im Vergleich zur Kontrolle
festgestellt werden. Die Spezifitat des Antikorpers wurde mittels Herunterregulierung von
TASP1 durch gezielte siRNAs (small interfering RNA) in HeLa-Zellen gezeigt (Abbildung 6M
und N).

In der RNA-Sequenzierung aus primaren Fibroblasten von Individuum 5 zeigten sich 20
signifikant differentiell exprimierte Gene. Beachtenswert waren GTF2Al (adjustiertes
p=28,15 x 1077), welches hochreguliert war (log2fc = 0,55); HOXA4 (adjustiertes p=5.02 x
10™%; log2fc=-5,42), HOXA7 (adjustiertes p=7,86 x 1074 log2fc=-5,4), HOXB2
(adjustiertes p =9,5 x 1073 log2fc=-1,8) und HOXA1l (adjustiertes p =0,0312,
log2fc =5,15), welche alle herunterreguliert waren. TASP1 konnte in der Proteomik nicht
detektiert werden, ansonsten ergaben sich 13 signifikant aberrante Proteinlevel, darunter
GTF2A2, welches hochreguliert war (adjustiertes p =0,001770059; log2fc = 1,74).

Eine spezifische epigenetische Signatur fir das Suleiman-El-Hattab-Syndrom konnte mit
DNA-Proben von nur zwei Individuen (4 und 5) nicht etabliert werden. Im Vergleich zu
Proben von Individuen mit Kabuki-Syndrom-1 zeigte sich ein DNA-Methylierungsprofil, das
zwischen demjenigen von Kabuki-Syndrom-1-Fallen und gesunden Kontrollen liegt
(Abbildung 7).
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Abbildung 7: Hierarchische Gruppierung der DNA-Methylierungsprofile fir gesunde Kontrollen (Control),
Individuen mit Kabuki-Syndrom-1 (KMT2D) und Individuen mit Suleiman-El-Hattab-Syndrom (TASP1). Die
Farbgraduierung erfolgte nach den normalisierten B-Werten5! der untersuchten DNA-Methylierungs-Loci [von
-2,0 (blau) bis +2.0 (gelb)]. Aus 0.

In den homozygoten Zebrafisch-taspl-Knockouts konnte u.a. eine kleinere Gehirngrof3e im
Vergleich zum Wildtyp (15.596 ym? vs. 14.747 ym?) und auch kraniofaziale Veranderungen

festgestellt werden.

3.3Diskussion und Zusammenfassung

In dieser Arbeit wurde die bisher grofite Kohorte von Individuen mit Suleiman-El-Hattab-
Syndrom auf phanotypischer, genotypischer und funktioneller Ebene beschrieben.
Insgesamt wurden 6 Individuen mit biallelischen Loss-of-function-Varianten eingeschlossen
(plus Fall 3 aus “3. Ohne neue Daten; genannt, um alle publizierten Individuen mit Suleiman-
El-Hattab-Syndrom darzustellen). Die Individuen hatten einen liberlappenden Phéanotyp u.a.
mit globaler Entwicklungsverzégerung (7/7), Mikrozephalie (6/7), Hirnfehlbildungen (4/7),
muskularer Hypotonie (6/7) und kardiovaskularen Fehlbildungen wie ASD/VSD (6/7,
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Individuum 2 mit Fallot’scher Tetralogie; Tabelle 2). Es zeigte sich auch eine distinkte faziale

Gestalt, was durch einen Algorithmus (DeepGestalt) bestatigt wurde (Abbildung 6K).

TASP1 kodiert fur die Endopeptidase Taspase 1 (TASP1), ein Proenzym, das
autokatalytisch in zwei Untereinheiten (Alpha und Beta, Abbildung 6L) gespalten wird,
welche wiederum das aktive Heterodimer bilden. Heterodimerisiertes TASP1 spaltet
verschiedene Proteine im Zellkern, darunter Histonmethyltransferasen der KMT2-
Proteinfamilie wie z.B. KMT2A und KMT2B, welche dadurch aktiviert werden. Die Spaltung
von KMT2A ist u.a. entscheidend fir die Expression von HOX-Genen, welche fir
Transkriptionsfaktoren kodieren.*4%2 Passend dazu zeigte sich in der RNA-Sequenzierung
von Individuum 5, welches eine homozygote Nonsense-Variante in TASP1 tragt und daher
kein TASP1 exprimiert (siehe Western Blot in Abbildung 6M und N), eine signifikante
Herunterregulation der HOX-Gene HOXA4, HOXA7, HOXA1 and HOXB2. Die koordinierte
HOX-Expression ist zentral fur eine normale Korperentwicklung und eine Stérung

derselbigen kénnte die Fehlbildungen bei TASP1-defizienten Individuen erklaren.>3

Ein weiteres Substrat von TASP1 ist der Transkriptionsfaktor TFIIAa— (GTF2A1), welcher
ubiquitar exprimiert wird und ebenfalls aus einer Alpha- und Beta-Untereinheit besteht.
TFIIAa—-B ist an TFIIAy (GTF2A2) gebunden. Bei Spaltung des Heterotrimers TFIIAa/Bly
(kodiert durch GTF2A1 und GTF2A2, als TFIIA zusammengefasst) durch TASP1, wird
dieses Heterotrimer durch das Proteasom abgebaut und dadurch deaktiviert.44>* Der
regelhafte Umsatz von TFIIA ist wichtig fur eine korrekte Embryonalentwicklung.%®
Interessanterweise ist in der RNA-Sequenzierung bei Individuum 5 GTF2A1 (kodiert fir
TFIIAa—B) hochreguliert, in der Proteom-Untersuchung ist wiederum GTF2A2 (kodiert
TFIIAy) herunterreguliert. Also kdnnte der Phanotyp der Betroffenen auch durch eine TFIIA-

Dysregulation erklart werden.

TASP1 spaltet und aktiviert Histonmethyltransferasen der KMT2-Proteinfamilie.
Passenderweise haben Individuen mit Defekten in KMT2-Genen mit dem Suleiman-El-
Hattab-Syndrom lberlappende Phanotypen. Darunter sind z.B. das Wiedemann-Steiner-
Syndrom (OMIM® #605130) mit Haploinsuffizienz in KMT2A oder das Kabuki-Syndrom-1
(OMIM® #147920) mit Haploinsuffizienz in KMT2D zu nennen.*>5¢ Aufgrund des damit
einhergehenden Einflusses von TASP1 auf die DNA-Methylierung wurde in dieser Arbeit

auch untersucht, ob ein spezifisches DNA-Methylierungsmuster, eine sogenannte
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,epigenetische Signatur®, bei Individuen mit TASP1-Defizienz vorliegt.%’ Leider war die
Anzahl von nur zwei Proben (Individuum 4 und 5) zu gering, um eine Signatur zu etablieren.
Dennoch konnte nachgewiesen werden, dass es eine unterscheidbare Signatur in der Blut-
DNA von Individuum 4 und 5 gibt, in der Mitte zwischen Kontrollen und der Signatur des
Kabuki-Syndrom-1 (Abbildung 7). Das Suleiman-El-Hattab-Syndrom kann daher in die

Gruppe der Krankheiten mit Histonmethylierungsdefekt eingegliedert werden.>®

Zuletzt konnten in-vivo-Studien an Zebrafischen mit taspl-Knockout einen Teil des
Phanotyps beim Menschen bestatigen (Mikrozephalie und kraniofaziale Auffalligkeiten).

Zusammenfassend konnte in dieser Arbeit durch Multi-Omics (Transkriptom, Proteom,
Epigenom) und in-vivo-Untersuchungen umfassend das Gen TASP1 funktionell
charakterisiert werden und der Phénotyp und Genotyp des Suleiman-El-Hattab-Syndroms

an der bisher gréf3ten Kohorte dargestellt werden.
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4.Exom-Sequenzierung beil angeborenen
Nieren- und Harnwegsfehlbildungen (CAKUT)
— hoéhere Diagnoserate bei beidseitiger

Nierenbeteiligung

Dieses Kapitel bezieht sich auf die folgende Originalarbeit:

- Riedhammer KM, Comié¢ J, Tasic V, Putnik J, Abazi-Emini N, Paripovic A, Stajic
N, Meitinger T, Nushi-Stavileci V, Berutti R, Braunisch MC, Hoefele J. Exome
sequencing in individuals with congenital anomalies of the kidney and urinary
tract (CAKUT): a single-center experience. Eur J Hum Genet. 2023
Jun;31(6):674-680. doi: 10.1038/s41431-023-01331-x. Epub 2023 Mar 16. PMID:
36922632; PMCID: PMC10250376.

Patienten mit angeborenen Nieren- und Harnwegsfehlbildungen (CAKUT) haben ein
sehr breites Krankheitsspektrum, welches von ,milderen® Verlaufen wie
vesikoureteralem Reflux bis hin zur Maximalvariante, der beidseitigen Nierenagenesie,
reicht. CAKUT kann zudem isoliert, also nur die Nieren und die Harnwege betreffend,
oder als Teil eines Syndroms mit einer oder mehreren extrarenalen Manifestationen
auftreten. CAKUT ist hauptsachlich ein multifaktorielles Krankheitsbild, das durch
genetische, epigenetische und Umwelteinflisse verursacht werden kann. Es sind
jedoch Dbereits Uber 50 Gene mit erblichem CAKUT verknipft worden und
Mausmodelle legen eine noch groRere Zahl an monogenem CAKUT nahe. Auch
Kopienzahlvarianten (copy number variants, CNVs) spielen eine bedeutende Rolle in
der Entstehung von CAKUT.>® Die Diagnoseraten fir monogenes CAKUT sind
nichtsdestotrotz gering mit ca. 16%, schwankend je nach eingeschlossener Kohorte

zwischen 6 und 33%.50-62

Die nun besprochene Arbeit hat ihren Ausgangspunkt erneut in der nephrogenetischen
Praxis: Trotz der insgesamt geringen Diagnoserate fir monogenes CAKUT
beobachtete man, dass diese bei ,schwereren“ Phanotypen wie z.B. beidseitiger
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Nierenbeteiligung oder syndromaler Krankheit hoher ist. Dies sollte nun systematisch
an allen in der ,NephroGen-Studie® mit ES untersuchten CAKUT-Index-Fallen

Uberpruft werden.

4.1 Methoden, Studiendesign und -population

In diese retrospektive Studie wurden 86 Index-Individuen, die im Rahmen der
,NephroGen-Studie“ am Institut fir Humangenetik des Klinikums rechts der Isar der
Technischen Universitat Miinchen zwischen Oktober 2015 und Februar 2019 rekrutiert
wurden, inkludiert. Alle eingeschlossenen Individuen hatten CAKUT und wurden mit
ES molekulargenetisch analysiert. Die priorisierten Varianten wurden mit den Kriterien
des ACMG und aktuellen Erweiterungen bewertet.#%63-65 Der Phanotyp wurde durch

die Arztbriefe und einen standardisierten Fragebogen erfasst.

Die Falle wurden verschiedenen Gruppen nach einem zweistufigen Verfahren
zugewiesen. Als erstes erfolgte eine Einstufung nach CAKUT-Phanotyp (nach °9):
Gruppe |: Doppelung von Ureter oder Nierenbecken/Doppelniere. Gruppe Il: Ektopie
der Niere und/oder Hufeisenniere. Gruppe Ill: Anderweitige Nierenfehlbildung. Gruppe
IV: Obstruktive Uropathie. Gruppe V: Vesikoureteraler Reflux. Gruppe VI: Posteriore
Urethralklappen. Gruppe VII: Anderweitige Fehlbildungen der Harnwege.

Als zweites erfolgte eine Einteilung nach einem breiteren phanotypischen Spektrum,
welches die Schwere des CAKUT-Phanotyps beleuchtet:

Gruppe |. Beidseitige Nierenbeteiligung (jeder Fall, der eine beidseitige
Nierenbeteiligung jedweder Schwere hatte, wurde hier eingruppiert). Gruppe Il
Einseitige Nierenbeteiligung (inklusive einseitige Nierenektopie und Hufeisenniere).
Gruppe IllI: Isolierte Harntransportstérung (ohne bekannte parenchymatése

Nierenbeteiligung).

Abbildung 8 zeigt die Aufteilung der Kohorte auf die verschiedenen phanotypischen

Gruppen.
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Step | Step il

Kidney anomaly: 62
Bilateral kidney affection: 36

CAKUT: 86

= Ectopic kidney and/or horseshoe kidney: 2

. Unilateral kidney affection: 28
VUR: 11

= Bilateral affection: 15
| Obstructive Uropathy: 6

== Posterior uretral valves: 1 . y
Unilateral affection: 6

Isolated urine transport affection: 22
B Duplication of the ureter, pelvis and kidney: 3

== QOther lower urinary tract malformations: 1

Abbildung 8: Uberblick tiber die Kohorte, eingeteilt nach einem zweistufigen Verfahren (siehe
Methoden). CAKUT, congenital anomalies of the kidney and urinary tract (angeborene Nieren- und

Harnwegsfehlbildungen); VUR, vesikoureteraler Reflux. Aus 8.

4.2 Ergebnisse

Bzgl. der Schwere des CAKUT-Phanotyps zeigte sich, dass 42% (36/86) der Falle eine
beidseitige Nierenbeteiligung hatten, 32% (28/86) eine einseitige Nierenbeteiligung
und 26% (22/86) eine isolierte Harntransportstorung (Abbildung 8). Tabelle 3 fasst die
klinischen Parameter zusammen.
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Clinical characteristics Total cohort
(n =86 index cases)

Sex

Female 29 (34%)

Male 57 (66%)
Non-Finnish European descent

Yes 74 (86%)

No 12 (14%)
Reported family history regarding CAKUT Familial CAKUT

Yes 15 (17%)

No 71 (83%)
Reported parental consanguinity

Yes 7 (8%)

No 79 (92%)
Syndromic CAKUT

Yes 33 (38%)

No 53 (62%)
Syndromic features

Skeletal malformations 9 (27%)

Eye anomalies 3 (9%)

Hearing impairment 3 (9%)

Intellectual disability 6 (18%)

Heart defect 6 (18%)
Complex CAKUT

Yes 24 (30%)

No 62 (72%)
CAKUT phenotype

Bilateral kidney affection 36 (42%)

Unilateral kidney affection 28 (33%)

Isolated urine transport affection 22 (25%)
Solved cases*

Yes 8 (9%)

No 78 (91%)

Tabelle 3: Klinische Informationen zu den 86 Index-Fallen der Kohorte. *,Solved cases” (geloste
Féalle) sind solche, bei denen eine genetische Diagnose durch Exom-Sequenzierung gestellt werden
konnte. CAKUT, congenital anomalies of the kidney and urinary tract (angeborene Nieren- und

Harnwegsfehlbildungen). Aus 8.

Eine genetische Diagnose konnte in 9% (8/86) der Falle gestellt werden. Alle geldsten
Falle hatten eine bilaterale Nierenbeteiligung (Diagnoserate in dieser Gruppe: 22%,
8/36; Abbildung 9). In den anderen Gruppen nach phanotypischer Schwere (,einseitige
Nierenbeteiligung® und ,isolierte Harntransportstorung®) konnte kein einziger Fall
molekulargenetisch geldst werden. 75% (6/8) der geldsten Falle hatten extrarenale

Manifestationen (syndromales CAKUT).
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Isolated urine transport affection
n=22

Unilateral kidney affection
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Abbildung 9: Verteilung der ungeldsten und geldsten Falle [,Unsolved cases” (blau) und ,Solved
cases"” (orange)] auf die phanotypischen Kategorien ,Bilateral kidney affection® (beidseitige
Nierenbeteiligung), ,Unilateral kidney affection” (einseitige Nierenbeteiligung) und ,Isolated urine

transport affection” (isolierte Harntransportstérung). Aus 8.

Von den acht gelésten Fallen waren zwei mit krankheitsverursachenden Varianten in
PBX1 (Krankheit ,CAKUTHED®, OMIM® #617641), zwei mit Varianten in SALL1
(Townes-Brocks-Syndrom-1, OMIM® #107480), zwei mit Varianten in EYA1l
(Branchiootorenales Syndrom 1, OMIM® # 113650), einer mit einer Variante in PAX2
(Papillorenales Syndrom, OMIM® #120330) und einer mit einer 17g12-Deletion
(OMIM® #614527), das CAKUT-Gen HNF1B inkludierend. 63% (5/8) der Varianten
waren noch nicht in der Literatur beschrieben. Genaue genotypische und
phanotypische Informationen kdnnen in der Originalpublikation nachgelesen werden.
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4.3 Diskussion und Zusammenfassung

Die Diagnoserate lag mit 9% im Bereich bekannter Werte fir CAKUT-Kohorten.52
Interessanterweise hatten alle acht gelosten Félle eine beidseitige Nierenaffektion
(Diagnoserate von 22% in dieser Subgruppe). In einer Studie aus 2018 hatten Falle
mit ,schwerem CAKUT* (Nierendysplasie oder -agenesie) eine Diagnoserate von 17%
im Vergleich zu 13% in der Gesamtkohorte mit 232 Index-Individuen.®” Die Studie
differenzierte jedoch nicht zwischen unilateraler und bilateraler Nierenbeteiligung.

Alle acht gelésten Falle waren autosomal-dominante Krankheiten des CAKUT-
Spektrums. Alle betroffenen Gene/chromosomalen Bereiche (EYAl, 17ql2-
Deletion/HNF1B, PAX2, PBX1, SALL1) sind mit syndromalen Krankheitsbildern
verknlUpft, jedoch zeigten nur 6/8 (75%) der Betroffenen eine extrarenale
Manifestation. Auch ein ,Reverse Phenotyping“ nach genetischer Diagnose konnte in
den beiden Fallen mit heterozygoter krankheitsverursachender Deletion in 17q12
(inklusive HNF1B) und Variante in PAX2 keinen syndromalen Phanotyp erkennen
lassen. Dabei sind HNF1B und PAX2 die Gene, die am haufigsten mit syndromalem
autosomal-dominanten CAKUT verknupft sind (5 — 15% der Falle).58 Es kann aber
nicht ausgeschlossen werden, dass subtile extrarenale Manifestationen Ubersehen
wurden, zudem sind manche Manifestationen auch altersabhangig (wie z.B. ,Maturity-
onset diabetes of the young“ und neuropsychiatrische Auffalligkeiten beim 17q12-

Deletionssyndrom).8

Zusammenfassend zeigte die Studie, dass monogene Formen bei ,schweren“ CAKUT-
Phanotypen wie beidseitiger Nierenbeteiligung und extrarenalen Manifestationen zu
beachten sind und eine genetische Testung rechtfertigen. Aul3erdem kdnnen sich
eigentlich syndromale monogene CAKUT-Krankheiten aufgrund variabler
Expressivitat auch ohne klar ersichtliche extrarenale Manifestationen prasentieren. Die
beschriebenen Beobachtungen sollten in grol3eren Studien Uberprift werden, um
idealerweise einen klinisch erhebbaren Score zu entwickeln, wann eine genetische
Testung bei CAKUT sinnvoll ist.
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5.FOXD2 — ein neues krankheitsassoziiertes
Gen fur syndromale angeborene Nieren- und
Harnwegsfehlbildungen (CAKUT)

Dieses Kapitel bezieht sich auf die folgende Originalarbeit:

- Riedhammer KM, Nguyen TT, Kosukcu C, Calzada-Wack J, Li Y, Assia Batzir
N, Saygili S, Wimmers V, Kim GJ, Chrysanthou M, Bakey Z, Sofrin-Drucker E,
Kraiger M, Sanz-Moreno A, Amarie OV, Rathkolb B, Klein-Rodewald T, Garrett
L, Holter SM, Seisenberger C, Haug S, Schlosser P, Marschall S, Wurst W, Fuchs
H, Gailus-Durner V, Wuttke M, Hrabe de Angelis M, Comié J, Akgiin Dogan O,
OzIik Y, Tasdemir M, Agbas A, Canpolat N, Orenstein N, Caliskan S, Weber RG,
Bergmann C, Jeanpierre C, Saunier S, Lim TY, Hildebrandt F, Alhaddad B, Basel-
Salmon L, Borovitz Y, Wu K, Antony D, Matschkal J, Schaaf CW, Renders L,
Schmaderer C, Rogg M, Schell C, Meitinger T, Heemann U, Kottgen A, Arnold
SJ, Ozaltin F, Schmidts M, Hoefele J. Implication of transcription factor FOXD2
dysfunction in syndromic congenital anomalies of the kidney and urinary tract
(CAKUT). Kidney Int. 2024 Apr;105(4):844-864. doi: 10.1016/j.kint.2023.11.032.
Epub 2023 Dec 26. PMID: 38154558; PMCID: PMC10957342.

Wie im vorherigen Kapitel besprochen, ist die Diagnoserate bei klinischem Verdacht
auf monogenes CAKUT mit ca. 16% gering, aber Knockout-Mausmodelle legen weit
mehr monogene Formen nahe.®%6! Die folgend zusammengefasste Arbeit zeigt die
funktionelle Charakterisierung eines neuen krankheitsassoziierten Gens, FOXD2, fur
autosomal-rezessives, syndromales CAKUT. In drei konsanguinen Familien mit Index-
Individuen mit syndromalem CAKUT wurden homozygote seltene Varianten in FOXD2
priorisiert (eine Frameshift-, zwei Missense-Varianten). FOXD2 (auch FKHL17,
FREAC9, MF-2) gehort zur forkhead box“-Genfamilie (FOX) und kodiert fur einen
Transkriptionsfaktor. Bereits in einer Publikation aus dem Jahr 2000 wurde gezeigt,
dass ein Knockout von Foxd2 in Mausen zu CAKUT (Nierenhypoplasie, Hydroureter)

mit reduzierter Penetranz von ca. 40% fiihrt.5°
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Es erfolgte, im Rahmen einer internationalen Kollaboration, eine funktionelle
Charakterisierung des Gens, sowohl in vitro mit RNA-Sequenzierung an
metanephrischen-Mesenchym-Foxd2-Knockout-Zellen und in vivo an Foxd2-
Knockout-Mausen. Weiterhin legten Daten aus GWAS nahe, dass der FOXD2-Locus
(1p33) eine Rolle bei der Albuminurie durch Aufrechterhaltung der Podozytenintegritat
im Erwachsenenalter spielt, was eine Verknupfung zwischen monogenen und

multifaktoriellen Phanotypen darstellt.

5.1 Methoden

Das Index-Individuum aus Familie 1, eine konsanguinen Familie von der Arabischen
Halbinsel, wurde in der Abteilung fir Nephrologie am Klinikum rechts der Isar der
Technischen Universitat Minchen vorgestellt (Leiter: Prof. Dr. Uwe Heemann).
Aufgrund des syndromalen CAKUT (beidseitige Nierenhypoplasie, faziale
Dysmorphien, Verhaltensauffalligkeiten; siehe Ergebnisse) wurde es in die
,NephroGen“-Studie am Institut fir Humangenetik des Klinikums rechts der Isar der
Technischen Universitat Minchen eingeschlossen und mittels ES untersucht. Da keine
krankheitsverursachenden Varianten in bekannten krankheitsassoziierten Genen
identifiziert werden konnten, erfolgte eine Auswertung auf wissenschatftlicher Basis.
Dabei wurde die homozygote Variante NM_004474.4:c.789dup, p.(Gly264Argfs'228),
eine Frameshift-Variante, in FOXD2 priorisiert, da ein Foxd2-Knockout in Mausen
bereits mit CAKUT verknlpft worden war.®® Die Variante ist nicht in der

Kontrolldatenbank gnomAD (Genome Aggregation Database, v.2.1.1) gelistet.”

Das Index-Individuum aus Familie 2, eine konsanguine Familie aus der Turkei, mit der
homozygoten Missense-Variante NM_004474.4:c.628A>G, p.(Met210Val) in FOXD2,
wurde Uber GeneMatcher vermittelt.*6 Auch hier wurde die Variante mittels ES
priorisiert und ist nicht in gnomAD gelistet. Krankheitsverursachende Varianten in
bekannten krankheitsassoziierten Genen konnten ebenfalls nicht nachgewiesen

werden.

Das Index-Individuum aus Familie 3, eine konsanguinen Familie aus Israel, trug die
homozygote Missense-Variante NM_004474.4:¢c.629T>G, p.(Met210Arg) in FOXD2,
welche das gleiche Codon wie in Familie 2 betrifft. Diese Variante wurde ebenfalls
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mittels ES priorisiert und ist nicht in gnomAD gelistet. Krankheitsverursachende
Varianten in bekannten krankheitsassoziierten Genen konnten auch hier nicht
nachgewiesen werden. Die verantwortliche Arbeitsgruppe kontaktierte uns als
Reaktion auf den Pre-Print unser Studie an Familie 1 und 2, welcher auf medRxiv

hochgeladen worden war.”*

Die Auswirkungen der beiden Missense-Varianten p.(Met210Val) und p.(Met210Arg)

wurde in silico modelliert.

Da der bisher beschriebene Phanotyp aus Foxd2-Knockout-Mausen auf die Niere
beschrankt war®®, erfolgte mittels CRISPR/Cas9 ein erneuter Knockout von Foxd2 in
Mausen, und es wurde eine umfassende, systematisierte Phéanotypisierung
durchgefiihrt. Diese wurde durch die German Mouse Clinic am Helmholtz Zentrum

Munchen in Neuherberg ausgefuhrt.

Um die Folgen eines Foxd2-Knockouts auf Nierenzellebene zu untersuchen, wurden
mittels CRISPR/Cas9 murine metanephrische Foxd2-Knockout-Mesenchymzellen
(mk4-Zellen) erstellt und 3D-Zellkulturen, eine RNA-Sequenzierung und Western Blots
angefertigt. Dies erfolgte in den Laboren von Dr. Miriam Schmidts in Nijmegen,
Niederlande, und Freiburg im Breisgau.

Da der FOXD2-Locus (1p33) in GWAS-Metaanalysen mit Albuminurie verkntpft
worden war, erfolgte, in Zusammenarbeit mit der Arbeitsgruppe von Prof. Dr. Anna
Kottgen, Freiburg im Breisgau, aus vorhandenen UK-Biobank-Daten (436.392
Individuen) noch ein Locus-Fine-Mapping, um die Varianten (single nucleotide
polymorphisms, SNPs) im FOXD2-Locus zu identifizieren, die ursachlich fur die

Albuminurie-Assoziation sind.
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5.2 Ergebnisse

5.2.1 Phanotypische Informationen

Das Index-Individuum (VI-3 in Abbildung 10a) aus der konsanguinen Familie 1
(Arabische Halbinsel) hatte faziale Dysmorphien (niedrig-sitzende Ohren,
Hypertelorismus, abfallende Lidspalten und eine Retrognathie), eine
Entwicklungsverzdogerung (besuchte eine Forderschule) und eine angeborene,
beidseitige Nierenhypoplasie (Abbildung 10d). Mit sieben Jahren hatte er eine CKD
G4A3 mit einer errechneten GFR (glomerulare Filtrationsrate) von 26 ml/min/1,73 m?
(modifizierte Schwartz-Formel’?) und einer Proteinurie von 2,7 g/24 h. Mit elf Jahren
wurde er nierentransplantiert. Zwei Cousins und eine Cousine zweiten Grades (V-13,
V-14 und V-19 in Abbildung 10a) waren &hnlich betroffen. Die Cousine zweiten Grades
(V-19) hatte ebenfalls eine beidseitige Nierenhypoplasie, eine
Entwicklungsverzdgerung und eine Retrognathie. Im Alter von sieben Jahren hatte sie
eine CKD G5A3 mit einer errechneten GFR von 11 ml/min/1,73 m? und einer

Proteinurie von 5,0 g/24 h, woraufhin sie im gleichen Jahr nierentransplantiert wurde.

Das Index-Individuum (lI-1 in Abbildung 10b) aus der konsanguinen Familie 2 (Turkei)
erhielt mit sechs Jahren eine praemptive Nierentransplantation (Lebendspende durch
den Vater). Sie hatte ebenfalls eine beidseitige kongenitale Nierenhypoplasie mit
fazialen Dysmorphien (u.a. Retrognathie, Abbildung 10e und f). Ihre Schwester (11-2)
entwickelte im Alter von sieben Jahren eine persistierende Proteinurie bei unauffalliger
Nierenfunktion (errechnete GFR 138 ml/min/1,73 m?). Im Ultraschall zeigte sich eine
linksseitige ~ Nierenhypoplasie  bei  beidseitig  erhdhter  Echogenitdt im
Nierenparenchym. In der ebenfalls durchgefuhrten Nierenbiopsie fand sich eine FSGS
(Abbildung 10i). Auch sie hatte faziale Dysmorphien, u.a. eine Retrognathie (Abbildung
10g und h). Mit 17 Jahren hatte sie eine CKD G3 mit einer errechneten GFR von 38

ml/min/1,73 mZ2.

Beim Index-Individuum (IV-5 in Abbildung 10c) der konsanguinen Familie 3 (Israel)
wurden bereits wahrend der Schwangerschaft (35. Schwangerschaftswoche)
beidseitige hypoplastische Nieren im Ultraschall diagnostiziert. Das Serumkreatinin
war am dritten Lebenstag erh6ht bei 1,7 mg/dl. Im Alter von zwei Jahren entwickelte
die Betroffene ein nephrotisches Syndrom, welches steroidrefraktar verlief. Mit

funfeinhalb Jahren erhielt sie erstmals Peritonealdialyse, mit sieben Jahren wurde sie
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nierentransplantiert. Auch sie war leicht entwicklungsverzégert und hatte faziale

Dysmorphien, u.a. eine Retrognathie.

5.2.2 Genotypische Informationen

In allen drei Index-Individuen wurden seltene (nicht in gnomAD gelistete) homozygote
Varianten in  FOXD2 priorisiert, nachdem die Routine-Diagnostik auf
krankheitsverursachende Varianten in bekannten krankheitsassoziierten Genen

unauffallig war.

Individuum VI-3 aus Familie 1 trug die homozygote Frameshift-Variante
NM_004474.4:c.789dup, p.(Gly264Argfs’228) in FOXD2. Diese Variante fihrt
vorhergesagt zu einem Protein mit ahnlicher Lange wie das Wildtyp-Protein, aber
unterschiedlicher Aminosaurezusammensetzung, wobei die DNA-bindende Domane
von FOXD2 erhalten bleibt (NP_004465.3; Abbildung 10j). FOXD2 ist ein Ein-Exon-
Gen (NM_004474.4), und daher kann ein Nonsense-mediated decay nicht
angenommen werden. Es finden sich in gnomAD (v.2.1.1) ubrigens keinerlei
homozygote Loss-of-function-Varianten. Die Variante segregierte in der Familie und
konnte auch bei der ahnlich betroffenen Cousine zweiten Grades (V-19) mittels

Sanger-Sequenzierung nachgewiesen werden.

Individuum 1I-1 aus Familie 2 trug die homozygote Missense-Variante
NM_004474.4:c.628A>G, p.(Met210Val) in FOXD2. Die Variante liegt in der DNA-
bindenden Doméne von FOXD2 (Abbildung 10j). Die betroffene Aminoséaure Methionin
ist evolutionar stark konserviert bis zum Zebrafisch (Danio rerio, Abbildung 10k). Die
Variante konnte auch in der &hnlich betroffenen Schwester (lI-2) nachgewiesen

werden.

Individuum V-5 aus Familie 3 trug die homozygote Missense-Variante
NM_004474.4:c.629T>G, p.(Met210Arg). Die Variante fuhrt zu einem Austausch der

gleichen hochkonservierten Aminosaure (p.Met210) wie diejenige in Familie 2.

Beide Missense-Varianten sind in in-silico-Vorhersageprogrammen als schédlich
(deleterious) vorhergesagt (u.a. CADD).”® Sie haben beide in der Proteinmodellierung

eine destabilisierende Wirkung (Abbildung 10I).
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5.2.3 Foxd2-Knockout-Mause

Die mittels CRISPR/Cas9 erzeugten homozygoten Foxd2-Knockout-Mause waren
Uberlebensfahig und wurden systematisch phanotypisiert, um neben dem renalen
auch den extrarenalen Phanotyp zu untersuchen. Im Alter von 16 Wochen wurde eine
Mikro-Computertomographie angefertigt, welche eine veranderte Kiefermorphologie,

v.a. einen verkleinerten Unterkiefer (Mandibula), zeigte (Abbildung 11a — d).
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Abbildung 11: Darstellung der mandibuléren Veranderungen in der Mikro-Computertomographie bei
homozygoten Foxd2-Kockout-Mausen. (a) Schadelknochen, (b) Mandibula von jeweils Wildtyp-Maus
(wt) vs. homozygoter Knockout-Maus (hom). (c) Vergleich des Mandibula-Volumens zwischen wt und
hom (kleiner). (d) Exakte morphometrische Vermessung der Mandibula anhand anatomischer
Landmarken mit Vergleich zwischen wt und hom. Der Processus condylaris ist kiirzer (Strecke 1 — 2
und 3 — 4) und weiter (Strecke 2 — 3) in hom vs. wt. n = 4 wt und n = 2 weibliche homozygote
Knockout-Méause und n = 4 wt und n = 4 mannliche homozygote Knockout-Méause. In den Graphen in

(d) werden Einzelwerte mit Mittelwert + Standardabweichung gezeigt. Aus 75.

Makroskopisch zeigte sich keine veranderte Nierenmorphologie bei homozygoten
Knockouts im Alter von 16 Wochen. Mikroskopisch zeigte sich in der Hamatoxylin-
Eosin-Farbung ein erweitertes Nierenbecken mit einer Penetranz von 33% (Abbildung
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12a — c). Eine Obstruktion der ableitenden Harnwege als Ursache hierfur konnte

ausgeschlossen werden. Als Zeichen verstarkter Nierenfibrose konnte weiterhin eine

signifikant erhdhte Cytokeratin-8-Expression im Nierenkortex von Knockout-Mausen

festgestellt werden (Abbildung 13a-h).
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Abbildung 12: Histopathologische Veranderungen in der Niere bei 16 Wochen alten Mausen. (a)

Ubersichtsbilder der linken und rechten Niere von Wildtyp- (WT) und homozygoten Foxd2-Knockout-

Mausen (Mut.). Es zeigt sich bei Knockout-Mausen eine leichte beidseitige Nierenbeckenerweiterung

(Stern), eine Verkleinerung der Papilla (rot eingekreist) und eine verschméalerte Nierenrinde (gelber

Strich) im Vergleich zu WT-Mé&usen. (b) Papilla vergroR3ert dargestellt. (a) und (b), Hamatoxylin-Eosin-

Farbung. (c) Immunhistochemische Untersuchung auf Aquaporin 2 als Marker der Sammeltubuli

(braun) mit Nachweis einer Verkleinerung des Umfangs der Sammeltubuli bei Knockout-Mausen im
Vergleich zu WT. (d — h) Veranderungen der Elektrolyte Natrium (Sodium), Chlorid (Chloride) und

Kalium (Potassium), Veranderungen bei Kreatinin (Creatinine) und Harnstoff (Urea) im Plasma

zwischen Wildtyp-Mausen (wt) und homozygoten Foxd2-Knockout-Mausen (hom). *p < 0,05; *p <

0,001. Aus 5.
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Es zeigte sich auch eine auffallige Plasmachemie: Weibliche Knockout-M&ause hatten
u.a. leicht erniedrigte Plasmanatriumwerte, evtl. aufgrund einer Volumenuberladung
bei abfallender Nierenfunktion. Mannliche Knockout-Mause hatten ein signifikant
erhbhtes Plasma-Kalium und -Harnstoff, evtl. auch aufgrund abnehmender
Nierenfunktion. Zwei  Knockout-Mause zeigten zudem  stark  erhohte
Plasmakreatininwerte (Abbildung 12d — h).
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Abbildung 13: Erhdhte Cytokeratin-8-Expression (CK8) in den Nieren homozygoter Foxd2-Knockout-
Méause (Mutant) vs. Wildtyp (Control). Hier dargestellt anhand représentativer Nierenbilder
[Nierenrinde (Cortex) und inneres Nierenmark (Inner medulla)] unterschiedlicher Vergréf3erung mit
immunhistochemischer Untersuchung auf CK8 (braun).

GM, Glomerulus. Aus 75,
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Schliel3lich zeigten sich Verhaltensauffalligkeiten bei den homozygoten Foxd2-
Knockout-Mausen. Im ,Open field test* waren Knockout-Mause eindeutig weniger

explorativ in einer neuen Umgebung im Vergleich zu Wildtyp-Mausen.

5.2.4 Foxd2-Knockout in murinen metanephrischen Nierenzellen

Foxd2 wurde mittels CRISPR/Cas9 in murinen metanephrischen Nierenzellen (mk4)
homozygot ausgeknockt. Daraufhin erfolgte eine RNA-Sequenzierung. Im Vergleich
zu Wildtyp-Zellen waren hier v.a. Gene signifikant herunterreguliert, die unter die
Gene-Ontology(GO)-Termini ,extrazellulare Matrixorganisation“ (GO:0043062, p =
3,46 x 107®) und ,renale/urogenitale Entwicklung® fallen, wie z.B. ,Entwicklung des
Nierensystems” (,Renal system development”, GO:0072001, p = 6,57 x 1077; Tabelle
4). Die Top-Ergebnisse der differentiell exprimierten Gene wurden mittels gPCR
validiert. Wichtige differentiell exprimierte Gene waren u.a. Pax2 und Wnt4, welche
herunterreguliert waren (Abbildung 14a). Reduzierte Pax2-Proteinlevel in Knockouts

vs. Kontrollen konnten mittels Western Blot bestatigt werden (Abbildung 14b und c).

P Adjusted P
Down
Extracellular matrix organization 3.456442E—-8 0.000152
Renal system development 6.571659E—7 0.000655
Urogenital system development 7.447146E—7 0.000655
Positive regulation of the steroid metabolic process 3.479562E—-6 0.002186
Inner ear development 3.807702E—6 0.002186
Up
Cell chemotaxis 6.340431E—-11 4.250202E—8
Positive regulation of vasculature development 1.506551E—10 7.765204E—8
Antigen processing and presentation of endogenous antigen 1.544546E—10 7.765204E—-8
Regulation of MAP kinase activity 2.957847E—10 1.321828E—7
Regulation of protein serine/threonine kinase activity 1.459391E-9 3.668544E—7

MAP, mitogen-activated protein.

Tabelle 4: Vergleich der differentiell exprimierten Gene zwischen Foxd2-Knockout- und Wildtyp-Zellen

(mk4-Zellen) nach Gene-Ontology-Termini. Aus 7°,
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Abbildung 14: (a) Differentielle Genexpression in Foxd2-Knockout-Zellen vs. Wildtyp-Zellen (mk4-
Zellen) im Glimma-Plot. (b) Western Blot mit Pax2-Reduktion in Foxd2-Knockout-Zellen vs. Wildtyp-
Zellen. (c) Quantitative Analyse der Pax2-Proteinlevel aus dem Western-Blot-Experiment (3
biologische Replikate). =+p < 0,0001. CPM, counts per million (Zahlungen pro Million); FC, fold
change (X-fache Veranderung); NS, nicht signifikant; Rep, Replikat. Aus 7>.

In der 3D-Zellkultur mit Foxd2-Knockouts konnte eine signifikant reduzierte
Tubulusformation im Vergleich zu Wildtyp-Zellen nachgewiesen werden.

5.2.5 Fine-Mapping des mit Albuminurie verkntpften FOXD2-Locus

Um diejenigen Varianten zu identifizieren, welche am starksten mit dem Albuminurie-
Assoziationssignal am FOXD2-Locus aus GWAS-Metaanalysen® verknipft sind,
wurde eine sogenanntes Fine-Mapping von Albuminurie-assoziierten Varianten aus
Teilnehmern der UK Biobank durchgefiihrt (Abbildung 15a).”® Zwei SNPs, rs17453832
und rs1337526, hatten die hdchste Wahrscheinlichkeit ursachlich fir die Verkntpfung
zu sein (Abbildung 15b). Interessanterweise Uberlappt rs17453832 zugangliche
Chromatinbereiche in der Niere nur in Podozyten und hat eine angenommene
Verbindung zum FOXD2-Promotor (Abbildung 15c und d), was dessen Funktion als

regulatorische Variante stitzt.””.’8
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Abbildung 15: (a) Regionaler Assoziationsplot, (b) “Posterior inclusion probability”-Plot (“PIP plot”),
(c) Refseqg-Gen-Umgebung und acht snATAC-Sequenzierungs-Spuren (aus "), (d) ,Podocyte cis-
coaccessibility network” (CCAN) am FOXD2-Locus (1p33). Die Single nucleotide polymorphisms

(SNPs) rs17453832 und rs1337526 hatten die hdchste Wahrscheinlichkeit urséchlich fur die
Verknupfung zwischen Albuminurie und dem FOXD2-Locus zu sein (b). Der SNP rs17453832
Uberlappt zugangliche Chromatinbereiche in der Niere nur in Podozyten und hat eine angenommene
Verbindung zum FOXD2-Promotor (c und d).””"® CDIC, collecting duct intercalated cell
(interkalierende Zelle des Sammeltubulus); CDPC, collecting duct principal cell (Prizipalzelle des
Sammeltubulus); chrl, Chromosom 1; DCT, distal convoluted tubule (distales Tubuluskonvolut); Endo,
endotheliale Zelle; Immune, Immune cell (Immunzelle); LOH, loop of Henle (Henlesche Schleife);

Podo, Podozyt; PT, proximaler Tubulus. Aus 7>.
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5.3 Diskussion und Zusammenfassung

FOXD2 st Teil einer evolutiondr konservierten Gen-Familie, welche fir
Transkriptionsfaktoren kodiert. Verschiedene FOX-Gene wurden bereits mit
monogenen Krankheiten assoziiert. Darunter FOXC1, welches mit dem Axenfeld-
Rieger-Syndrom Typ 3 verknipft ist (OMIM® #602482) und zuletzt auch mit einem
CAKUT-Phanotyp in Verbindung gebracht wurde.8°

Ein Vertreter der ,D“-Gruppe der FOX-Gene wurde jedoch noch nicht mit einer
monogenen Krankheit assoziiert. FOXD2 (FKHL17, FREACY9, MF-2) wird gut in der
Nierenrinde exprimiert.8! Foxd2-Knockout-Mause haben einen CAKUT-Phanotyp
(Nierenhypoplasie, Hydroureter) mit unvollstandiger Penetranz von ca. 40%.%° Foxd2-
RNA ist aullerdem stark in Podozyten angereichert und wurde mit der
Aufrechterhaltung der Podozyten-Integritat verknlpft.82 Weiterhin wurde der FOXD2-
Locus (1p33) in GWAS-Metaanalysen mit Albuminurie assoziiert.® Die Betroffenen in
dieser Arbeit haben alle einen CAKUT-Phanotyp und auch eine (nephrotische)

Proteinurie bzw. es konnte eine FSGS in einer Nierenbiopsie nachgewiesen werden.

Es sollte daher mit dieser Studie gezeigt werden, ob eine FOXD2-Dysfunktion den
Phanotyp der betroffenen Individuen der drei Familien erklaren kénnte. Die generierten
homozygoten Foxd2-Knockout-Mause zeigen einen (milden) CAKUT-Phanotyp mit
reduzierter Penetranz von 33% (Abbildung 12a - c¢). Foxd2 hat eine grolRe
Sequenzhomologie mit Foxdl, und eine (teilweise) Redundanz der beiden kodierten
Transkriptionsfaktoren konnte die verminderte Penetranz erklaren.®®8% Auch die
fazialen Auffalligkeiten bei den betroffenen Individuen (v.a. Retrognathie; Abbildung
10e — h) konnten in homozygoten Foxd2-Knockout-Mausen mittels Kiefervermessung
nachempfunden werden (Abbildung 1la — d). Die Knockout-Mause hatten auch
Verhaltensauffalligkeiten (Hypoaktivitat im ,Open field test®), was zu den
Entwicklungsaufféalligkeiten bei den Betroffenen passen koénnte. All dies ist
Ubereinstimmend damit, dass Foxd2-mRNA in der Niere, fazialen Regionen (u.a.

Kiefer) und Gehirn in Northern-Blot-Experimenten nachgewiesen werden konnte. 8

Die in-vitro-Ergebnisse der RNA-Sequenzierung aus murinen metanephrischen
Nierenzellen (mk4) mit homozygoten Foxd2-Knockout stiitzen die in-vivo-Ergebnisse.

Die Pathway-Analyse zeigte eine Anreicherung von differentiell exprimierten Genen,
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die mit der Entwicklung der Nieren und des Urogenitaltrakts verknipft sind, in
Knockout- vs. Wildtyp-Zellen (Tabelle 4).

Berichtenswerterweise war Pax2 in allen mk4-Klonen signifikant herunterreguliert, wie
auch Pax2-Proteinlevel im Western Blot reduziert waren (Abbildung 14a — c). Eine
PAX2-Haploinsuffizienz ist mit monogenem CAKUT verknipft (Papillorenales
Syndrom, OMIM® #120330). Foxd2 ist wie Pax2 stark im kondensierten Mesenchym
in embryonalen Mausnieren exprimiert.®® Eine regelrechte Pax2-Funktion ist zentral flr
eine Mesenchymal-Epitheliale-Zelltransition: Bei reduzierten Pax2-Proteinleveln kann
im Nierenmesenchym keine epitheliale Zellformation erfolgen.8* Interessanterweise ist
Pax2 auch wichtig, damit sich in der Embryonalentwicklung der Niere eine Grenze
zwischen Nephron und Interstitium bildet. Nephron-Vorlauferzellen ohne Pax2 kdnnen
sich nicht in Nephrone differenzieren und entwickeln sich stattdessen in interstitielle
Zellen.®> Die Foxd2-Knockout-Zellen hatten eine reduzierte Pax2-Expression und
Pax2-Proteinlevel. Dies kdonnte darauf hindeuten, dass eine Foxd2-Dysfunktion zu
vermehrter Bildung von Stroma-Zellen anstatt Nephronen in der Nierenentwicklung
fuhrt. Passend hierzu konnte eine erh6hte Expression des Fibrosemarkers Cytokeratin
8 in Nieren von homozygoten Foxd2-Knockout-Mausen festgestellt werden (Abbildung
13), und in der Nierenbiopsie der Schwester des Index-Individuums aus Familie 2 (lI-
2) fand sich eine FSGS (Abbildung 10i).

Pax2 aktiviert zudem Wnt4 im metanephrischen Mesenchym wahrend der
Nierenentwicklung.8® Dies konnte die reduzierte Wnt4-Expression in Foxd2-Knockout-
Zellen erklaren (Abbildung 14a). Wnt4 spielt ebenfalls eine Rolle bei der
Mesenchymal-Epithelialen-Zelltransition und ist wichtig flir eine Kkorrekte
Tubulogenese.?”88 Es konnte in dieser Arbeit anhand 3D-Zellkultur-Experimenten
tatsachlich gezeigt werden, dass die Tubuologenese in Foxd2-Knockout-Zellen

signifikant gestort ist.

Schlussendlich  konnte ein  Fine-Mapping einen  Podozyten-spezifischen
regulatorischen SNP (rs17453832) am FOXD2-Locus priorisieren, der mit Albuminurie
in der Allgemeinbevdlkerung verknipft ist. Dieser Teil der Arbeit zeigt einmal mehr das
Kontinuum zwischen seltener und haufiger Variation, zwischen monogenen und

multifaktoriellen Phanotypen.

Zusammenfassend konnte mit der Arbeit das Gen FOXD?2 als krankheitsassoziiertes

Gen fur autosomal-rezessives CAKUT etabliert werden. Eine FOXD2-Dysfunktion
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konnte Uber eine Verschiebung der zellularen Identitat von Nephron-Vorlauferzellen
hin zu Stromazellen in der Nierenentwicklung zu CAKUT fuhren. Es ist faszinierend,
dass FOXD2 neben CAKUT im Sinne einer monogenen Krankheit auch mit
Albuminurie in einem multifaktoriellen Kontext verkntpft ist. FOXD2 kénnte daher eine
interessante Zielstruktur sein, um Proteinurie und Nierenfibrose in Zukunft zu

behandeln.
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6.Gibt es einen dominant-negativen Effekt bei
Individuen mit heterozygoten
krankheitsverursachenden Varianten in
COL4A3/COL4A4?

Dieses Kapitel bezieht sich auf die folgende Originalarbeit:

- Riedhammer KM, Simmendinger H, Tasic V, Putnik J, Abazi-Emini N, Stajic N,
Berutti R, Weidenbusch M, Patzer L, Lungu A, Milosevski-Lomic G, Glunthner R,
Braunisch MC, Comié J, Hoefele J. Is there a dominant-negative effect in
individuals with heterozygous disease-causing variants in COL4A3/COL4A4?
Clin Genet. 2024 Apr;105(4):406-414. doi: 10.1111/cge.14471. Epub 2024 Jan
12. PMID: 38214412.

Die Typ-IV-Kollagen-assoziierte Nephropathie ist ein Uberbergriff fir das X-
chromosomale (X-linked AS, XLAS), autosomal-rezessive (ARAS) und autosomal-
dominante Alport-Syndrom (ADAS). ADAS ist durch heterozygote (= monoallelische)
krankheitsverursachende Varianten in den autosomalen AS-Genen COL4A3 und
COL4A4 verursacht. Fruher wurde in diesem Zusammenhang auch der Begriff
,oyndrom der dinnen Basalmembran® (,thin basement membrane nephropathy®)

benutzt, welcher mittlerweile als veraltet angesehen wird.®°

Aber auch der Begriff ADAS fur heterozygote Trager von krankheitsverursachenden
Varianten in COL4A3 und COL4A4 ist umstritten: Furlano et al. haben in einer Studie
2021 argumentiert, jegliche heterozygote Variantentrager in COL4A3/COL4A4 als
ADAS-Betroffene zu bezeichnen, damit Behandlungsindikationen nicht tbersehen
werden.®® Judy Savige hat sich bereits 2018 in einem Editorial skeptischer gezeigt:
Der Begriff ,Alport-Syndrom® beschreibt eine monogene, hochpenetrante Krankheit,
bei dem 90% der am Vollbild Betroffenen mit 40 Jahren einen kompletten
Nierenfunktionsverlust erleiden (XLAS und ARAS). Beim ADAS haben zwar alle
Betroffenen eine Hamaturie, eine dialysepflichtige Niereninsuffizienz entwickeln aber
,hur‘ ca. Va4 der Betroffenen und das auch im Median erst im Alter von lber 50
Jahren.®°1 Hinzu kommt, dass aus Kontrolldatenbanken bekannt ist, dass ca. 1% (!)
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der Bevdlkerung heterozygote krankheitsverursachende Varianten in
COL4A3/COL4A4 tragt, wobei natirlich nicht jeder und jede davon eine

dialysepflichtige Niereninsuffizienz bzw. das Vollbild eines AS entwickelt.8%°2

Ziel dieser Studie war es nun, gerade in Hinblick auf das geringe Wissen bzgl.
Genotyp-Phéanotyp-Korrelationen beim ADAS, eine Kohorte mit autosomalem AS bzgl.

des Genotyps und Phanotyps zu untersuchen.

6.1 Methoden, Studiendesign und -population

Diese retrospektive Studie umfasste 89 Individuen mit krankheitsverursachenden
Varianten in COL4A3 oder COL4A4 aus 38 nicht miteinander verwandten Familien.
Die Rekrutierung fand zwischen Oktober 2015 und Januar 2021 statt und war Teil der
,NephroGen-Studie“ am Institut fir Humangenetik des Klinikums rechts der Isar der
Technischen Universitat Muinchen. Alle eingeschlossenen Individuen wurden
molekulargenetisch getestet, entweder mittels ES (33/89, 37%), NGS-basiertem-Gen-
Panel (14/89, 16%) oder Sanger-Sequenzierung (42/89, 47%; hier aber nur 5/38
Index-Falle, der Rest waren Verwandtentestungen). Der Phanotyp wurde aus
Arztbriefen und anhand eines standardisierten Fragebogens erfasst. Zusatzlich
wurden die eingeschlossenen Individuen und zuweisenden Arzte telefonisch
kontaktiert, um die phanotypischen Informationen sehr genau zu erheben [wie Alter

bei Erstmanifestation (= erstmalige Diagnose) der Mikrohamaturie oder Proteinurie].

Alle 89 Index-Individuen wurden folgenden Krankheitsgruppen nach klinischer
(Verdachts-)diagnose zugeordnet: ARAS, ADAS und (erbliche) FSGS. Weiterhin
wurden die Félle nach Genotyp folgenden Gruppen zugewiesen: (I) Monoallelische
krankheitsverursachende Variante in COL4A3 oder COL4A4; (II) Biallelische
krankheitsverursachende Varianten in COL4A3 oder COL4A4. Innerhalb dieser beiden
Gruppen wurden weiter Untergruppen nach Art der Variante gebildet: (A) Individuen
mit einer monoallelischen nicht-trunkierenden Variante (Missense-Variante, In-frame-
Insertion/-Deletion); (B) Individuen mit einer monoallelischen trunkierenden Variante
(Nonsense-, Frameshift-, kanonische Spleil3-Site-Variante und CNV); (C) Individuen
mit einer biallelischen nicht-trunkierenden Variante; (D) Individuen mit einer nicht-

trunkierenden und einer trunkierenden Variante (compound-heterozygot); (E)
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Individuen mit einer biallelischen trunkierenden Variante (Abbildung 16). Alle Varianten

wurden mit den Kriterien des ACMG und aktuellen Erweiterungen tberpriift,40:63-65

l Study cohort: 89 individuals with > 1 pathogenic/likely pathogenic COL4A3/COL4A4 variant(s) I

I
[ I

I 72 (81%) individuals with monoallelic COL4A3/COL4A4 variant I I 17 (19%) individuals with biallelic* COL4A3/COL4A4 variants I

24 (33%) individuals with 48 (67%) individuals with 5 (29%) individuals with biallelic*
monoallelic truncating monoallelic non-truncating non-truncating
COLA4A3/COL4A4 variant COL4A3/COL4A4 variant COLA4A3/COL4A4 variants

6 (35%) individuals with biallelic
truncating and non-truncating
COL4A3/COL4A4 variants

0 (35%) individuals mit biallelic*
truncating
COL4A3/COL4A4 variants

Abbildung 16: Flussdiagramm der Kohorte. ‘compound-heterozygot oder homozygot. Aus .

Das Alter bei Dialysepflichtigkeit wurde als das Alter bei Beginn der Hamodialyse oder

Peritonealdialyse oder bei praemptiver Nierentransplantation festgesetzt.

Die statistische Auswertung erfolgte mit SPSS® Statistics 23 (IBM®, Deutschland) und

R, Version 4.2.2 (R Foundation for statistical Computing, Osterreich).

6.2 Ergebnisse

Die Studienkohorte bestand aus 89 Individuen aus 38 nicht miteinander verwandten
Familien. 46/89 (52%) Individuen waren weiblich. 84/89 (94%) waren Kaukasier (,Non-
Finnish European®). Eine berichtete Konsanguinitat der Eltern lag bei 5/89 (6%)
Individuen vor. Das mediane Alter bei Datenerhebung war 33 Jahre mit einer
Spannbreite von zwei bis 86 Jahren. 60/89 (67%) Individuen waren =18 alt. 86/89
(97%) Individuen hatten eine positive Familienanamnese.

Nach klinischer (Verdachts-)diagnose wurden 19 Félle als ARAS, 56 Falle als ADAS
und 4 Falle als (erbliche) FSGS eingruppiert. 10/89 (11%) Individuen hatten eine
unauffallige Nierenfunktion und wurden nur wegen eines Kklinisch auffalligen

Verwandten rekrutiert.

Tabelle 5 zeigt klinische Informationen und einen Uberblick tber die Verteilung der
krankheitsverursachenden Varianten auf die verschiedenen in den Methoden
genannten Gruppen.
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Individuals/Variants Total cohort COL4A3 COL4A4

Individuals 89/89 61 (69%) 28 (31%)
Male 43/89 30 (70%) 13 (30%)
Female 46/89 31 (67%) 15 (33%)

Non-Finnish European origin 84/89 57 (68%) 27 (32%)

Consanguinity 5/89 4 (80%) 1(20%)

Positive family history 86/89 60 (70%) 26 (30%)

Zygosity
Monoallelic 72/89 47 (65%) 25(35%)
Biallelic 17/89 14 (82%) 3(18%)

Compound heterozygous 12/17 11 (92%) 1(8%)
Homozygous 5/17 3 (60%) 2 (40%)

Variants
Number of identified variants 106/106 75 (71%) 31(29%)
Number of different variants 42/42 27 (64%) 15 (36%)

Once in cohort 9/42 6 (67%) 3(33%)
Multiple times in cohort 33/42 21 (64%) 12 (36%)

Type of variant

Truncating 42/106 26 (62%) 16 (38%)
Nonsense 19/42 10 (53%) 9 (47%)
Frameshift 7/42 6 (86%) 1(14%)
Canonical splice site variant 13/42 8 (62%) 5(38%)
CNV (multi-exon deletion) 1/42 0 (0%) 1(100%)
Affecting start codon 2/42 2 (100%) 0 (0%)

Non-truncating 64/106 49 (77%) 15 (23%)
Missense 53/64 40 (75%) 13 (25%)
In-frame deletion 4/64 2 (50%) 2 (50%)
In-frame duplication 7/64 7 (100%) 0 (0%)

Tabelle 5: Klinische Informationen und Verteilung der krankheitsverursachenden Varianten in der

Kohorte. CNV, copy number variant (Kopienzahlvariante). Aus 3.

Die genaue Aufteilung nach Phanotypen [Mikrohdmaturie, Proteinurie,
dialysepflichtiges Nierenversagen (end-stage kidney disease, ESKD) und beim AS
typische extrarenale Manifestationen (Augenauffalligkeiten, HoOrstérungen)] zeigen
Tabelle 6 und Abbildung 17.
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(n=289) n=172) (n=48) (n=24) (n=17) (n=5) (n=6) (n=6)

COIL4A3/COL4A4 variant groups

Abbildung 17: Statistische Auswertung nach Genotyp und Phéanotyp [Mikrohdmaturie (Microscopic
hematuria), Proteinurie (Proteinuria), dialysepflichtiges Nierenversagen (ESKD, end-stage kidney
disease) und extrarenale Manifestationen (Extrarenal manifestation; Augenauffalligkeiten,

Horminderung)]. "p < 0,05. n.t., nicht-trunkierend; t., trunkierend. Aus %.

Individuen mit monoallelischen nicht-trunkierenden Varianten hatten eine signifikant
frihere Diagnose einer Mikrohamaturie als solche mit einer monoallelisch
trunkierenden Variante (p = 0,015). Im Alter von 20 Jahren war die Inzidenz der
Mikrohamaturie 55% und 25% jeweils in der nicht-trunkierenden und trunkierenden
Gruppe. Im Alter von 40 Jahren war sie jeweils 79% und 59% und im Alter von 60
Jahren jeweils 96% und 74% (Abbildung 18A). Ein dhnliches Bild zeigte sich bei der
Proteinurie: Individuen mit monoallelischen nicht-trunkierenden Varianten hatten eine
signifikant frihere Diagnose einer Proteinurie als solche mit einer monoallelisch
trunkierenden Variante (p = 0,046). Im Alter von 20 Jahren war die Inzidenz der
Proteinurie 18% und 8% jeweils in der nicht-trunkierenden und trunkierenden Gruppe.

Im Alter von 40 Jahren war sie jeweils 37% und 21% (Abbildung 18B).
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Abbildung 18: Kumulative Inzidenzkurve fir Alter bei Erstdiagnose einer (Mikro-)hamaturie (A) oder

Proteinurie (B), stratifiziert nach monoallelisch nicht-trunkierender (rot) und trunkierender (blau)

krankheitsverursachender Variante. Nach 3.

Fur biallelische Variantentrager mit trunkierenden Varianten zeigte sich ein jingeres

Alter bei Erstdiagnose einer Mikrohdmaturie und Proteinurie im Vergleich zu

Variantentragern mit nicht-trunkierenden Varianten (drei vs. sechs Jahre fur

Mikroh&maturie, p = 0,03; drei vs. neun Jahre fur Proteinurie, p = 0,017; Tabelle 6).

28/89 (31%) Individuen hatten eine berichtete Therapie mit einer RAAS-Blockade

(Renin-Angiotensin-Aldosteron-System-Blockade). 13/72 (18%) Individuen mit einer

monoallelischen und 15/17 (88%) mit einer biallelischen Variante (p<0,001).

Individuen mit einer monoallelischen nicht-trunkierenden Variante hatten eine RAAS-

Blockade in 12/48 (25%) Fallen, Individuen mit einer monoallelischen trunkierenden
Variante in 1/24 (4%) Féallen (p = 0,048).
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6.3 Diskussion und Zusammenfassung

Das Krankheitsspektrum beim AS, welches mit dem Uberbegriff Typ-IV-Kollagen-
assoziierte Nephropathie zusammengefasst wird, beinhaltet neben dem klassischen,
hoch-penetranten AS (ARAS und XLAS) auch ,mildere” Formen wie das ADAS mit
monoallelischen krankheitsverursachenden Varianten in COL4A3/COL4A4.8° Auch in
dieser Studie hatten Individuen mit monoallelischen Varianten in COL4A3/COL4A4
(ADAS) im Vergleich zu solchen mit biallelischen Varianten eine signifikant niedrigere
Haufigkeit von Proteinurie, ESKD und fir das AS typischen extrarenalen
Manifestationen (Augenauffalligkeiten, Hoérminderung; Abbildung 17). AufRRerdem
entwickelten monoallelische Variantentrager signifikant spater im Leben eine
Mikrohamaturie oder Proteinurie im Vergleich zu biallelischen Variantentragern
(Tabelle 6). Die Pravalenz der Mikrohamaturie war Ubrigens nicht signifikant
unterschiedlich zwischen monoallelischen und biallelischen Variantentragern (85% vs.
100%, Tabelle 6). Dies spricht dafur, dass eine Mikroh&maturie das typische Symptom
im gesamten Krankheitsspektrum der Typ-IV-Kollagen-assoziierten Nephropathie ist.

Interessanterweise hatten Individuen mit monoallelischen nicht-trunkierenden
Varianten signifikant haufiger eine Mikrohdmaturie und Proteinurie als solche mit
monoallelischen trunkierenden Varianten (Tabelle 6 und Abbildung 17). AulRerdem
zeigte sich dieser schwerere Phanotyp von monoallelischen nicht-trunkierenden
Variantentragern im Vergleich zu monoallelischen trunkierenden Variantentragern
durch ein signifikant jungeres Alter bei Erstmanifestation (= Erstdiagnose) einer
Mikrohdmaturie und Proteinurie (Abbildung 18). Passenderweise hatten
monoallelische nicht-trunkierende Variantentréager signifikant haufiger eine RAAS-

Blockade im Vergleich zu monoallelischen trunkierenden Variantentragern.

Diese Beobachtung, dass monoallelische nicht-trunkierende Variantentréager einen
schwereren Phanotyp als monoallelische trunkierende Variantentrager haben, ist in
der Literatur beim ADAS fast gar nicht beschrieben. Nur die aktuelle Studie von Solanki
et al. geht darauf in Bezug auf monoallelische COL4A3-Variantentrager ein.®* Furlano
et al. hatten in ihrer ADAS-Studie mit 252 Individuen keine phanotypischen
Unterschiede nach Variantentyp feststellen konnen.° Es ist in diesem Zusammenhang

zu erwahnen, dass 28 von 39 (72%) monoallelischen Missense-Varianten in
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COL4A3/COL4A4 (58% aller nicht-trunkierenden Varianten) die Aminoséure Glycin in
der Triple-Helix-Domane des jeweiligen Gens in stark destabilisierende Aminoséuren
tauschen (Arginin, Glutamat, Aspartat, Valin), welche bekannterweise mit einer

erhohten Mikrohamaturie-Rate verknipft sind.®>%

Zusammenfassend deuten unsere Daten, bei insgesamt kleiner Kohortengrof3e, auf
einen schwereren Phanotyp bei monoallelischen nicht-trunkierenden Variantentragern
im Vergleich zu monoallelischen trunkierenden Variantentragern hin. Dies kdnnte
durch einen dominant-negativen Effekt bedingt sein. Man kennt dieses Phdnomen bei
anderen autosomal-dominanten Kollagen-assoziierten Krankheiten wie z.B. der
Osteogenesis imperfecta (Gene COL1Al und COL1A2), bei der heterozygote
trunkierende Varianten zu einem weniger gravierenden Phanotyp fihren als
destabilisierende heterozygote nicht-trunkierende Glycin-Varianten in der Triple-Helix-
Domane der Typ-1-Kollagene.®” Es ist aber anzumerken, dass ein dominant-negativer
Effekt noch nicht bei ADAS beschrieben wurde und weitere Studien an groR3eren

Kohorten und Laboruntersuchungen diese Beobachtung bestatigen missen.

57



7.Zusammenfassung und Ausblick

Durch die in dieser Arbeit beschriebenen Publikationen konnte die Leistungsfahigkeit

der genomweiten Sequenzierung aufgezeigt werden.

Dies ist zum einen in Bezug auf die klinische Praxis der Nephrologie klar ersichtlich: In
jedem funften Fall mit klinischer Verdachtsdiagnose einer erblichen Nierenkrankheit
fuhrte eine Exom-Sequenzierung zur Reklassifizierung der Diagnose (,Phanokopie“).4!
Dies kann erhebliche Auswirkungen auf Management, Prognose und Therapie einer
Krankheit haben. So hatten wir, kurz nach der Publikation zu Phanokopien, den Fall
eines 38-jahrigen Patienten (ATS-F719-11-2), der seit Uber 30 Jahren die klinische
Verdachtsdiagnose eines AS hatte (HOrminderung, beginnend im Alter von drei
Jahren, mit 27 Jahren nierentransplantiert) = ohne  Nachweis einer
krankheitsverursachenden Variante in den AS-Genen COL4A3, COL4A4 oder
COL4AS. Mittels ES konnten wir eine primare Coenzym-Q10-Defizienz Typ 6 (OMIM®
#614650) diagnostizieren, welche inzwischen durch frihzeitige Coenzym-Q10-
Supplementation im Verlauf verlangsamt werden kann (Reduktion der Proteinurie).%®
Dies hat zwar keine Auswirkung auf den Verlauf der Nierenkrankheit dieses Patienten
mehr (bereits nierentransplantiert), wirft aber ein Schlaglicht darauf, wie wichtig eine —

frihzeitige — genetische Diagnose ist.

AuBerdem wurde das genetisch komplizierte Feld der angeborenen Nieren- und
Harnwegsfehlbildungen (CAKUT) beleuchtet. Wir konnten zeigen, dass gerade bei
beidseitiger Nierenbeteiligung und syndromaler Komponente ein vererbbares CAKUT
vorliegenden kann. Dies ist eine wichtige Erkenntnis fir den Nephrologen, der auf
Grundlage des klinischen Bildes entscheiden muss, ob er einen Patienten in die
Humangenetik Gberweist oder nicht, vor allem wenn es sich um ein Krankheitsbild wie
CAKUT handelt, das mehrheitlich multifaktoriell bedingt ist.¢ Siehe in diesem
Zusammenhang auch das zur beschriebenen Publikation zugehorige Editorial.®

Komplex ist auch das genotypische und phanotypische Spektrum beim Alport-
Syndrom, zusammengefasst als Typ-IV-Kollagen-assoziierte Nephropathie. Gerade
bei heterozygoten (= monoallelischen) Tragern von krankheitsverursachenden
Varianten in den autosomalen AS-Genen COL4A3 und COL4A4, welche mit dem
immer noch umstrittenen Begriff ADAS (autosomal-dominantes Alport-Syndrom)

bezeichnet werden, ist der klinische Verlauf sehr variabel und insgesamt milder als
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beim klassischen Alport-Syndrom (ARAS, XLAS). Unsere Daten deuten darauf hin,
dass bei monoallelischen Variantentragern in COL4A3 und COL4A4 ein dominant-
negativer Effekt vorliegen konnte, der zu einem schwereren Phanotyp bei
monoallelischen nicht-trunkierenden Varianten (wie z.B. Glycin-Missense-Varianten in
der Triple-Helix-Domane der jeweiligen Kollagene) im Vergleich zu monoallelischen
trunkierenden Varianten fuhrt. Diese Erkenntnis, welche wir als mit die Ersten publiziert
haben, ist wichtig in der Beratung und Behandlung von Patienten mit ADAS, z.B. was

deren Prognose und Surveillance angeht.®3

Andererseits zeigte die genomweite Sequenzierung auch Ihren Nutzen in Bezug auf

die Entdeckung und Charakterisierung von neuen krankheitsassoziierten Genen.

So konnte an der bisher groRten Kohorte mit Suleiman-El-Hattab-Syndrom (OMIM®
#618950) das Krankheitshild phanotypisch und genotypisch aufgearbeitet werden.
Diese Arbeit bewies zudem den Nutzen von Multi-Omics, womit das mit dem Suleiman-
El-Hattab-Syndrom verknipfte Gen TASP1 umfassend funktionell untersucht wurde

und als Krankheit mit Histonmethylierungsdefekt kategorisiert werden konnte.50.58

Zudem konnte mit FOXD2 ein neues krankheitsassoziiertes Gen fur autosomal-
rezessives CAKUT beschrieben und funktionell aufgearbeitet werden. FOXD?2 ist ein
in der Nephrologie sehr spannendes Gen/Locus, da es nicht nur im monogenen
Kontext mit CAKUT verknipft ist, sondern auch im multifaktoriellen Kontext mit
Albuminurie, was unsere Publikation zeigen konnte. Damit bestétigt sich, dass die
Genetik eine Schlusselposition einnimmt, um molekulare Zielstrukturen fir zukunftige

Therapien zu identifizieren.”™

Die chronische Niereninsuffizienz hat eine enorme (und zunehmende)
gesundheitspolitische Dimension, mit ca. 850 Millionen betroffenen Menschen
weltweit. Durch GWAS, dem Wissen aus monogenen Krankheiten und
molekulargenetischen Methoden wie dem Single-Cell-Sequencing kann zunehmend
die molekulare Anatomie von Krankheiten und Phanotypen ,seziert* werden.%36 Damit
werden in Zukunft immer prazisere Therapien in der Nephrologie (und natirlich

dartber hinaus) maoglich, in deren Zentrum die genetische Expertise stehen wird.
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Rationale & Objective: Hereditary nephropathies
are clinically and genetically heterogeneous disor-
ders. For some patients, the clinical phenotype
corresponds to a specific hereditary disease but
genetic testing reveals that the expected genotype
is not present (phenocopy). The aim of this study
was to evaluate the spectrum and frequency of
phenocopies identified by using exome sequencing
in a cohort of patients who were clinically sus-
pected to have hereditary kidney disorders.

Study Design: Cross-sectional cohort study.

Setting & Participants: 174 unrelated patients
were recruited for exome sequencing and cate-
gorized into 7 disease groups according to their
clinical presentation. They included autosomal
dominant tubulointerstitial kidney disease, Alport
syndrome, congenital anomalies of the kidney
and urinary tract, ciliopathy, focal segmental
glomerulosclerosis/steroid-resistant ~ nephrotic
syndrome, VACTERL association, and “other.”

Results: A genetic diagnosis (either likely path-
ogenic or pathogenic variant according to the
guidelines of the American College of Medical

sequencing in 52 of 174 (30%) cases. A phe-
nocopy was identified for 10 of the 52 exome
sequencing—solved cases (19%), representing
6% of the total cohort. The most frequent
phenocopies (n=5) were associated with
genetic Alport syndrome presenting clinically as
focal segmental glomerulosclerosis/steroid-
resistant nephrotic syndrome. Strictly targeted
gene panels (<25 kilobases) did not identify any
of the phenocopy cases.

Limitations: The spectrum of described pheno-
copies is small. Selection bias may have altered
the diagnostic yield within disease groups in our
study population. The study cohort was predom-
inantly of non-Finnish European descent, limiting
generalizability. ~ Certain  hereditary  kidney
diseases cannot be diagnosed by using exome
sequencing (eg, MUCT-autosomal dominant
tubulointerstitial kidney disease).

Conclusions: Phenocopies led to the recatego-
rization of disease and altered clinical manage-
ment. This study highlights that exome
sequencing can detect otherwise occult genetic
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Genetics) was established using exome

he clinical and genetic heterogeneity of hereditary
nephropathies is a challenging task." Knowing the
exact genetic cause of a disease is more and more
important with regard to therapy, management, and
prognosis. For example, Alport syndrome (AS) can be

Editorial, p. 451

treated by using angiotensin-converting enzyme (ACE)
inhibition to reduce proteinuria and delay the decline in
kidney function. In a hereditary podocytopathy causing
proteinuria, in turn, rapid kidney transplantation is advised
because ACE inhibition and immunosuppression have little
prospect of lowering proteinuria.””’

The general definition of a “phenocopy” is a phenotype
that cannot be explained by the established genotype but
can be explained by a different genetic variant or by envi-
ronmental factors.” The term comes from linkage studies, in
which a phenocopy refers to an individual who, pheno-
typically, has a disease segregating in a family but does not
have the same established genetic cause (ie, genotype) as
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heterogeneity of kidney diseases.

the other affected family members.” In a broader sense, the
term has been used in a variety of medical specialties to
describe the situation in which a patient has a phenotype
that corresponds to a specific hereditary disease (eg, Hun-
tington disease) without detection of the expected genotype
but with detection of a different genotype (eg, a hex-
anucleotide repeat expansion in C9ORF72 instead of a CAG
repeat expansion in HTT).bflz For this study, this broader
definition of phenocopy is used.

As for nephrology, phenocopies have already been
identified in patients with select hereditary kidney diseases
analyzed by using targeted next-generation sequencing
(NGS) panels or exome sequencing: 10% of a cohort of 70
families with the clinical diagnosis of focal segmental
glomerulosclerosis (FSGS) were found to have segregating
pathogenic variants in the classic AS genes COL4A3 and
COL4A4 and not, as expected, in hereditary FSGS genes.'’
In a large cohort of 300 families encompassing 335 in-
dividuals with a clinical diagnosis of steroid-resistant
nephrotic syndrome (SRNS), phenocopies were identified
in almost 4% of the families. Phenocopies were detected in
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AS genes COL4AS5 and COL4A3 but also in GLA, the gene
associated with Fabry disease, which is amenable to
treatment by enzyme replacement therapy.'"'® Moreover,
in 22% of patients with the clinical diagnosis of autosomal
recessive polycystic kidney disease (ARPKD), pathogenic
variants could be found in genes other than the established
ARPKD gene PKHDI. re Furthermore, pathogenic variants in
nephronophthisis genes (eg, NPHP1, NPHP4, and
TMEM213) can appear clinically like congenital anomalies
of the kidney and urinary tract (CAKUT), when small
cystic kidneys are mistaken for renal hypoplasia/
dysplasia.'”

Exome sequencing, that is, the analysis of the protein-
coding regions of the genome by using NGS, has suc-
cessfully been used in various heterogeneous hereditary
kidney diseases such as SRNS, CAKUT, and hereditary
nephrolithiasis.'"*'”*'® Recently, its utility has also been
shown in an unselected cohort of more than 3,000 adult
patients with chronic kidney disease (CKD), identifying a
monogenic cause in nearly 10% of cases.'”

In this study, we present the spectrum and frequency of
phenocopies identified by using exome sequencing in a
cohort of 174 unrelated index cases who were clinically
suspected to have a hereditary kidney disease.

Methods

Patient Cohort and Phenotype Characterization

Between 2015 and 2018, a total of 174 index cases of
unrelated families was recruited for this study. All 174
index cases carried a tentative clinical diagnosis of a he-
reditary kidney disease or had renal involvement without
overlap with a specific monogenic kidney disease, but met
at least 1 of the following additional criteria: young age at
first manifestation (aged < 18 years), syndromic disease,
familial occurrence, and/or consanguinity. None had a
definitive genetic diagnosis and therefore all 174 index
cases were considered to be genetically unsolved. If prior
genetic analyses were performed, this was done at the
discretion of the referring clinician. Patients were seen by
adult or pediatric nephrologists or human geneticists and
referred to the institute of human genetics at a tertiary care
center. Phenotypes were acquired by using a standardized
questionnaire and review of medical reports. Assignment
to disease groups was based on the tentative clinical
diagnosis (or “other” category if the case did not fit any of
the prespecified hereditary kidney disease groups). Blood
samples were collected after written informed consent
from the patients or their legal guardians. To identify ge-
netic diagnoses for the 174 unsolved index cases, we
examined all of them by exome sequencing. MUCI testing
(to detect a cytosine insertion in the variable number
tandem repeats region of MUC1) was done additionally in
all 3 unsolved autosomal dominant tubulointerstitial kid-
ney disease (ADTKD) cases.

The study was approved by the local Ethics Committee
of the Technical University of Munich and performed
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according to the standard of the Helsinki Declaration of
2013. Written informed consent was obtained from all
participants or their legal guardians.

Exome Sequencing

DNA was extracted from peripheral blood using the Gentra
Puregene Blood Kit (Qiagen) according to the manufac-
turer’s instructions. Exome sequencing was performed
using a Sure Select Human All Exon 60 Mb V6 Kit (Agi-
lent) and a HiSeq4000 (Illumina) or Sure Select Human All
Exon 50 Mb V5 Kit (Agilent) and a HiSeq2500 (Illumina),
as previously described.”” Mitchondrial DNA (mtDNA)
was derived from off-target exome reads as previously
described.”’ Reads were aligned to the human reference
genome (UCSC Genome Browser build hgl9) using
Burrows-Wheeler Aligner (version 0.7.5a). Detection of
single-nucleotide variants and small insertions and de-
letions (indels) was performed with SAMtools (version
0.1.19). ExomeDepth was used for the detection of copy
number variations (CNVs). A noise threshold of 2.5 was
accepted for diagnostic analysis.”” Called CNVs were
visualized by using the Integrative Genomics Viewer
(IGV)*’ to check for sufficient coverage of the inspected
region and plausibility of the CNV. CNVs were compared
with publicly available control databases such as the
Genome Aggregation Database (gnomAD),”" the Database
of Genomic Variants (DGV),”” and databases for patho-
genic CNVs such as DECIPHER”® and ClinVar.”’ Rating was
done according to American College of Medical Genetics
(ACMG) guidelines.”® For the analysis of de novo, autosomal
dominant, and mitochondrial variants, only variants with a
minor allele frequency (MAF) <0.1% in the in-house
database of the Helmholtz Center Munich containing
more than 16,000 exomes were considered. For the
analysis of autosomal recessive and X-linked variants
(homozygous, hemizygous, or putative compound het-
erozygous) variants with an MAF < 1.0% were considered.
Because there are pathogenic alleles in hereditary ne-
phropathies with an MAF > 1.0%, such as the NPHS2
p-Arg229Gln allele (also known as p.R229Q), in unsolved
cases, an additional search for recessive and X-linked var-
iants with an MAF up to 3% was used. The p.Arg229GIn
allele is known to cause SRNS when in trans with specific
3’ NPHS2 variants.””*" Identified variants were compared
with publicly available databases for pathogenic variants
such ClinVar, the Human Gene Mutation Database
(HGMD),”' and the Leiden Open Variation Database
(LOVD).”” Only variants rated as “likely pathogenic” or
“pathogenic” according to the classification of the ACMG
and with a genotype in agreement with the mode of in-
heritance led to the designation “solved case.””***” Patients
with no pathogenic variant, a nonexplanatory genotype, or
with variants classified as benign, likely benign, or of
unknown significance according to ACMG were subse-
quently denoted as “unsolved cases.” Exome sequencing
results were communicated to the patients either by the
referring clinician or as part of genetic counseling.
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Sanger Sequencing and Single-Nucleotide
Polymorphism Array

Segregation analysis of identified variants was performed
by Sanger sequencing or single-nucleotide polymorphism
array, as appropriate. Oligonucleotide primer sequences
are available on request. For single-nucleotide poly-
morphism array, a CytoScanTM 750 K Array (Affymetrix
Inc) with an average space between 2 oligonucleotides of 4
kilobases (kb) was used. Scanning was performed by using
the Affymetrix GeneChip Scanner 3000 7G (resolution,
0.51-2.5 pm). The data analysis was conducted using the
Affymetrix Chromosome Analysis Suite Software (ChAS),
version 3.0, hgl9.

Targeted mtDNA NGS

For analysis of heteroplasmy levels of the mtDNA variant in
different tissues of the mother of index case HN-F542-1I-1,
NGS of the mtDNA was performed (see Item S1). The
entire mtDNA was amplified as a single amplicon using
long-range polymerase chain reaction as previously pub-
lished.” Libraries were prepared using the Nextera XT
DNA Library Preparation Kit (Illumina) and sequenced
using the MiSeq sequencing platform (Illumina) as paired-
ends of 2 x 150 base pairs. Reads were aligned to the
revised Cambridge Reference Sequence (rCRS accession
number NC_012920.1). Variant calling was performed
with the Genome Analysis Toolkit (GATK 3.8).°"

Comparison of Diagnostic Yield of Exome
Sequencing Versus Targeted Gene Panel in
Phenocopy Cases

To compare the diagnostic yields of exome sequencing
versus targeted gene panels in phenocopy cases, we
retrospectively chose a commercial panel of a size <25 kb
(billable panel size in the German statutory health insur-
ance system) covering the genes associated with the
tentative clinical diagnosis (between 6 and 10 genes) and 1
comprehensive hereditary kidney disease panel (272
genes). See Table S3 for genes included in the different
panels and the provider of the panels.

Statistical Analysis and Graphical Visualization
Descriptive statistics are displayed as median and inter-
quartile range. Statistical analyses were performed using
IBM SPSS Statistics 23 and R, version 3.5.2, software (R
Foundation for Statistical Computing). Plots were gener-
ated with R version 3.5.2 software.

Results

Identification of a Monogenic Cause

The study cohort consisted of 174 index cases (53% male
and 47% female) of unrelated families who carried
tentative clinical diagnoses of a specific hereditary ne-
phropathy or criteria pointing toward a hereditary ne-
phropathy (see Methods), including FSGS/SRNS (28% of
cases), AS (20%), CAKUT (17%), ciliopathies (11%), and
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ADTKD (3%). Five percent of cases were diagnosed with
VACTERL association (V, vertebral anomalies; A, anorectal
malformations; C, cardiovascular anomalies; T, trache-
oesophageal fistula; E, esophageal atresia; R, renal and/or
radial anomalies; L, limb defects). Disorders not fitting in
the mentioned disease groups were assigned to the group
“other” (eg, tubulopathies, atypical hemolytic uremic
syndrome, childhood-/adolescence-onset glomerulone-
phritis, complex syndromes involving the kidney; 16% of
cases; Fig 1). Of the 174 index cases, 133 (76%) were of
non-Finnish European descent and 69 (40%) had a posi-
tive family history.

Exome sequencing established a genetic diagnosis in 52
of 174 individuals, making its diagnostic yield 30% in the
overall cohort, with some variability across groups defined
by tentative clinical diagnoses (50% in ADTKD [n = 6],
47% in AS [n = 34] and ciliopathy group [n = 19], 27% in
CAKUT [n=30], 16% in FSGS/SRNS [n = 49], and 30%
in the other group [n=27]). None of the 9 VACTERL
cases could be solved by exome sequencing (Fig 2). See
Table 1 for an overview of the cohort.

Detection of Phenocopies

In the overall cohort, 10 of 174 (6%) cases could be
identified as phenocopies, which corresponds to 1 phe-
nocopy per every fifth exome sequencing—solved case
(19%; 10/52). Three phenocopies were genetically
proven FSGS/SRNS that clinically presented as AS. Two
phenocopies were genetically proven AS that presented
clinically as FSGS/SRNS. One phenocopy was genetically
proven AS displaying clinical features of immunoglobulin
A (IgA) nephropathy. In another phenocopy, kidney bi-
opsy alluded to a presumed clinical diagnosis of collagen
type IV disease, which turned out to be Dent disease on
genetic testing. One patient was clinically categorized to
have ciliopathy, but genetic testing revealed chromosome
17q12 deletion syndrome involving the CAKUT gene
HNF1B. The remaining 2 phenocopies presented clinically
as tubulopathies; however, the genetic diagnoses were
disparate from the typical genetic causes of tubulopathies.
One was determined to be a mitochondriopathy (homo-
plasmic variant m.616T>C in MT-TF) and the other, a
prohormone processing defect with compound heterozy-
gous missense variants in the gene PCSK1. See Table 2 for a
complete account of phenocopies and Item SI1 of
phenocopies.

Examination of Targeted NGS Panels for
Identifying Phenocopies

Strictly targeted NGS panels (<25 kb; Table S3) could not
have identified any of the phenocopy cases that had a
tentative clinical diagnosis of a monogenic disease. In
contrast, a comprehensive hereditary kidney disease panel
(272 genes; Table S3) could have identified 8 of 10 (80%)
phenocopies, but it would have missed cases HN-F46-II-1
(PCSK1) and HN-F542-II-1 (MT-TF) and the second
monogenic disease (ADA2) in HN-F56-1I-1.
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Ciliopathy
11%
(n=19)

Figure 1. Overview of clinical disease groups of
the study cohort with presumed hereditary kidney
diseases (n = 174 unrelated index cases). Abbrevi-
ations: ADTKD, autosomal dominant tubulointersi-
titial kidney disease; AS, Alport syndrome;
CAKUT, congenital anomalies of the kidney and
urinary tract; FSGS, focal segmental glomerulo-
sclerosis; SRNS, steroid-resistant nephrotic syn-
drome; VACTERL association: V, vertebral
anomalies; A, anorectal malformations; C, cardio-
vascular anomalies; T, tracheoesophageal fistula;
E, esophageal atresia; R, renal (kidney) and/or
radial anomalies; L, limb defects. See Tables 2,
S1, and S2 for a list of all cases.

Discussion

This study illustrates the spectrum of phenocopies in a
cohort of 174 index patients with a clinically presumed
hereditary nephropathy. A monogenic disease could be
diagnosed in 30% of cases, with every fifth case (19%)
being a phenocopy. Previous reports on phenocopies come
from cohorts or families with select disease groups such as
AS, CAKUT, or cﬂiopathies.13’”’“”37 37 A recent study of
114 families with 138 adults (median age, 48 years) with
CKD analyzed by using exome sequencing showed that in
21% of exome sequencing—solved cases, genetic analysis
could “correct” the clinical diagnosis. Furthermore, in
another study of 92 adults (all >18 years) with CKD,
exome sequencing could “reclassify” the clinical diagnosis
in 27% of cases.””*' In contrast to the mentioned studies,
the present study is not restricted to adult patients (median
age, 19 years; interquartile range, 7.0-35.0) and it does
not focus on a single disease group. It illustrates the
spectrum of phenocopies in major hereditary kidney dis-
orders such as AS, FSGS/SRNS, CAKUT, ciliopathies, and
tubulopathies.*” Additionally, the present study is strictly
centered on phenocopies, that is, tentative clinical diag-
nosis of a specific disease turning out not to be caused by
the expected genotype. In the study by Connaughton
et al,”’ in some cases unspecific clinical diagnoses such as
chronic glomerulonephritis led to the designation “cor-
rected clinical diagnosis” if exome sequencing established
a causative genotype.

As expected, “typical” phenocopies could be detected in
this cohort. FSGS is an unspecific histologic phenotype
shared by many kidney diseases, including hereditary ne-
phropathies.””*’ Therefore, it is not surprising that a
genetically confirmed diagnosis of AS can present clinically
as FSGS, especially if kidney biopsy is done late in the
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16%
(n=27)

FSGS/SRNS
28%
(n=49)

VACTERL
5%
(n=9)

course of the disease (cases ATS-F9-II-1 and ATS-F261-II-
1: kidney biopsy at ages 29 and 32 years, respectively).
However, case ATS-F29-III-1 highlights that AS may only
produce the histologic phenotype of minimal change
disease, which in conjunction with the clinical phenotype
of proteinuria may lead to the suspicion of hereditary
FSGS. An unusual feature of this case is that the AS genes
COL4A3, COL4A4, and COL4A5 had been tested in the pa-
tient at 12 years of age by Sanger sequencing with a false-
negative result. Further demonstrating the clinical vari-
ability of AS, case ATS-F486-1I-1 presented clinically as IgA
nephropathy at a very early age. For this case, the patient
was only 3 years of age at initial presentation and therefore
kidney biopsy was not done. The expected outcome of
exome sequencing was that no causative genotype could
be established because IgA nephropathy is not a mono-
genic disease. Nevertheless, exome sequencing identified a
hemizygous frameshift variant in COL4AS. The deleterious
nature of the frameshift variant could explain the
clinical course in this patient with intermittent macro-
scopic hematuria because loss-of-function variants are
known to cause a more severe phenotype than missense
variants."*

In HN-F56-1I-1, the histologic findings were
misleading, pointing toward a collagen type IV disease.
Exome sequencing revealed a hemizygous nonsense
variant in CLCNS, the gene associated with Dent disease,
which is a tubulopathy. No clinically relevant variants
could be detected in the AS genes COL4A3, COL4A4, or
COL4AS. Judging from the clinical presentation (micro-
scopic hematuria, proteinuria, hypercalciuria, and neph-
rocalcinosis), which is typical for Dent disease, the result
of the kidney biopsy probably shifted the focus of the
clinician. Of note, in this case another monogenic disease
could be identified by exome sequencing: a hereditary
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Figure 2. Diagnostic yield of respective disease groups. Abbreviations: ADTKD, autosomal dominant tubulointerstitial kidney dis-
ease; AS, Alport syndrome; CAKUT, congenital anomalies of the kidney and urinary tract; FSGS, focal segmental glomerulosclerosis;
SRNS, steroid-resistant nephrotic syndrome; VACTERL association: V, vertebral anomalies; A, anorectal malformations; C, cardio-
vascular anomalies; T, tracheoesophageal fistula; E, esophageal atresia; R, renal (kidney) and/or radial anomalies; L, limb defects.
Solved cases are cases for which exome sequencing identified a genetic diagnosis. Phenocopies are cases for which exome
sequencing—derived genetic diagnosis differs from the presumed clinical diagnosis. Solved cases are divided into “Solved—Non-Phe-
nocopy” (dark blue) and “Solved—Phenocopy” (light blue). Fractions are given in percent. The diagnostic yield of exome sequencing

in the total cohort (n = 174 index cases) was 30%.

form of childhood-onset polyarteritis nodosa, called ADA2
deficiency (compound heterozygous missense variants in
ADA2).>°

As mentioned, AS phenocopying FSGS has been
frequently described in the literature.'” This study shows
the reverse case (HN-F203-II-2) of a family clinically
diagnosed with AS with no disease-causing variant iden-
tified in COL4A3-5 and MYH9 (Sanger sequencing per-
formed in the index at the age of 21 years) in which
exome sequencing could detect a likely pathogenic ho-
mozygous missense variant in MYOIE segregating in all 3
affected siblings. The index was diagnosed in 1986 with
AS by kidney biopsy at 3 years of age. MYOIE was first
published in 2011 as a monogenic FSGS gene and genetic
diagnosis was made in 2017 in the index case at the age of
34 years.”” This case shows that repeat genetic testing is
warranted in families with high probability of a genetic
disorder because knowledge on disease-causing genes is
ever evolving.

A further previously reported phenocopy in the field of
hereditary nephropathies is CAKUT mimicking cil-
iopatthiesf*6 In this cohort, there was 1 case (HN-F13-II-1)
with hyperechogenic kidneys on prenatal ultrasound sug-
gesting a clinical diagnosis of ARPKD but the genetic
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diagnosis was chromosome 17q12 deletion syndrome
comprising the CAKUT gene HNF1B. Because this child was
analyzed using exome sequencing in the first months of
life, other potential extrarenal features of 17q12 deletion
syndrome (developmental delay and maturity-onset dia-
betes of the young) were not recognizable yet."’

Case HN-F46-II-1 initially had a tubulopathy phenotype
manifesting after birth, pointing toward a clinical diag-
nosis of distal renal tubular acidosis. Exome sequencing
could identify compound heterozygous likely pathogenic
missense variants in PCSK1, a gene associated with the
monogenic disease “obesity with impaired prohormone
processing” [MIM 600955]. An elevated proinsulin to
insulin ratio supported the pathogenicity of the variants.
Furthermore, the patient developed diabetes insipidus and
hyperphagia, which is also part of the phenotypic spec-
trum of PCSKl-associated disease.”® This underpins that
constant phenotyping can help overcome the problem of
phenocopies in hereditary nephropathies if comprehensive
genetic analyses such as exome sequencing are not avail-
able to the clinician.

Finally, case HN-F542-II-1 sheds light on the huge
phenotypic variability of mitochondriopathies. Renal
phenotypes have been associated with both nuclear and
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Table 1. Overview of the Study Cohort

AS ADTKD CAKUT Ciliopathy FSGS/SRNS VACTERL Other Total
No. of index 34/174 6/174 30/174 19/174 49/174 9/174 27/174 174
cases (20%) (8%) (17%) (11%) (28%) (5%) (16%)
Male sex 20/34 3/6 19/30 7/19 25/49 5/9 14/27 93/174

(59%) (50%) (63%) (37%) (51%) (56%) (52%) (53%)
Positive family 18/34 5/6 9/30 8/19 19/49 0/9 10/27 69/174
history (53%) (83%) (30%) (42%) (39%) (0%) (37%) (40%)
Reported 0/34 0/6 2/30 2/19 5/49 0/9 1/27 10/174
consanguinity (0%) (0%) (7%) (11%) (10%) (0%) (4%) (6%)?
Age at genetic 15 53 6 9 31 10 24 19
testing, y [8.0-26.0] [47.0-65.0] [0.1-25.0] [0.8-19.0] [19.0-42.0] [1.0-12.5] [7.0-37.0] [7.0-35.0]
Diagnostic 16/34 3/6 8/30 9/19 8/49 0/9 8/27 52/174
yield (47%) (50%) (27%) (47%) (16%) (0%) (80%) (30%)
No. of 3/34 0/6 0/30 1/19 3/49 0/9 3/27 10/174
phenocopies (9%) (0%) (0%) (5%) (6%) (0%) (11%) (6%)

Note: Solved cases (the diagnostic yield) are cases for which exome sequencing identified a genetic diagnosis. Phenocopies are cases for which exome
sequencing—derived genetic diagnosis differs from the presumed clinical diagnosis. Prenatal manifestations and diagnoses were set to age “0.” Age at exome sequencing
was used as timepoint for age at genetic testing (equal to age at genetic diagnosis in solved cases). See Tables 2, S1, and S2 for a list of all cases. Unless otherwise

indicated, values given as n/N (percentage) or median [interquartile range].

Abbreviations: ADTKD, autosomal dominant tubulointerstitial kidney disease; AS, Alport syndrome; CAKUT, congenital anomalies of the kidney and urinary tract; FSGS,
focal segmental glomerulosclerosis; SRNS, steroid-resistant nephrotic syndrome; VACTERL association: V, vertebral anomalies; A, anorectal malformations; C, cardio-
vascular anomalies; T, tracheoesophageal fistula; E, esophageal atresia; R, renal (kidney) and/or radial anomalies; L, limb defects.
#All 10 index patients from consanguineous families also had other affected relatives.

mtDNA-encoded genes, among them FSGS in MELAS
(mitochondrial  encephalomyopathy, lactic acidosis,
stroke-like episodes) syndrome and primary coenzyme
Q10 deficiency (genmes COQ2, COQ6, and COQ8B)."” **
Moreover, tubular defects can be observed frequently in
mitochondriopathies.”” Case HN-F542-I-1 initially pre-
sented with renal salt wasting and seizures progressing to
epileptic encephalopathy and CKD. Exome sequencing
(mtDNA included) could identify the homoplasmic MT-TF
variant m.616T>C (which affects the transfer RNA specific
for phenylalanine), which was previously reported in
families with epilepsy and kidney failure.”'*>*

Of course, when discussing phenocopies, one must
acknowledge that clinical tentative diagnoses are made at a
certain point in time and may change as disease and
diagnostic capabilities develop (as reflected by cases HN-
F13-II-1 and HN-F46-II-1 and discussed in the preceding).

The recategorization of disease due to phenocopies has
several clinical implications. First, there may be different
clinical management, for example, in AS (ACE inhibition
to reduce proteinuria) versus FSGS/SRNS (rapid trans-
plantation if nephrotic syndrome develops) or the focus on
hormone supplementation in PCSKl-associated dis-
ease.”>*® Second, reproductive choices may be altered if,
at 34 years of age, an autosomal recessive instead of a
potentially X-linked disease is genetically diagnosed
(MYO1E-associated FSGS vs X-linked AS). Third, different
genetic counseling may be warranted, for example in a
tubulopathy due to an mtDNA-encoded variant versus an
autosomal variant. Fourth, the recategorization may imply
a different clinical course (chromosome 17q12 deletion
syndrome vs ARPKD).***’

Another important finding of this study is that strictly
targeted gene panels (<25 kb) would not have been able to
identify any of the phenocopies. This underlines the
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importance of comprehensive testing in genetically het-
erogeneous disorders, at least if narrow panel diagnostics
do not yield a positive result.

Albeit the intention of this study was to highlight the
spectrum of phenocopies in hereditary nephropathies, the
small number of only 10 phenocopies and the heteroge-
neity of disease groups covered poses a limitation as to the
generalization of the findings. Additionally, the cohort is
predominantly of non-Finnish European descent (76%),
which also reduces the transferability of results for other
ethnicities.”” Moreover, the diagnostic yield of the different
disease groups in this study differs in part from published
data. NGS panels in patients with AS report diagnostic
yields > 80%, whereas the yield in this study is only 47%."°
This may be due to the many “milder” clinical phenotypes
of isolated microscopic hematuria and thin basement
membrane nephropathy in the unsolved cases (13/18;
72%). Selection bias can also be assumed in CAKUT cases in
which the present yield (27%) is about twice as high as
previously reported.'” The median age at genetic testing of
31 years in the FSGS/SRNS group explains the diagnostic
yield of 16%, which is in line with lower yields in adult
patients with FSGS in 1 study (22%) compared with pe-
diatric/adolescent patients with SRNS in another study
(29.5%).'"*”">” However, this highlights the presence of
hereditary FSGS cases in adult patients and warrants further
research. Concerning the 47% diagnostic yield in the cili-
opathy group, this is a lower yield than reported in an
exome sequencing study on nephronophthisis-related cil-
iopathies in 79 families (63%). However, in 76% of
these families, parents were consanguineous, explaining
the high yield of autosomal-recessive nephronophthisis in
that cohort.”® In our cohort, only 10% (Table 1) of index
cases derive from consanguineous families. Furthermore,
our ciliopathy cohort features 5 clinically suspected
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Table 2. Summary of Identified Phenocopies

Age at First
Index Manifestation;
Case Phenotype; Previous Genetic Zygosity/
(Sex) Disease Group® Clinical Dx® Genetic Tests® Diagnosis* Variant® MAF*  ClinVar Rating® ACMG Rating” Heteroplasmy Inheritance
ATS- FSGS/SRNS  26y; nephrotic  — AS, autosomal COL4A3 Compound Mother &
Fo-ll-1 (FSGS) proteinuria; Dx by recessive (NM_000091.4): het father
(M) kidney Bx at 29 y (203780) at 32y * c.2126-1G>C o — e * PVS1/PM2/
p.(?) PP3
* c.4421T>C » 0.003 « 1x pathogenic, * PS4 (in trans
p.(Leu1474Pro) 4% VUS with pathogenic
variants)/PM1/
PM3/PP3
ATS- FSGS/SRNS  3y; proteinuria, COL4AS3, AS, autosomal COL4A3 Compound Mother &
F29o-Ill- (MCD) hematuria; Dx by COL4A4, recessive (NM_000091.4): het father
1 (F) kidney Bx at 12y COL4A5 (203780) at 21y * c.1831G>A ¢ — o * PS4//PM1/PM2
p.(Gly611Arg)
* c.4421T>C * 0.003  1x pathogenic, * PS4 (in trans
p.(Leu1474Pro) 4x VUS with pathogenic
variants)/PM1/
PM3/PP3
ATS- FSGS/SRNS 5y; hematuria & — AS, X-linked COL4A5 — — PVS1/PM2 Het ub
F261- (FSGS) proteinuria; Dx by (301050) at 42 y (NM_000495.4):
II-1 (F) kidney Bx at 32 y c.645+1G>T
(p.(?)
HN-  Ciliopathy Prenatal; — 17912 deletion 1.2 Mb deletion — Overlapping &  Pathogenic Het Mother
F13-I- (ARPKD) hyperechogenic syndrome Chr17q12 similarly sized
1 (F) kidneys on US, Dx (614527) at 4 mo (comprising CNVs rated as
at same time HNF1B)* pathogenic
HN-  AS (AS & 4 &15y; PMP22, MPZ, FSGS, 5 INF2 — —° PM1/PM2/ Het ub
F20-1l- sensorimotor  neuropathy & COLA4A3, (613237); CMT  (NM_022489.3): PM4
1 (M) neuropathy) proteinuria/ COL4A4, disease, dominant c.224_256del
sensorineural COL4A5, WT1, intermediate E p.(Asp75_Ser85del)
deafness, NPHS2 (614455) at 26 y
respectively; Dx at
first respective
manifestation
HN-  AS (collagen 4 y; microscopic — Dent disease' CLCN5 — Pathogenic PVS1/PM2/ Hemi Mother
F56-I- type IV disease) hematuria, (300009) at 5y (NM_000084.4): PP3
1 (M) proteinuria, c.292C>T
hypercalciuria, p-(Arg28*)
nephrocalcinosis;
Dx by kidney Bx at
4y
HN-  AS 2 y; microscopic COL4AS3, FSGS, 6 MYO1E — — PM1/PM2/ Homo Mother &
F203- hematuria; Dx by COL4A4, (614131) at 34 y (NM_004998.3): PP1/PP3 father
1I-2 (F) kidney Bx at 3y COL4AS5, c.2060T>C
MYH9 p.(Leu687Ser)

(Continued)
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> Table 2 (Cont'd). Summary of Identified Phenocopies
é Age at First
s Index Manifestation;
. Case Phenotype; Previous Genetic Zygosity/
2 (Sex) Disease Group® Clinical Dx° Genetic Tests® Diagnosis* Variant® MAF" ClinVar Rating? ACMG Rating" Heteroplasmy Inheritance
@ HN- Other (dRTA) 3 wk; ATP5V0A4, Obesity w/ PCSK1 Compound Mother &
> F46-II- hyperchloremic ~ ATP6V1B1, impaired (NM_000439.4): het father
@) 1 (F) acidosis, CA2, SLC4A1, prohormone * c.1346T>C R * PM17/PM2/
g hypercalciuria, SLC4A4, processing p.(Leu449Pro) PP3/PP4"
S nephrocalcinosis; VIPAS39, (600955) at 2y + c.1688C>G -« — o « PM1m/PM2/
o Dx at same time VPS335, p.(Pro563Arg) PP3/PP4"
N OCRL
° ATS-  Other (IgAN) 3y; microscopic — AS, X-linked COL4A5 — — PVS1/PM2 Hemi Mother
F486- hematuria w/ (301050) at 9y (NM_000495.4):
II-1 (M) intermittent c.225delA
infection- p.(Gly76Leufs*79)
associated
macroscopic
hematuria; Dx at
same time
HN-  Other 3y; seizure & renal Mitochondriopathy Maternally MT-TF — Pathogenic® — Homoplasmic Mother
F542- (Rasmussen salt wasting; Dx at panel inherited epilepsy (NC_012920.1): in blood &
II-1 (F) encephalopathy same time w/ m.616T>C urine
w/ tubulopathy & tubulointerstitial
CKD) kidney disease (-)

at4y

Note: Solved cases are those for which exome sequencing identified a genetic diagnosis. Phenocopies are cases for which exome sequencing—derived genetic diagnosis differs from the presumed clinical diagnosis. See ltem S1 for
further clinical details.

Abbreviations: AS, Alport syndrome; ARPKD, autosomal recessive polycystic kidney disease; Bx, biopsy; CAKUT, congenital anomalies of the kidney and urinary tract; CKD, chronic kidney disease; CMT, Charcot-Marie-Tooth; CNV,
copy number variant; dRTA, distal renal tubular acidosis; Dx, diagnosis; F, female; FSGS, focal segmental glomerulosclerosis; hemi, hemizygous; het, heterozygous; homo, homozygous; IgAN, immunoglobulin A nephropathy; M, male;
MAF, minor allele frequency; MCD, minimal change disease; MIM, Mendelian Inheritance in Man; SRNS, steroid-resistant nephrotic syndrome; UD, undetermined; US, ultrasound; VUS, variant of unknown significance.

“Based on clinical (tentative) diagnosis.

PIncludes first manifestation (with age) and core phenotype, with age at clinical diagnosis.

°In all cases, genetic test results were inconspicuous.

IMIM (https://www.omim.org/) phenotype number provided in parentheses.

°Genbank accession number for reference sequence of transcript provided in parentheses after gene name.

‘Based on Genome aggregation database (https://gnomad.broadinstitute.org/).

9Based on https://www.ncbi.nlm.nih.gov/clinvar/.

"See Richards et al*® and Kearney et al.%® In general PVS1 indicates a very strong level of pathogenicity, PS designations indicate strong evidence of pathogenicity, PM designations indicate a moderate level of pathogenicity, and PP
designations indicate supporting evidence of pathogenicity.

'Not listed.

‘Moderate.

“Corresponding to g.34842543-36104875 of chromosome 17 in the reference sequence hg19.

'A second monogenic disease was diagnosed in the patient: compound heterozygous missense variants in ADA2: NM_017424.2:c.140G>C (p.(G47A)) and ¢.752C>T (p.(P251L)), which corresponds to a genetic diagnosis of
“Polyarteritis nodosa, childhood-onset” (MIM number 615688). We previously published this case.*®

"Supporting.

"Strong (rated as strong because of highly specific phenotype consisting of hyperphagia, diabetes insipidus and elevated proinsulin/insulin ratio in blood).

°Also rated pathogenic on MITOMAP (https://mitomap.org//cgi-bin/search_allele?starting=616).
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autosomal-dominant polycystic kidney disease cases.
Detection of pathogenic variants in the major autosomal-
dominant polycystic kidney disease gene PKD1 is limited
in exome sequencing.’” This study also features 9 VACTERL
cases. There is a known association of CAKUT with
VACTERL(-like) phenotypes and numerous monogenic
syndromes can clinically present as VACTERL (eg, Townes-
Brocks syndrome or Baller Gerold syndrome).” VACTERL
is a term describing the nonrandom co-occurrence of
several congenital anomalies and involves heterogeneous
causes that can be both multifactorial and monogenic.
Therefore, diagnostic yield from cohorts with phenotypes
including VACTERL characteristics is low (14% in one
publication).®"*°* In this cohort of only 9 patients with
VACTERL, none could be genetically solved. With regard to
ADTKD, exome sequencing cannot determine the complete
diagnostic yield because one major cause for ADTKD,
MUC]1-related ADTKD, cannot be diagnosed using NGS.“’
All 3 solved cases were UMOD-related ADTKD and MUCI1-
related ADTKD was tested for before exome sequencing
was done in all unsolved cases.

In this cohort of patients with clinically presumed he-
reditary kidney diseases, 19% of solved cases were initially
clinically misdiagnosed because of phenocopies. Despite
the small number of 10 identified phenocopies, it is
noteworthy that exome sequencing can help unravel the
broad genetic heterogeneity of hereditary nephropathies. A
correct genetic diagnosis has implications on clinical
management, genetic counseling, and prognosis.
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Iltem S1: Supplementary case reports of phenocopy cases.
Supplementary File 2 (XLSX)

Table S1: List of solved nonphenocopy cases.
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between exome sequencing and targeted NGS.
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Abstract

Background: TASP1 encodes an endopeptidase activating histone methyltransferases of the KMT2 family. Homozygous loss-of-function
variants in TASP1 have recently been associated with Suleiman-El-Hattab syndrome. We report six individuals with Suleiman-EI-
Hattab syndrome and provide functional characterization of this novel histone modification disorder in a multi-omics approach.
Methods: Chromosomal microarray/exome sequencing in all individuals. Western blotting from fibroblasts in two individuals. RNA
sequencing and proteomics from fibroblasts in one individual. Methylome analysis from blood in two individuals. Knock-out of
taspl orthologue in zebrafish and phenotyping. Results: All individuals had biallelic TASP1 loss-of-function variants and a phenotype
including developmental delay, multiple congenital anomalies (including cardiovascular and posterior fossa malformations), a distinct
facial appearance and happy demeanor. Western blot revealed absence of TASP1. RNA sequencing/proteomics showed HOX gene
downregulation (HOXA4, HOXA7, HOXA1 and HOXB2) and dysregulation of transcription factor TFIIA. A distinct methylation profile
intermediate between control and Kabuki syndrome (KMT2D) profiles could be produced. Zebrafish tasp1 knock-out revealed smaller
head size and abnormal cranial cartilage formation in tasp1 crispants. Conclusion: This work further delineates Suleiman-El-Hattab
syndrome, a recognizable neurodevelopmental syndrome. Possible downstream mechanisms of TASP1 deficiency include perturbed
HOX gene expression and dysregulated TFIIA complex. Methylation pattern suggests that Suleiman-El-Hattab syndrome can be
categorized into the group of histone modification disorders including Wiedemann-Steiner and Kabuki syndrome.

Introduction :
TASP1 encodes taspase 1 (threonine aspartase 1,

Homozygous loss-of-function variants in TASP1 (MIM  TASP1). This enzyme functions as a heterodimeric
*608270) have recently been associated with an auto-  endopeptidase activating various nuclear factors, includ-
somal recessive syndrome featuring developmental  ing histone methyltransferases of the evolutionarily
delay, happy demeanor, distinctive facial features and conserved KMT2 family of proteins like KMT2A and
congenital anomalies (1). It has been termed ‘Suleiman- KMT2B, which are part of the epigenetic machinery
El-Hattab syndrome’ (MIM #618950). (2). Epigenetic marks are modifications of DNA (e.g.
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methylation of cytosine nucleotides) or histone tails
influencing transcriptional activity of genes without
altering the DNA sequence itself (3). Because of this
central role in regulation of transcriptional activity,
it is not surprising that variation in genes of the
epigenetic machinery can result in Mendelian disorders.
Haploinsufficiency of KMT2A has been associated
with Wiedemann-Steiner syndrome [MIM #605130;
(4)]. Haploinsufficiency of KMT2B has been associated
with complex childhood-onset dystonia [MIM #617284;
(5)]. Another member of the evolutionary conserved
KMT?2 family of histone methyltransferases is KMT2D.
Haploinsufficiency of KMT2D has been associated with
Kabuki syndrome 1 [MIM #147920; (6)].

To date, Suleiman-El-Hattab syndrome has been
described in four individuals. We present here six individ-
uals with Suleiman-El-Hattab syndrome including three
unreported individuals and three previously reported
individuals with updated phenotypic information.
We further delineate the phenotypic and genotypic
spectrum of this recently described syndrome, and
additionally present both in vitro and in vivo functional
work showing the consequences of biallelic TASP1 loss-
of-function variants.

Results
Phenotypic characteristics

We present six individuals from five unrelated families
with Suleiman-El-Hattab syndrome with biallelic puta-
tive loss-of-function variants in TASP1.

The six individuals were between 9 months and
10 years old. All had a neurodevelopmental phenotype
featuring developmental delay with severe speech delay
(older individuals remained non-verbal or only said few
words) and motor delay (walking between ages two and
four), hypotonia and microcephaly. Feeding difficulties
were observed in all and most had failure to thrive. Happy
demeanor was a common finding.

In terms of facial appearance, typical facial dysmor-
phies included thick and arched eyebrows, thick eyelids,
periorbital fullness, synophrys, epicanthus, a broad nasal
bridge, a wide mouth with a long smooth philtrum and
a thin upper and thick lower lip, low-set and dysplastic
ears and a preauricular skin tag (Fig. 1A, B, E, G, and I).

Congenital anomalies were common including brain
malformations (especially posterior fossa malforma-
tions; Fig. 2), cardiovascular malformations (ventricular
and atrial septal defects and tetralogy of Fallot), limb
and skeletal deformities and cryptorchidism in males.
Hirsutism and recurrent respiratory infections were also
commonly observed.

Table 1 summarizes the phenotypic characteristics of
the cohort and detailed clinical descriptions can be found
in the Supplementary case reports.

The DeepGestalt algorithm could establish a distinct
facial gestalt for Suleiman-El-Hattab syndrome [Fig. 1K;
(7)]. The descriptor of photos of individuals genetically

diagnosed with Suleiman-El-Hattab syndrome is distinct
from all other descriptors of syndromes in the dataset
(300+) achieving an area under the curve of 0.975 (95%
confidence interval 88-93%).

Genotypic characteristics

Chromosomal microarray (CMA) in individual 1 revealed
a homozygous deletion at 20p12.1 with a minimum dele-
tion boundary of chr20:g.13463860-13532560 (hgl9).
This deletion encompasses part of TASPI1. Breakpoint
mapping revealed that this deletion is 149.4 kb in size
spanning chr20:g.13448380-13597783 and includes
exons 5-11 of TASP1 [NM_017714.3; (1)]. CMA in indi-
vidual 2, brother of individual 1, revealed the same
deletion in a homozygous state. CMA in individual 3
revealed a homozygous deletion at 20p21.2 with a mini-
mum deletion boundary of ch20:g.13447411-13 606 048.
Breakpoint mapping revealed the same boundaries as
in individual 1 (chr20:g.13 448 380-13 597 783), including
exons 5-11 of TASP1. CMA in individual 4 identified
a homozygous deletion with a minimum deletion
boundary of chr20:g.13466774-13593390. Breakpoint
mapping revealed the same boundaries as in individual
1 (chr20:g.13448380-13597783), including exons 5-11
of TASP1 (1). For these individuals, parents were found
to be heterozygous for the deletion, and none of the
healthy siblings were found to have a homozygous
deletion in this region (Fig. 1C, D and F). This intragenic
deletion disrupts the active site of the enzyme (at
amino acid position 234; NP_060184.2; see https://www.
uniprot.org/uniprot/Q9HeP5/protvista) and is predicted
to lead to a frameshift supporting the loss-of-function
nature of this variant (1,8). It has previously been shown
that individuals 1 and 4 share the same haplotype
surrounding the deletion and that itis a founder deletion
in the Arabian Peninsula (1).

Exome sequencing in individual 5 revealed a homozy-
gous nonsense variant in TASP1 c.199C> T, p.(Arg67*)
(chr20:g.13605 846G > A). The variant p.(Arg67*) was
reported once in a heterozygous state in the Genome
Aggregation Database (gnomAD v.2.1.1, https://gnomad.
broadinstitute.org/; allele frequency of 4 x 107%) indicat-
ing that it is an extremely rare variant. This variant is
predicted to either lead to nonsense-mediated decay or a
truncated protein leading to a complete loss of function.
Both parents are confirmed to be heterozygous carriers
for this variant (Fig. 1H). Trio exome sequencing in indi-
vidual 6 revealed compound-heterozygous frameshift
variants c.81del, p.(Glu29Serfs*79) (chr20:g.13 610 645del)
and c.598 599del, p.(Lys200Glufs*24) (chr20:g.13539 731_
13 539 732del). The father is heterozygous carrier of the
p.(Glu29Serfs*79) variant and the mother is heterozygous
carrier of the p.(Lys200Glufs*24) variant (Fig. 1J). Both
variants have not been listed in over 140 000 individuals
in gnomAD. Both variants are predicted to either lead
to nonsense-mediated decay or a truncated protein.
Figure 1L summarizes the localization of the different
TASP1 pathogenic variants within the gene and protein.
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Table 1. Genotypic and phenotypic characteristics of individuals with Suleiman-El-Hattab syndrome

Individual 1 2 3 4 5 6 Case 32
Gender Male Male Female Female Male Female Male
Ethnicity Arabian Arabian Arabian Arabian Turkish North Africa Arabian
Peninsula Peninsula Peninsula Peninsula Peninsula
Age 7 years 9 months 19 months 3 years 6 years 10 years 3 years
TASP1 allele 1 Exon 5-11 Exon 5-11 Exon 5-11 Exon 5-11 c.199C>T c.81del c.701C>T
deletion deletion deletion deletion D.(Arg67*) p.(Glu29Serfs*79)  p.(Thr234Met)
TASP1 allele 2 Exon 5-11 Exon 5-11 Exon 5-11 Exon 5-11 c.199C>T .(598_599del) c.701C>T
deletion deletion deletion deletion D.(Arg67%) p.(Lys200Glufs*24) p.(Thr234Met)
Neurodevelopment
Developmental delay + + + + + + + 7/7
Hypotonia + + + + + - + 6/7
Microcephaly + - + + + + + 6/7
Seizures - - - - + - + 2/7
Posterior fossa malformation - + + — + + - 4/7
Dilated ventricles - + - - + + + 4/7
Feeding and growth
Feeding difficulties + + + + + + + 7/7
Salivary drooling + - + + — - + 4/7
Failure to thrive + + + + _ _ + 5/7
Happy demeanor + NA (too young) + + + - + 5/6
CVS malformation ASD/VSD TOF PFO/VSD PFO/VSD VSD VSD - 6/7
Cryptorchidism + - NA NA + NA + 3/4
Hirsutism + - + + - + - 4/7
Recurrent respiratory infections + - + + + - - 4/7
Preauricular skin tag - + + + + - — 4/7
Single palmar crease + + + - 3/7
Facial features
Prominent glabella + + + — + + 4/7
Excess forehead hair + - + + + - _ 4/7
Thick eyebrows + + + + + + + 7/7
Arched eyebrows + + + + + + + 7/7
Synophrys + + + + + + + 7/7
Epicanthus + + + + + + + 717
Hypertelorism + + + + + + + 7/7
Downslanted eyes - - + + - - _ 2/7
Thick eyelids + + + + + + + 717
Periorbital fullness + + + + + + + 7/7
Broad nasal bridge + + + + + + + 717
Long smooth philtrum + + + + - + + 6/7
Wide mouth + + + + - + + 6/7
Thin upper lip + + + + + + + 717
Thick lower lip + + + + + + + 717
Microretrognathia - + + - + - _ 3/7
High arched palate - + + - _ 2/7
Low-set ears + + + + + + + 7/7
Dysplastic ears + + + + + + + 7/7
Webbed neck + - + + - - — 3/7
Ophthalmologic anomalies — — - Hyperopia Strabismus, Hyperopia —
amblyopia, pale
optic disc
Limb deformities Brachydactyly, —Overlapping - Polydactyly - Short extremities, —
clinodactyly toes brachydactyly,
broad thumb and
first toe
Skeletal deformities - - - - - Scoliosis, genu Short stature
recurvatum
Skin - Lumbar skin Sacral hair tuft, Congenital - - -
dimple dermal
melanocytosis
Others Hearing - Umbilical Left Inguinal hernia Choanal stenosis, —
impairment hernia hydronephrosis anteriorly placed

anus, spasticity of
the lower limbs

ASD, atrial septal defect; CNS, central nervous system; CVS, cardiovascular; NA, not applicable; PFO, patent foramen ovale; TOF, tetralogy of Fallot; VSD, ventricular
septal defect. TASP1 transcript NM_017714.3, TASP1 protein NP_060184.2. 2Described in (1), no new phenotypic or functional data. Featured in the table and the
discussion to present all reported individuals with Suleiman-El-Hattab syndrome.

Western blot primary fibroblasts from a healthy donor (Fig. 1M).

Western blot from primary fibroblasts from individuals =~ The specificity of the TASP1 antibody was verified by

5 and 6 confirmed that TASP1 protein (alpha-subunit — downregulating TASP1 gene expression using specific
p28) is not observed in these cells compared with siRNAs. A clear reduction of TASP1 protein levels with
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Figure 1. Pedigrees and photographs of affected individuals, DeepGestalt composite image, western blot results, and schematic image of TASP1 gene
and corresponding protein. Circles, female individual; crossed circle, deceased female individual; dot within circles/squares, heterozygous carrier of the
respective TASP1 variant and double horizontal line, consanguineous couple; squares, male individual. (A) Individual 1 at 7 years of age showing promi-
nent glabella, excessive forehead hair, thick and arched eyebrows with synophrys, epicanthus, hypertelorism, periorbital fullness with thick eyelids, broad
nasal bridge, long and smooth philtrum, wide mouth, thin upper lip, thick lower lip, low-set dysplastic ears and webbed neck. (B) Individual 2 at 6 months
of age showing prominent glabella, thick and arched eyebrows with synophrys, epicanthus, hyperterorism, periorbital fullness with thick eyelids, broad
and flat nasal bridge, long and smooth philtrum, wide mouth, thin upper lip, thick lower lip, microretrognathia, low-set dysplastic ears and preauricular
skin tag. (C) Pedigree of individuals 1 and 2. (D) Pedigree of individual 3. Parents elected not to publish the individual’s photographs. Facial features include
prominent glabella, excessive forehead hair, arched and thick eyebrows with synophrys, epicanthus, downslanted palpebral fissures, hypertelorism,
periorbital fullness with thick eyelids, broad nasal bridge, long and smooth philtrum, wide mouth, thin upper lip, thick lower lip, microretrognathia, high
arched palate and low-set dysplastic ears. (E) Individual 4 at 2 years of age showing excessive forehead hair, arched and thick eyebrows with synophrys,
epicanthus, downslanted palpebral fissures, hypertelorism, periorbital fullness with thick eyelids, broad nasal bridge, long and smooth philtrum, wide
mouth, thin upper lip, thick lower lip, low-set dysplastic ears and webbed neck. (F) Pedigree of individual 4. (G) Individual 5 at 4 months of age showing
excessive forehead hair, thick and arched eyebrows with synophrys, epicanthus, hypertelorism, periorbital fullness with thick eyelids, broad nasal
bridge, thin upper lip, thick lower lip, microretrognathia, high arched palate, low-set dysplastic ears and preauricular skin tag. (H) Pedigree of individual
S. (I) Individual 6 at 4 months of age showing thick and arched eyebrows with synophrys, epicanthus, hypertelorism, periorbital fullness with thick
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siRNA transfection in HeLa cells was observed (Fig. 1N).
No difference in global levels of H3K4me3 histone mark
could be detected in primary fibroblasts of individual 5
compared with primary fibroblasts from a healthy donor
(Supplementary Fig. S1).

RNA sequencing and proteomics

RNA sequencing from fibroblasts of individual 5 revealed
20 significant differentially expressed genes (Supple-
mentary Table S1). Notable differentially expressed genes
were: GTF2A1 (adjusted P=8.15 x 10~7), which was upreg-
ulated (log2fc=0.55); HOXA4 (adjusted P=5.02 x 107%;
log2fc=-5.42), HOXA7  (adjusted P=7.86 X
107%; log2fc=-5.4), HOXB2 (adjusted P=9.5 x 1073
log2fc=—1.8) and HOXA1 (adjusted P=0.0312, log2fc=
5.15), which were all downregulated (Fig. 3A).
Quantitative proteomics from fibroblasts of individual
5 resulted in the identification of 13 significant aberrant
protein levels (Supplementary Table S2). One notable
significant outlier was GTF2A2 (adjusted P=0.001770059;
log2fc=1.74), which was upregulated (Fig. 3B). TASP1
protein was not detected in the corresponding TMT-
batch, hence proteomics was not able to provide any
additional evidence on TASP1 protein stability.

DNA methylation pattern

Since the number of available TASP1 samples is not suffi-
cient to establish a robust disorder-specific signature, we
clustered the DNA methylation (DNAm) profiles of two
individuals carrying homozygous loss-of-function TASP1
variants, individual 4 (deletion exons 5-11) and individ-
ual 5 (p.Arg67*), using the published Kabuki syndrome 1
signature (9). Principal component analysis (PCA) based
on DNAm values at 114 Kabuki syndrome 1 signature
sites clearly distinguishes the DNAm profile of healthy
controls from DNAm profiles of the five individuals with
Kabuki syndrome 1 on the first principal component
(PC1) and the two individuals carrying TASP1 variants on
PC2 (Fig. 3C). Hierarchal clustering shows that, at Kabuki
syndrome 1 signature sites, individuals carrying TASP1
variants have distinct DNAm profiles that are interme-
diate when compared with the DNAm profiles of Kabuki
syndrome 1 individuals and controls (Fig. 3D).

Zebrafish experiments

We were successfully able to target the single, taspl gene
in Danio rerio and generate homozygous, F2 larvae with an
indel variant predicting loss of function, c¢.313_314delTC,
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p.Ser105Glyfs*2 (ENSDART00000133661.3; Fig. 4A). Sec-
tioning and staining of larval heads at 6 days post fertil-
ization (dpf) showed wildtype EKW had an average brain
area of 15,596 um? (Fig. 4B) compared with 14,747 um?2 in
larvae homozygous for the taspl indel variant (Fig. 4C). A
comparison of the cranial cartilages stained with Alcian
blue in wildtype larvae (Fig. 4D) and homozygous, taspl
indel larvae (Fig. 4G and]) showed that taspl crispant
larvae had smaller trabeculae and shorter ethmoid car-
tilages compared with wildtype larvae. Wildtype larvae
alsohad longer ceratobranchial and ceratohyal cartilages
(Fig. 4E) compared with homozygous, taspl indel larvae
(Fig. 4H and K). Wildtype larvae had longer lower jaw
lengths and larger palatoquadrate and Meckel’s carti-
lages (Fig. 4F) compared with homozygous, taspl indel
larvae (Fig. 41 and L).

Discussion

Here, we report phenotypic, genotypic and functional
data on the largest cohort of individuals with the recently
characterized Suleiman-El-Hattab syndrome caused by
biallelic loss-of-function variants in TASP1. The cohort
presented here features six individuals with Suleiman-
El-Hattab syndrome. Also included in the discussion and
Table 1 is a seventh individual, previously described as
case 3 in Suleiman et al. [no updated data; (1)].

These seven individuals have an overlapping pheno-
type of global developmental delay (7/7) with delayed
motor development and severe speech delay (4/5 individ-
uals at ages 3-10 years were non-verbal), microcephaly
(6/7) and brain malformations (4/7), hypotonia (6/7), feed-
ing difficulties (7/7), a happy demeanor (5/6; individual 2
was too young) and cardiovascular malformations (6/7),
which were mostly mild [ventricular septal defect/atrial
septal defects (ASD/VSD) with spontaneous resolution].
However, individual 2 had severe cardiac malformation
(TOF) and required surgery (Table 1).

Notably, concerning brain malformations, 4/7 individ-
uals had cystic malformations of the posterior fossa,
with variable degrees ranging from small cerebellopon-
tine angle arachnoid cyst, dilated fourth ventricle with
enlarged posterior fossa along with cerebellar vermian
hypoplasia, to the full extent of classic Dandy-Walker
malformation associated with hydrocephalus [individu-
als 2, 3, 5 and 6; Fig. 2; (10,11)]. This extends the neu-
rologic phenotype of Suleiman-El-Hattab syndrome and
might further help in recognition of this syndrome. In
addition, this supports the notion that imaging findings

eyelids, broad and flat nasal bridge, long and smooth philtrum, wide mouth, thin upper lip, thick lower lip, low-set and dysplastic ears and a short neck.
(J) Pedigree of individual 6. (K) DeepGestalt composite image generated from facial images of individuals with genetically proven Suleiman-El-Hattab
syndrome. The facial gestalt is distinct from all other descriptors of syndromes in the Face2Gene dataset (300+ syndromes). (L) TASP1 gene structure
(NM_017714.3) and corresponding protein (NP_060184.2) with respective identified variants. Please note that the missense variant p.(Thr234Met) has
been identified in a homozygous state in case 3 in Suleiman et al., 2019 [no updated data; (1)]. (M) Western blot. TASP1 protein (alpha-subunit p28) is
not observed in primary fibroblasts carrying biallelic loss-of-function variants (TASP1Arg67*, individual 5; TASP1trunc, individual 6) compared with
primary fibroblasts from a healthy donor (405VI wt). (N) TASP1 antibody specificity was verified by downregulating TASP1 gene expression using
specific TASP1-targeting siRNAs. A clear reduction of TASP1 protein levels with siRNA transfection in HeLa cells was observed. NT, non-targeted siRNA;
405VI wt, primary fibroblasts of control and TASP1Arg67*, primary fibroblasts of individual 5.
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of cerebellar hypoplasia and Dandy-Walker malforma-
tion are often associated with underlying genetic causes
and should prompt further evaluation (12).

Affected individuals feature a distinctive facial pat-
tern, as also mathematically proven by the DeepGestalt
algorithm, involving thick and arched eyebrows with
synophrys, epicanthus, downslanted palpebral fissures,
hypertelorism, broad nasal bridge, long and smooth
philtrum, wide mouth with thin upper lip and thick lower
lip, microretrognathia and ear anomalies [dysplastic,
low-set; (7)]. This makes the syndrome recognizable by
clinical geneticists and the syndrome is now featured in
the Face2Gene online tool (https://www.face2gene.com).

TASP1 encodes the proenzyme taspase 1 (threonine
aspartase 1, TASP1), which is cleaved into two subunits,
alpha and beta, in an autocatalytic fashion, which in
turn form the active heterodimeric enzyme, an endopeti-
dase. The active enzyme uses the N-terminal threonine
at amino acid position 234 (p.Thr234) of the mature
beta subunit as the active-site nucleophile to proteolyze
polypeptide substrates. This endopeptidase cleaves vari-
ous nuclear factors after an aspartate, hence it is called
threonine aspartase (taspase). For example, active TASP1
cleaves and hence activates histone methyltransferases
of the KMT?2 protein family like KMT2A and KMT2B.
Cleavage of KMT2A (also known as MLL1) in turn is
crucial for HOX and cyclin gene expression, which is
important for cell cycle dynamics (2,13). In line with
this, individual 5, who harbors a homozygous nonsense
variant in TASP1 and has no detectable TASP1 protein on
Western blot (Fig. 1M), showed significant RNA downreg-
ulation of HOX genes HOXA4, HOXA7, HOXA1 and HOXB?2
(Fig. 3A). Coordinated HOX expression is central for a
correct segmental body plan (14). Hence, dysregulation of
HOX genes likely plays a role in the congenital and neu-
rodevelopmental anomalies observed in TASP1-deficient
individuals. However, it has to be pointed out that we
tested the global level of the histone mark catalyzed
by KMT2A histone methyltransferase (i.e. H3K4m3) and
did not find any different levels between wildtype and
TASP1 mutated cells (Supplementary Fig. S1) suggesting
that the activity of KMT?2A is not completely dependent
of its TASP1-mediated proteolysis. This is consistent with
the study of Zhao et al. (15-17), which showed that TASP1-
dependent cleavage of KMT2A facilitates its degradation
(and not its activity) to control the levels of KMT2A,
reminiscent of that of TFIIA (see below). An alterna-
tive explanation for the unaffected levels of H3K4m3 in
TASP1-mutated cell lines could be because of a compen-
satory phenomenon with other members of this histone
methyltransferase family that do not required TASP1
cleavage. Hence, further studies need to be undertaken to
unravel the intricate regulation of histone methyltrans-
ferases by TASP1.

Another substrate of TASP1 is transcription factor
TFIIAae—p (GTF2A1), a general transcription factor with
ubiquitous expression featuring an alpha and beta
subunit. TFIIAe—p is bound to TFIIAy (GTF2A2). When

TASP1 cleaves the alpha and beta subunit of TFIIAa—g,
the heterotrimeric complex TFIIAa/B8/y (encoded by
GTF2A1 and GTF2A2, summarized as TFIIA) is suscep-
tible to degradation by the proteasome impeding its
transcriptional activity (2,17). Regulated turnover of
TFIIA is key for correct embryonal cell proliferation and
morphogenesis. Taspl-deficient and Tfila-noncleavable
mice both show craniofacial anomalies such as jaw,
eye and brain malformations (8). Intriguingly, on RNA
sequencing of TASP1-deficient individual 5, GTF2A1
(TFIIAa—pB) is upregulated; and on proteomics, GTF2A2
(TFIIAy) is upregulated, probably illustrating the stable
non-cleaved TFIIA complex (Fig. 3A and B). Hence, the
neurodevelopmental phenotype including the central
nervous system anomalies in Suleiman-El-Hattab syn-
drome could be because of TFIIA dysregulation including
a positive feedback loop (GTF2A1 upregulation on RNA
sequencing). Of course, it is a limitation, that RNA
sequencing and proteomics data are only available
from one individual. The findings are still biologically
convincing. Nonetheless, further studies are needed for
replication.

As TASP1 cleaves and hence activates histone methyl-
transferases of the KMT2 protein family, it is expected
that defects in KMT2-genes result in syndromes with
overlapping features of Suleiman-El-Hattab syndrome.
Haploinsufficiency of KMT2A causes a phenotypically
similar disorder, Wiedemann-Steiner syndrome (MIM
#605130), also featuring developmental delay, facial
anomalies, alongside hypertrichosis cubiti, growth
failure, skeletal malformations, cardiac anomalies and
microcephaly (4). Also individuals with haploinsuffi-
ciency of KMT2B (MIM #617284) can have, additionally to
childhood-onset dystonia, facial anomalies such as elon-
gated face, a bulbous nasal tip and microcephaly (18).
Haploinsufficiency of KMT2D causes Kabuki syndrome 1
(MIM #147920), which is characterized by developmental
delay, distinctive facial features, hirsutism, skeletal
anomalies, persistence of fetal fingertip pads, recurrent
infections, growth failure, seizures and congenital
anomalies (6).

Intriguingly, Kabuki syndrome 1, Wiedemann-Steiner
syndrome and Suleiman-El-Hattab syndrome share
remarkable phenotypic overlap. All three are syndromic
intellectual disability/developmental delay syndromes
featuring a distinct facial gestalt with thick and arched
eyebrows, hirsutism, growth failure and multiple con-
genital anomalies. KMT2A, KMT2B and KMT2D are all
part of the highly conserved COMPASS family of histone
methyltransferases. The members of the COMPASS
protein family catalyze histone H3 lysine 4 (H3K4)
methylation and are crucial for regulation of gene
expression (2,19). As the KMT2-genes encode histone
methyltransferases, we sought to investigate the effect of
TASP1 deficiency on DNAm. Alterations of the epigenetic
machinery can result in distinctive and reproducible
DNAm patterns (‘episignatures’), as has recently been
shown for 34 monogenic neurodevelopmental disorders,
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Figure 2. Cranial magnetic resonance images of four individuals with variable degrees of posterior fossa malformations. (A) Images of individual 2 at
age 8 months; sagittal T1 (A1), axial T2 (A2 and A3) and coronal T2 (A4); showing cystic dilatation of the fourth ventricle extending posteriorly and
directly communicating with a massively enlarged posterior fossa, with associated hypoplasia/dysgenesis of cerebellar vermis and small cerebellar
hemispheres and cephalad rotation of the vermian remnant (Dandy-Walker malformation). In addition, significant supratentorial hydrocephalus with
dilated lateral and third ventricles is seen causing stretching of the overlying corpus callosum. (B) Images of individual 3 at age 5 months; sagittal T2
(B1 and B2), axial T2 (B3) and axial T1 (B4); showing a well-defined right cerebellopontine angle cyst 1.2 x 1.5 x 1.5 cm (arrow in B2, 3 and 4) and
hypoplasia of the splenium of the corpus callosum (best seen in B1). (C) Images of individual 5 at age 3 years; sagittal T2 (C1), axial T2 (C2 and C3) and
axial FLAIR (C4) show dilatation of the fourth ventricle that directly communicates with a mildly enlarged posterior fossa, with associated hypoplastic
inferior cerebellar vermis. In addition, dilatation of lateral and third ventricles is seen, as well as periventricular white matter hyperintensity around
the posterior horn of the lateral ventricle bilaterally (seen best in C4). (D) Images of individual 6 at age 6 years; sagittal T1 (D1), axial T2 (D2 and D3)
and coronal T2 (D4) show dilatation of the fourth ventricle that directly communicates with a retrocerebellar cyst, with associated hypoplastic inferior
vermis. In addition, dilatation of lateral and third ventricles is present.

including Wiedemann-Steiner syndrome (KMT2A). A
major advantage of this approach is that episignatures,
which can be established by methylome analysis from
peripheral blood, can serve as ‘biomarkers’ to classify
variants of unknown significance in the respective
genes (20). Because of the small number of investi-
gated individuals, we could not establish a specific
methylation pattern for Suleiman-El-Hattab syndrome
but, interestingly, could show that the examined cases
(blood DNA of individuals 4 and 5) have a distinct
DNAm profile intermediate between Kabuki syndrome

1 and control profiles (Fig. 3C and D). In summary, our
data suggest that Suleiman-El-Hattab syndrome can
be grouped into the category of histone modification
disorders.

We can also corroborate the effects of TASP1 loss-
of-function by in vivo data. Already in 2006, knock-out
mouse experiments revealed that Taspl-deficient mice
were smaller in size than their wild type counterparts
and cell proliferation was reduced in mutant mice (14).
Indeed, also in the seven individuals with Suleiman-El-
Hattab syndrome, feeding difficulties and/or failure to
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Figure 3. RNA sequencing, proteomics and DNAm (A) Volcano plot showing significant outliers of RNA sequencing with notable differentially expressed
genes marked. (B) Volcano plot showing significant outliers of quantitative proteomics with notable differentially expressed protein marked. (C) Principal
component analysis (PCA) based on DNAm values at 114 Kabuki syndrome 1 (KMT2D) signature sites clearly distinguishes the DNAm profile of healthy
controls (n=65 controls presented as grey dots), from DNAm profiles of the five individuals with Kabuki syndrome 1 (orange dots) on the first principal
component (PC1) and the two individuals carrying TASP1 variants (blue; individuals 4 and 5) on PC2 (9). (D) Hierarchal clustering shows that, at Kabuki
syndrome 1 signature sites, individuals carrying TASP1 variants have DNAm profiles that are intermediate when compared with the DNAm profiles
of Kabuki syndrome 1 individuals and controls. Euclidean distance metric is used in the clustering dendrogram and the color gradient indicates the

normalized g (DNAm) value ranging from —2.0 (blue) to +2.0 (yellow).

thrive was a common finding (7/7 had feeding difficul-
ties, 5/7 failure to thrive). Microcephaly was also reported
in 6/7 individuals. Reduced function for the orthologous
gene, taspl, in zebrafish recapitulates this difference in
growth, as taspl crispants have smaller head sizes in

comparison with wildtype animals (Fig. 4B and C). Fur-
thermore, taspl mutants showed abnormal formation of
the cranial cartilages (Fig. 4D-L). In line with this find-
ing, individuals with Suleiman-El-Hattab syndrome fea-
ture facial anomalies, including a broad nasal bridge,
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wide mouth and microretrognathia (Fig. 1K). TASP1 acti-
vates KMT2A, and it is interesting to note that zebrafish
injected with antisense morpholinos targeting kmt2a also
had significant craniofacial defects, with severe hypopla-
sia of the cartilaginous structures of the viscerocranium
including complete loss of branchial arches 3-7, Meckel’s
cartilage and the ceratohyal cartilages (21). Moreover,
Tasp1 knock-out mice featured skeletal anomalies [verte-
bra, ribs and sternum; (14)]. In our cohort, major skeletal
anomalies or dysplasia were not reported but, interest-
ingly, there were three individuals with digital defor-
mities (individuals 1, 4 and 6), and individual 6 also
had shortened extremities. Altogether, our in vivo data
complements and extends the in vivo data in the liter-
ature.

In conclusion, we further delineate the phenotypic
and genotypic basis of Suleiman-El-Hattab syndrome
by presenting the largest cohort of affected individuals
of this recognizable syndrome. We provide functional
insight in the pathophysiology of Suleiman-El-Hattab
syndrome by suggesting perturbation of HOX gene
expression and TFIIA complex dysregulation as possible
downstream mechanisms of TASP1 deficiency. Further-
more, by methylation pattern analysis, we can show that
Suleiman-El-Hattab syndrome can be categorized into
the group of histone modification disorders including
Wiedemann-Steiner and Kabuki syndrome.

Materials and methods
Recruitment of individuals

Individuals were seen in pediatric neurology and/or
genetics departments of the respective institutions. Some
of the individuals have been connected via GeneMatcher
(22).

Molecular genetic testing

CMA for individual 1 was performed at Baylor Genetics
Laboratory, Houston, TX, USA, as previously described
(23). CMA for individual 2 was performed at Tawam
Hospital Genetics Laboratory, Al Ain, United Arab
Emirates, using CytoScan™ HD Array (Thermo Fisher
Scientific, USA) as per the manufacturer’s instructions.
CMA for individual 3 was performed at Centogene GmbH,
Rostock, Germany, using CentoArrayCyto™. Breakpoint
mapping in this individual was performed using gene
specific primers (F: 5 AAGGCACTCGCAAGTAACTG 3/
R: 5 CACTGGAAAGACAGCTTGATGC 3') to amplify the
deleted allele (1). PCR product was later sequenced
on a 3730xl capillary sequencer (Applied Biosystems,
USA) to identify the breakpoints. CMA for individual
4 was performed at PreventionGenetics, Marshfield,
Wisconsin, USA, as previously described (24). Exome
sequencing for individual 5 was performed at Helmholtz
Zentrum Minchen, Neuherberg, Germany, as previously
described (25,26). Sanger sequencing was used to test
the individual’s parents. Trio exome sequencing for
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individual 6 and parents was done at Imagine Institute,
Paris, France, as previously described (27).

Distinct facial gestalt

To establish a reproducible facial gestalt for Suleiman-
El-Hattab syndrome, the facial recognition algorithm
DeepGestalt was used [Face2Gene, FDNA Inc., USA;
(7)). The analysis of images was first pre-processed
to achieve facial detection, landmark detection and
alignment. After preprocessing, the input image was
cropped into facial regions. Each region was fed into a
Deep Convolutional Neural Network (DCNN) to obtain
a softmax vector indicating its correspondence to each
syndrome in the model. The analysis of visual facial data
was used to form a mathematical representation of the
face (facial descriptor), which can be readily compared
with other such descriptors (i.e. facial gestalt of other
syndromes). To enable visualization of these vectors, a
composite image was produced.

Western blot

Primary fibroblasts 405VI wt (wildtype) from a healthy
donor, primary fibroblasts TASP1Arg67* (individual 5),
primary fibroblasts TASP1trunc (individual 6) and tumor
cells HeLa (ATCC CCL-2) were cultivated in DMEM con-
taining 100 U/ml penicillin, 100 ug/ml streptomycin and
10% fetal calf serum (FCS). All cell lines were incubated
at 37°C in an atmosphere containing 5% CO, and were
regularly tested for mycoplasma. siRNAs were purchased
from Horizon Discovery, UK: hTASP1 (L-004745-00-0005)
and non-targeting siRNA (NT, D-001810-01-05) were used
as control. Cells were transfected with 30 nm of siR-
NAs using Interferin (Polyplus, France) according to the
manufacturer’s instructions and were processed 72 h
later. Protein extracts were prepared and processed for
SDS-PAGE as previously described (28). Membranes were
then blotted with indicated antibodies: rabbit polyclonal
Taspla (Proteintech, UK, 16739-1-AP, 1:500), mouse 1gG1
B-catenin (BD Biosciences, USA, clone 14, 1:2000), rabbit
polyclonal anti-Histone H3K4me3 (Abcam, UK, ab8580,
1:2000) and rabbit polyclonal anti-histone H4 (Active
Motif, USA, 39269, 1:2000).

RNA sequencing and proteomics

RNA sequencing of individual 5 was performed as strand-
specific mRNA according to the TruSeq Stranded mRNA
Sample Prep Guide on a NovaSeq 6000 platform (Illu-
mina, USA) at Helmholtz Zentrum Munchen, Neuher-
berg, Germany, as previously described (26). In order to
detect differentially expressed genes, RNA sequencing
data was analyzed using the method OUTRIDER in a
cohort of 269 control samples (29).

Quantitative tandem mass tag (TMT) proteomics was
performed at the BayBioMS core facility at the Tech-
nical University of Munich, Freising, Germany, and is
described in detail on medRxiv (https://www.medrxiv.
org/content/10.1101/2021.03.09.21253187v2.full, in revi-
sion).
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Figure 4. (A) Sequence of EKW control larva and a homozygous, taspl larva with ¢.313_314delTC, predicting p.Ser105Glyfs*2 (ENSDART00000133661.3).
(B) and (C) Measurement of brain area in homozygous, tasp1 indel larvae shows a smaller size compared with wildtype control larvae. (B) Measurement
of brain area from control larvae at 6 dpf. Larval brain area was measured from an average of five consecutive sections of brain containing diencephalon
(red dotted line). (C) Measurement of brain area from homozygous, taspl indel larvae at 6 dpf. Larval brain area was measured from an average of five
consecutive sections of brain containing diencephalon (red dotted line). This difference was not statistically significant. (D)—(L) Homozygous, tasp1 indel
larvae show abnormal development and hypoplasia of the cranial cartilages at 6 dpf compared with wildtype controls. bb, basibranchial; bh, basihyal; cb,
ceratobranchial; ch, ceratohyal; e, ethmoid plate; m, Meckel’s cartilage; pq, palatoquadrate and t, trabeculae cranii. (D) Dorsal view of cranial cartilages
in 6 dpf EKW control larvae. (E) Lateral view of cranial cartilages in 6 dpf control larvae. (F) Ventral view of cranial cartilages in 6 dpf control larvae. (G)
Dorsal view of 6 dpf taspl homozygous larvae with mild abnormality in cranial cartilages, showing ethmoid plate length is slighter shorter compared with
EKW control. (H) Lateral view of 6 dpf taspl homozygous larvae with mild abnormality in cranial cartilages, showing shorter cartilage lengths compared
with EKW control. (I) Ventral view of 6 dpf taspl homozygous larvae with mild abnormality in cranial cartilages, showing wider angle between ceratohyal
cartilages compared with EKW control. (J) Dorsal view of 6 dpf taspl homozygous larvae with more severe abnormality in cranial cartilages, showing
ethmoid plate is severely shorter and trabeculae cranii are abnormally positioned by growing further toward lateral compared with EKW control. (K)
Lateral view of 6 dpf taspl homozygous larvae with severe abnormality in cranial cartilages, showing that trabeculae and other cartilages are abnormally
positioned and appear to be more ventrally located and the ceratohyal cartilage appears to be shorter compared with EKW control. (L) Ventral view of
6 dpf taspl homozygous larvae with severe abnormality in cranial cartilages, showing shorter ceratobranchial and ceratohyal cartilages and atypical
basibranchial and basihyal cartilages. Palatoquadrate and Meckel's cartilage appear shorter in taspl homozygous larvae and thus the lower jaw length
appears shorter than the upper jaw.
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DNAm pattern

Genomic DNA extracted from blood was treated with
sodium bisulfite using the EpiTect PLUS Bisulfite Kit (Qia-
gen, Germany) and hybridized to the Illumina Infinium
Human Methylation EPIC BeadChip (Illumina, USA) to
interrogate more than 850000 CpG sites at The Center
for Applied Genomics (TCAG), Hospital for Sick Children
Research Institute, Toronto, Ontario, Canada. The TASP1
samples with age-and sex-matched typically developing
controls were run in two batches. The minfi Biocon-
ductor package was used to preprocess data including
quality control, Illumina normalization and background
subtraction and extraction of g values. Probes with detec-
tion flaws, probes near single-nucleotide polymorphisms
(SNPs) with minor allele frequencies above 1%, cross-
reactive probes, probes with raw beta of 0 or 1in >0.25%
of samples, non-CpG probes and sex chromosome probes
were removed according to the published pipeline (30).
A total of n=774558 probes remained for interrogating
DNAm levels. TASP1 samples (blood DNA of individuals 4
and 5) were compared with DNAm data from typically
developing controls (n=65) and individuals diagnosed
with Kabuki syndrome 1 with a pathogenic KMT2D vari-
ant [n=5; (9)].

Zebrafish

A Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) single guide (sg)RNA targeting exon 5
of taspl (ENSDART00000133661.3) was designed. sgRNA
and Cas9 protein were co-injected into wildtype EKW
zebrafish eggs and FO founders with mosaicism for small
indels in taspl at the target site were selected. Adult
F1 heterozygotes with germline taspl indel variants
were crossed to obtain F2, homozygous larvae. Larvae
were cryosectioned and hematoxylin and eosin staining
was performed. For measurements of brain size, 12-
um sections through the optic nerve of both eyes
from wildtype and taspl indel homozygous larvae were
selected and an average of five consecutive sections
containing the diencephalon were measured using
Image ] software (https://imagej.nih.gov/ij/); measure-
ments were averaged for 3 larvae from each group.
Alcian blue staining was performed according to prior
methods (31).

Supplementary Material

Supplementary Material is available at HMG online.
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Individuals with congenital anomalies of the kidney and urinary tract (CAKUT) show a broad spectrum of malformations. CAKUT can
occur in an isolated fashion or as part of a syndromic disorder and can lead to end-stage kidney failure. A monogenic cause can be
identified in ~12% of affected individuals. This study investigated a single-center CAKUT cohort analyzed by exome sequencing
(ES). Emphasis was placed on the question whether diagnostic yield differs between certain CAKUT phenotypes (e.g., bilateral
kidney affection, unilateral kidney affection or only urinary tract affection). 86 unrelated individuals with CAKUT were categorized
according to their phenotype and analyzed by ES to identify a monogenic cause. Prioritized variants were rated according to
the recommendations of the American College of Medical Genetics and Genomics and the Association for Clinical Genomic Science.
Diagnostic yields of different phenotypic categories were compared. Clinical data were collected using a standardized
questionnaire. In the study cohort, 7/86 individuals had a (likely) pathogenic variant in the genes PAX2, PBX1, EYAT, or SALLIT.
Additionally, in one individual, a 17g12 deletion syndrome (including HNF1B) was detected. 64 individuals had a kidney affection,
which was bilateral in 36. All solved cases (8/86, 9%) had bilateral kidney affection (diagnostic yield in subcohort: 8/36, 22%).
Although the diagnostic yield in CAKUT cohorts is low, our single-center experience argues, that, in individuals with bilateral kidney

affection, monogenic burden is higher than in those with unilateral kidney or only urinary tract affection.

European Journal of Human Genetics (2023) 31:674-680; https://doi.org/10.1038/s41431-023-01331-x

INTRODUCTION
Congenital anomalies of the kidney and urinary tract (CAKUT) is a
collective term for a group of diverse structural malformations
ranging from relatively mild phenotypes like vesicoureteral reflux
(VUR) to severe manifestations like bilateral renal agenesis. CAKUT
can be present in isolated form (limited to the kidney and the urinary
tract) or can be part of syndromic disorders [1]. It results from
disturbances in embryonic development of the kidney and/or the
urinary tract and is the leading cause for end-stage kidney failure in
the pediatric population. CAKUT accounts for 23% of all birth defects
and has a prevalence of about 3-6 per 1000 newborns [2-6].
Perturbation of renal and ureteral morphogenesis in CAKUT can
be due to environmental, epigenetic, genetic factors, and the
interplay of these [2]. Although alterations in renal development
can be multifactorial, there are also hereditary forms of CAKUT
resulting from single-gene defects (“monogenic CAKUT"). This is
underscored by familial clustering of CAKUT, knockout mouse
models recapitulating CAKUT phenotypes, and complex heritable
syndromes involving CAKUT [1, 7]. Hence, it is not surprising that
disease-causing variants in more than 50 different genes and with
different modes of inheritance (e.g, autosomal dominant,

autosomal recessive, X-linked) have been described in the
literature [8]. Additionally, numerical chromosomal alterations,
deletions or duplications are known to cause CAKUT [9, 10].

However, in only about 16% of individuals affected by CAKUT, a
monogenic cause can be identified, with diagnostic yields varying
between 6% and 33% depending on study population. It has been
shown that the diagnostic yield is higher if there is familial or
syndromic occurrence of CAKUT [11]. Furthermore, there is some
evidence that individuals with a severe CAKUT phenotype, such as
renal agenesis or renal dysplasia, have a higher diagnostic yield
(17% in one publication) but more detailed data on the
relationship between phenotypic variation (e.g., bilateral vs.
unilateral vs. only urinary tract affection) and the respective
diagnostic yield in CAKUT is lacking [6, 12].

Molecular genetic techniques like next-generation sequencing
including exome sequencing (ES), linkage analyses, homozygosity
mapping combined with ES for recessive diseases, and array
analysis are the current approaches to identify disease-causing
variants in known disease-associated CAKUT genes, but also to
discover new candidate genes [2, 8, 13-15]. This study investi-
gated a tertiary care center CAKUT cohort analyzed by ES. Focus
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was specifically laid on whether diagnostic yield is different in
certain CAKUT phenotypes (e.g., bilateral kidney affection,
unilateral kidney affection or only urinary tract affection).

MATERIAL AND METHODS

Study population

A cohort of 86 unrelated index cases with a CAKUT phenotype was
collected at our institute between October 2015 and February 2019 after
referral by their clinician (Fig. 1). This study was performed according to
the standards of the Declaration of Helsinki 2013 and approved by the
local Ethics Committee of the Technical University of Munich (approval
number 521/16S). Written informed consent was obtained from all
individuals or their legal guardians. Clinical and phenotypic data were
obtained from clinical reports and medical history. A standardized
questionnaire was used to assess the clinical information.

Each individual was assigned to one group each in a two-step process:

First, all individuals were categorized into one of the following groups
based on their renal/urinary tract phenotype (according to ref. [16]).
These groups are as follows: group I: duplication of the ureter, pelvis and
kidney; group II: ectopic kidney and/or horseshoe kidney; group lll: other
kidney anomaly; group IV: obstructive uropathy; group V: VUR; group VI:
posterior ureteral valves; and group VII: other lower urinary tract
malformations.

Secondly, the individuals were divided into the following three groups
encompassing a broader phenotypic spectrum; group I: “bilateral kidney
affection”, in which cases with any bilateral renal affection were included;
group lI: “unilateral kidney affection”, in which unilateral kidney affection
and cases with unilateral ectopic kidney and/or a horseshoe kidney were
included; group |llI: “isolated urine transport affection” (i.e, without
known parenchymal kidney affection), in which cases with duplication of
the ureter, pelvis and kidney, obstructive uropathy, posterior ureteral
valves, VUR and other lower urinary tract malformations phenotypes were
included.

Genetic testing

Peripheral blood was used for DNA isolation using the automated nucleic
acid purification instrument Chemagic™ 360 (PerkinElmer, Waltham, MA,
USA) according to the manufacturer’s protocol.

Exome sequencing

ES was performed with Sure Select Human All Exon V5 (50 Mb) Kit
(Agilent Technologies, Inc., Santa Clara, CA, United States of America)
and a HiSeq2500 (lllumina, Inc,, San Diego, CA, United States of America)

Step1

Kidney anomaly: 62

CAKUT: 86

; VUR: 11

: Obstructive Uropathy: 6

== Posterior uretral valves: 1

K.M. Riedhammer et al.

or with Sure Select Human All Exon V6 (60 Mb) Kit (Agilent Technologies,
Inc,, Santa Clara, CA, United States of America) and a HiSeq4000
(Ilumina, Inc, San Diego, CA, United States of America) [17].
Mitochondrial DNA was derived from off-target exome reads as
previously described [18]. Reads were aligned to the Genome Reference
Consortium Human Build 37 (UCSC Genome Browser build hg19) using
Burrows-Wheeler Aligner (v.0.7.5a). SAMtools (version 0.1.19) was
employed for detection of single-nucleotide variants (SNVs) and small
insertions and deletions (indels). ExomeDepth was used to detect copy
number variations (CNVs). A noise threshold of 2.5 was accepted for
diagnostic analysis [19]. The retrieved CNVs were visualized using
Integrative Genomics Viewer (IGV, https://software.broadinstitute.org/
software/igv/) to verify that the regions examined were adequately
covered and that the CNVs were plausible. CNVs were then compared
with publicly available control databases like the Genome Aggregation
Database (gnomAD, https://gnomad.broadinstitute.org/about), the Data-
base of Genomic Variants (DGV, http://dgv.tcag.ca/dgv/app/home), and
databases for disease-causing CNVs like DECIPHER (https://
decipher.sanger.ac.uk/) and ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/).

Sanger sequencing

Segregation analysis of a variant previously identified with ES was performed
by Sanger sequencing in the parents to determine inheritance or to confirm
a de novo status (if parents had not been exome sequenced in the first
place). The oligonucleotide primer sequences are available upon request.

Variant interpretation

For the analysis of de novo, autosomal dominant and mitochondrial
variants, only variants with a minor allele frequency (MAF) of less than
0.1% in the in-house database of the Helmholtz Zentrum Munich
containing more than 20,000 exomes were considered. For the analysis
of autosomal recessive and X-linked variants (homozygous, hemizygous
or [putative] compound heterozygous), variants with a MAF of less than
1.0% and a SNV quality of 30 were considered [20, 21]. Variants were
checked in publicly available databases for (likely) pathogenic variants.
These databases were ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/),
the Human Gene Mutation Database (HGMD® Professional, http://
www.hgmd.cf.ac.uk), and the Leiden Open Variation Database (LOVD,
https://www.lovd.nl). The variants were rated in accordance with the
guidelines of the American College of Medical Genetics (ACMG) and
current amendments [22-25]. Individuals with a (likely) pathogenic
variant and a fitting genotype were classified as “solved cases” or, if no
disease-causing (i.e., likely pathogenic or pathogenic) variant could be
identified, we designated them as “unsolved cases”.

Step il

Bilateral kidney affection: 36

= Ectopic kidney and/or horseshoe kidney: 2

Unilateral kidney affection: 28

Bilateral affection: 15

Unilateral affection: 6

Isolated urine transport affection: 22

B Duplication of the ureter, pelvis and kidney: 3

== Other lower urinary tract malformations: 1

Fig. 1

Cohort overview according to renal and urinary tract phenotype (two-step process, see Methods section). This figure was created

with the free web-based tool SankeyMATIC (http://sankeymatic.com/build/). CAKUT congenital anomalies of the kidney and urinary tract, VUR

vesicoureteral reflux.

European Journal of Human Genetics (2023) 31:674 - 680

SPRINGER NATURE

675


https://software.broadinstitute.org/software/igv/
https://software.broadinstitute.org/software/igv/
https://gnomad.broadinstitute.org/about
http://dgv.tcag.ca/dgv/app/home
https://decipher.sanger.ac.uk/
https://decipher.sanger.ac.uk/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
http://www.hgmd.cf.ac.uk
http://www.hgmd.cf.ac.uk
https://www.lovd.nl
http://sankeymatic.com/build/

K.M. Riedhammer et al.

676

RESULTS

Study population

The total study cohort consisted of 86 index cases, 29/86 (34%) were
female and 57/86 (66%) were male (Table 1). ES was performed in all
index cases, 51 individuals were analyzed by proband-only ES, one
by duo ES (index case and mother) and 34 by trio ES (index case and
parents). Most of these cases were of non-Finnish origin (74/86;
86%; Germany, Serbia, and North Macedonia). 15/86 (17%) cases
had a positive family history for CAKUT. Among those with reported
parental consanguinity (7/86; 8%), family history was positive in 2/7
(29%) cases, and among those with no parental consanguinity (79/
86; 92%), family history was positive in 13/79 (16%) cases. The
median age at ES was 9 years (range 0 to 61 years). Extrarenal
manifestations (syndromic CAKUT) were present in 33/86 (38%)
cases and complex CAKUT (i.e., several CAKUT manifestations in an
individual) in 24/86 (28%) cases (Table 1).

All individuals were classified using a two-step process

Step I: Detailed renal and urinary tract phenotype. All 86
individuals were categorized into groups based on their renal and
urinary tract phenotype (as per [16]; Fig. 1): group I: duplication of

Table 1. Clinical characteristics of the 86 index cases.

Total cohort
(n = 86 index cases)

Clinical characteristics

Sex

Female 29 (34%)

Male 57 (66%)
Non-Finnish European descent

Yes 74 (86%)

No 12 (14%)
Reported family history regarding CAKUT Familial CAKUT

Yes 15 (17%)

No 71 (83%)
Reported parental consanguinity

Yes 7 (8%)

No 79 (92%)
Syndromic CAKUT

Yes 33 (38%)

No 53 (62%)
Syndromic features

Skeletal malformations 9 (27%)

Eye anomalies 3 (9%)

Hearing impairment 3 (9%)

Intellectual disability 6 (18%)

Heart defect 6 (18%)
Complex CAKUT

Yes 24 (30%)

No 62 (72%)
CAKUT phenotype

Bilateral kidney affection 36 (42%)

Unilateral kidney affection 28 (33%)

Isolated urine transport affection 22 (25%)
Solved cases*

Yes 8 (9%)

No 78 (91%)

CAKUT congenital anomalies of the kidney and urinary tract; *Solved cases
are those in which a genetic diagnosis could be made by exome
sequencing.

SPRINGER NATURE

the ureter, pelvis and kidney: 3/86 (4%) cases; group II: ectopic
kidney and/or horseshoe kidney: 2/86 (2%) cases; group lll: other
kidney anomaly: 62/86 (72%) cases; group IV: obstructive uropathy:
6/86 (7%) cases; group V: VUR: 11/86 (13%) cases: 11/86 (13%) cases;
group VI: posterior ureteral valves: 1/86 (1%) cases; group VII: other
lower urinary tract malformations: 1/86 (1%) cases.

Step II: Broader phenotype - bilateral or unilateral kidney affection or
isolated urine transport affection. Grouping the individuals
according to extent of affection, the following distribution was
seen: group |: “bilateral kidney affection”: 36/86 (42%) cases; group
II: “unilateral kidney affection”: 28/86 (32%) cases; group lll: “isolated
urine transport affection”: 22/86 (26%) cases (Fig. 1, Table 1).

Diagnostic yield. Monogenic causes of CAKUT could be identified
in 8/86 (9%) cases (Table 2 and Supplementary Table 1). All solved
cases were in the “bilateral kidney affection” group (8/36; 22%;
Fig. 2). 6/8 (75%) solved cases additionally had extrarenal
manifestations (i.e., syndromic CAKUT).

Of the 22 complex CAKUT cases, only one (5%) case was solved.
This case (HN-F541-11-2) presented with bilateral kidney hypopla-
sia, urogenital malformations, dysplastic ears, and bilateral
hexadactyly (Tables 1, 2). 3/8 (38%) solved cases had a positive
family history (HN-F262-II-1, HN-F502-1I-1 and HN-F316-I-1). In all
solved cases, there was no parental consanguinity (Table 2).

Of the 8 solved cases (Table 2), heterozygous disease-causing
variants in PBX1 were identified in 2/8 (25%) cases compatible
with the genetic diagnosis of CAKUTHED (MIM #617641). In 2/8
(25%) cases, Townes-Brocks syndrome 1 (MIM #107480) was
diagnosed, with one pathogenic and one likely pathogenic variant
in SALL1. In 2/8 (25%) cases, Branchiootorenal syndrome 1 (MIM #
113650) was diagnosed, with a likely pathogenic and a pathogenic
variant in EYAT. 1/8 (13%) cases had a papillorenal syndrome (MIM
#120330) caused by a likely pathogenic variant in PAX2.
Additionally, in 1/8 (13%) cases, a chromosome 17q12 deletion
syndrome [MIM #614527] was detected which included HNF1B. 5/
8 (63%) disease-causing variants have not been described in the
literature so far. Of note, 6/8 (75%) of solved cases also had
syndromic features (Table 2).

Supplementary Table 2 lists homozygous stretches in exome
sequencing data and homozygous rare variants (only variants in
OMIM-listed [https://www.omim.org/] disease-associated genes;
MAF < 1.0%) within these stretches in consanguineous cases (all
unsolved). Supplementary Table 3 lists rare de novo variants
(MAF < 0.1%; CADD [https://cadd.gs.washington.edu/] >15) and
rare homozygous/compound heterozygous/hemizygous variants
(MAF < 1.0%) in unsolved trio ES cases (also only variants in OMIM-
listed disease-associated genes).

Diagnostic yields in different CAKUT groups

All solved cases had a bilateral kidney affection. No disease-
causing variant could be found in individuals with a unilateral
renal or an isolated urinary tract phenotype.

DISCUSSION

Diagnostic yield

In this single-center cohort comprising 86 unrelated individuals,
comprehensive genetic testing with ES resulted in a diagnostic
yield of monogenic CAKUT of 9%. This is comparable with the
reported diagnostics yields of unselected CAKUT cohorts in the
literature. For example, in the study by van der Ven et al. 2018, in
29/232 (13%) families, disease-causing variants in genes asso-
ciated with monogenic CAKUT were identified [6]. All eight solved
cases of our cohort had bilateral kidney affection (8/36 individuals,
diagnostic yield of 22% in this subcohort). Interestingly, in the
above-mentioned study by van der Ven et al., cases with kidney
involvement (renal agenesis or renal dysplasia; defined as “severe”
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Fig. 2 Distribution of solved cases in the CAKUT cohort consisting of 86 index cases grouped according to broader phenotype
categories. Solved cases are those in which a genetic diagnosis could be made by exome sequencing.

CAKUT) also had a higher diagnostic yield of 17%. Discrepancies
could be explainable by different compositions of the study
cohorts, e.g., based on different inclusion criteria and the
variability of the clinical phenotypes of the affected individuals.
Of note, a precise differentiation between the diagnostic yields of
unilateral and bilateral affections was not made in the study by
van der Ven et al. Bekheirnia et al. 2017 identified pathogenic
SNVs in 5% of the examined 62 families [26]. Precise information
on individuals with unilateral or bilateral affection was not given in
this study, therefore, a comparison to the present study is only
possible to a limited extent. Furthermore, it has to be pointed out
that 6/8 (75%) solved cases had syndromic features additionally to
bilateral kidney involvement and the diagnostic yield in syndromic
cases was 18% (6/33). Also in the study by van der Ven et al,
syndromic cases had a higher diagnostic yield than the total
cohort (29% vs. 13%) [6]. Hence, our study, of course with limited
sample size, encourages that syndromic features should actively
be investigated in CAKUT cases with bilateral kidney involvement.

In this study, diagnostic yields were calculated on CAKUT
phenotypic subgroups and individuals with bilateral kidney affection
were grouped separately from individuals with unilateral kidney
affection. This showed that all solved cases presented with bilateral
kidney affection implying that, in individuals with bilateral kidney
affection, comprehensive genetic testing should be considered, even
in non-syndromic cases (2/8 of solved cases had bilateral kidney
affection without reported extrarenal manifestations).

Genetic diagnoses

All eight genetic diagnoses featured autosomal dominant syndromic
monogenic CAKUT disorders (Table 2). However, only 6/8 (75%)
solved cases had syndromic phenotypes as per medical records/
referring clinicians. Reverse phenotyping of the two individuals
without syndromic features after the molecular genetic result
confirmed the isolated renal phenotype. And exactly these cases
not featuring a syndromic phenotype carried a heterozygous disease-
causing variant in PAX2 (papillorenal syndrome, MIM #120330) and a
heterozygous 1.2 Mb deletion on Chr17q12 encompassing HNF1B as
the only disease-associated gene (17q12 deletion syndrome, MIM
#614527). PAX2 and HNF1B are the genes most frequently associated

SPRINGER NATURE

with autosomal dominant syndromic CAKUT accounting for 5-15% of
cases in some studies [27]. An explanation for this observation could
be that extrarenal manifestations can be subtle and missed by
clinicians and that expressivity of CAKUT is highly variable and age-
dependent (e.g, maturity-onset diabetes of the young and
neuropsychiatric disorders in 17q12 deletion syndrome; the indivi-
dual with 17912 deletion syndrome was two years old at genetic
testing and [reverse] phenotyping) [27]. Nonetheless, as mentioned
above, our study makes the case that common syndromic
monogenic CAKUT disorders could be present in bilateral kidney
affection cases without apparent extrarenal manifestation, as
phenotypes can be subtle and evolve over time.

Interestingly, in 2/8 solved cases, heterozygous disease-causing
variants in PBX1 could be identified, a fairly novel disease-
associated gene at the time of ES [28]. This could illustrate an
underestimated burden of PBXT7-associated disease (CAKUTHED,
MIM #617641) in monogenic CAKUT.

Two cases each carried disease-causing variants in SALLT and
EYA1, both well-known autosomal dominant syndromic mono-
genic CAKUT genes (Townes-Brocks syndrome 1, MIM #107480;
and branchiootorenal syndrome 1, MIM #113650) [27].

Limitations

Although these are interesting observations, it has to be pointed
out that this study has a small sample size. Therefore, and to
confirm the findings, future larger studies should focus on
diagnostic yields in phenotypic subgroups of CAKUT. This might
allow the development of a clinical score for genetic testing in
CAKUT in order to optimize clinical management.

A further limitation is the uneven distribution between our
cases with unilateral/bilateral kidney affection (64/86; 74%) and
isolated urine transport affection (22/86; 26%). The observed
discrepancy between these two groups can probably be explained
by the small study size and could change in a larger cohort.

For CAKUT cohorts, consanguinity of the parents is known to
result in a higher diagnostic yield [13]. In our CAKUT cohort,
however, this association was not present. This could refer to the
overall limited number of cases with reported parental consan-
guinity (7/86, 8%) within this study.

European Journal of Human Genetics (2023) 31:674 - 680



CONCLUSION

In this study, all solved cases had bilateral kidney involvement and
75% had syndromic disease showing this phenotypic presentation
is a strong sign for an underlying hereditary cause in individuals
with CAKUT. In future studies, a larger cohort of individuals with
CAKUT is needed to develop a clinical score in order to increase
the diagnostic yield in individuals with a CAKUT phenotype as
molecular genetic diagnosis with ES can help to improve clinical
management of individuals with CAKUT.

DATA AVAILABILITY
The data that support the findings of this study are available on request from the
corresponding author.
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KM Riedhammer et al.: FOXD2 dysfunction in syndromic CAKUT

clinical investigation

Congenital anomalies of the kidney and urinary tract
(CAKUT) are the predominant cause for chronic kidney
disease below age 30 years. Many monogenic forms have
been discovered due to comprehensive genetic testing like
exome sequencing. However, disease-causing variants in
known disease-associated genes only explain a proportion
of cases. Here, we aim to unravel underlying molecular
mechanisms of syndromic CAKUT in three unrelated
multiplex families with presumed autosomal recessive
inheritance. Exome sequencing in the index individuals
revealed three different rare homozygous variants in
FOXD2, encoding a transcription factor not previously
implicated in CAKUT in humans: a frameshift in the Arabic
and a missense variant each in the Turkish and the Israeli
family with segregation patterns consistent with autosomal
recessive inheritance. CRISPR/Cas9-derived Foxd2 knockout
mice presented with a bilateral dilated kidney pelvis
accompanied by atrophy of the kidney papilla and
mandibular, ophthalmologic, and behavioral anomalies,
recapitulating the human phenotype. In a complementary
approach to study pathomechanisms of FOXD2-
dysfunction-mediated developmental kidney defects, we
generated CRISPR/Cas9-mediated knockout of Foxd2 in
ureteric bud-induced mouse metanephric mesenchyme
cells. Transcriptomic analyses revealed enrichment of
numerous differentially expressed genes important for
kidney/urogenital development, including Pax2 and Wnt4
as well as gene expression changes indicating a shift
toward a stromal cell identity. Histology of Foxd2 knockout
mouse kidneys confirmed increased fibrosis. Further,
genome-wide association studies suggest that FOXD2 could
play a role for maintenance of podocyte integrity during
adulthood. Thus, our studies help in genetic diagnostics of
monogenic CAKUT and in understanding of monogenic and
multifactorial kidney diseases.

Kidney International (2024) 105, 844-864; https://doi.org/10.1016/
jkint.2023.11.032

KEYWORDS: CAKUT; chronic kidney disease; FOXD2; PAX2; renal hypoplasia;
WNT4; urinary albumin-to-creatinine ratio (UACR)
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(CAKUT) are the most important cause of renal
replacement therapy in children aged 0 to 14 years in
Europe (41.3%) and the most frequent cause of chronic
kidney disease (CKD) up to the age of 30 years.”” CAKUT
comprises a broad spectrum of malformations of the kidney
and urinary tract, ranging from vesicoureteral reflux to renal
agenesis leading to kidney failure requiring dialysis and kid-
ney transplantation.” CAKUT can occur in either isolated or
syndromic forms.*”
Much progress has been made over the last years con-
cerning disease-associated gene identification by using next-

C ongenital anomalies of the kidney and urinary tract

Kidney International (2024) 105, 844-864

Lay Summary

Congenital anomalies of the kidney and urinary tract are
the predominant cause of impaired kidney function in
infants, children, and adolescents. The symptoms are
diverse, ranging from relatively mild manifestations such
as vesicoureteral reflux (backward flow of urine to the
kidneys) to severe forms such as renal agenesis (absent
kidneys). So far, in only ~10% of the affected in-
dividuals, disease-causing variants in known disease-
associated genes can be identified. Within this study,
in 3 families with children affected by congenital
anomalies of the kidney and urinary tract, rare variants in
the gene FOXD2 (forkhead box D2) could be identified.
Further analyses, for example, of mice and renal cells,
suggested that FOXD2 could play a role in the renal and
urogenital development and seems to be important for
maintenance of the filtering function of the kidneys. The
focus of this study was therefore on the characterization
of FOXD2 as a gene associated with the development of
congenital anomalies of the kidney and urinary tract and
its underlying pathomechanisms.

generation sequencing approaches. Several monogenic
forms of CAKUT have been identified, mostly inherited in an
autosomal dominant, but also autosomal recessive, fashion.
More than 45 genes associated with isolated monogenic
CAKUT and >135 genes associated with syndromic CAKUT
are known.”” Furthermore, copy number variants play an
important role in CAKUT.* Nevertheless, only ~10% of
CAKUT cases can be genetically solved, and incomplete
penetrance and variable expressivity are often observed.
Monogenic CAKUT is more frequent if severe kidney affec-
tion occurs (renal agenesis/dysplasia) in syndromic/familial
cases and if there is parental consanguinity.”® Judging from
familial clustering of CAKUT and a large number of CAKUT
manifestations in monogenic mouse models, there is evidence
for not yet described monogenic causes of CAKUT in
humans. ™’

Among the genes implicated in CAKUT by mouse models
are 2 encoding transcription factors of the forkhead box
(FOX) gene family: Foxdl and Foxd2. Both genes are highly
similar in structure and sequence and likely have partially
redundant functions.'” No human individuals with CAKUT
resulting from FOXDI or FOXD2 disease-causing variants
have been described to date. Here, we report the identification
of a homozygous frameshift variant and 2 homozygous
missense variants in FOXD2 in 3 unrelated families impli-
cated in autosomal recessive syndromic CAKUT with renal
hypoplasia, facial dysmorphies, and proteinuria. Systematic
phenotyping of Foxd2 knockout (KO) mice did not only
confirm the renal anomalies previously reported in the liter-
ature but also recapitulated extrarenal features observed in
affected individuals.'” Transcriptome analyses in a Foxd2
mutant mouse metanephric mesenchyme cell line suggests
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Figure 1| Pedigree of (a) the Arabic family, (b) the Turkish family, and (c) the Israeli family. The solid symbols indicate affected

individuals; circles, females; squares, males; arrows, index and also affected cousin. The double horizontal bars indicate consanguinity. (d) Renal
ultrasound of the Arabic index individual (right kidney). (e-h) Facial photographs of the siblings of the Turkish family (downslanting palpebral
fissures, deeply set eyes, laterally extended eyebrows, micro-retrognathia, and mild ptosis on the left eye). (i) Renal biopsy of individual II-2 of
the Turkish family. Note glomerular hypertrophy, mesangial increase, and segmental sclerosis (arrow; hematoxylin and eosin stain). (j)
lllustration of the FOXD2 (forkhead box D2) protein showing location of the variants. (k) Multiple alignment analysis using Clustal X software
(http://www.clustal.org/clustal2) demonstrating that methionine (M) in position 210 of FOXD?2 is evolutionary conserved. (I) Three-dimensional
structural analyses showing the noncovalent interactions between the mutated site and its surrounding residues for the p.(Met210Val) and
p.(Met210Arg) variants in FOXD2. (i) Wild-type structure of residue MET210 having 4 polar interactions (sky blue), 2 van der Waals interactions
(green), 4 hydrophobic interactions (blue), and 2 hydrogen bonds (purple). (i) Mutant-type residue 210VAL (family 2) having 2 polar
interactions (sky), 1 van der Waals interaction (green), and 1 hydrogen bond (purple). (iii) Mutant-type residue 210ARG (family 3) having 5 polar
interactions (sky blue), 3 hydrogen bonds (purple), and 1 ionic bond (gold). Duplicate/triplicate structures are illustrated to make overlapping
interactions or bonds visible. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.

Pax2 and Wnt4 as Foxd2 downstream targets, providing a
putative pathomechanism potentially involving diversion of
the lineage identity toward renal stroma cells.

METHODS
Detailed methods can be found in the Supplementary Methods.

Human genetics

In case of family 1 (Figure 1a), the study was approved by the local
ethics committee of the Technical University of Munich (521/16 S)
and performed according to the standard of the Helsinki Declaration
of 2013. Written informed consent was obtained from all partici-
pants or their legal guardians. The family described in this study is
part of a larger hereditary kidney disease cohort (“NephroGen”;
>1000 families), including 313 CAKUT families, located at the
Institute of Human Genetics, Technical University of Munich,
Munich, Germany.

A DNA sample of the index case (VI-3) was analyzed by exome
sequencing (ES) using the SureSelect Human All Exon 60 Mb V6 kit
(Agilent) and the HiSeq 4000 (Illumina) sequencer as previously
described."" Other family members were analyzed by targeted Sanger
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sequencing using the ABI capillary sequencer 3730 (Applied Bio-
systems). To identify additional individuals affected by CAKUT and
carrying biallelic damaging FOXD2 variants, a number of collabo-
rating laboratories (total of 5000 cases analyzed) were contacted and
a GeneMatcher search was conducted.'”

Family 2 (Figure 1b) was identified through GeneMatcher,'> and
all individuals participating in this study were enrolled after
obtaining signed informed consent in accordance with human
subject research protocols approved by the Ethics Committee of
Istanbul University — Cerrahpasa, Cerrahpasa Medical Faculty (No.:
139896, Date: October 22, 2020).

Microarray studies were performed in affected individuals (II-1
and II-2) using the Hlumina Infinium HumanCytoSNP-12 v2.1
(300K) microarray chip and Illumina BlueFuse Multi v4.5 Software.
ES was performed in the 2 affected girls, 1 unaffected boy, and their
parents (i.e., II-1, I1-2, II-3, I-1, and I-2; Figure 1b) using the Human
Core Exome Panel v3.0 (Twist Bioscience) and the MGI-T7 (MGI
Tech) sequencer. Homozygosity mapping was performed using ES
data via HomSI software (a homozygous stretch identifier from next-
generation sequencing data), which was developed by the Advanced
Genomics and Bioinformatics Research Center in the Scientific and
Technological Research Council of Tiirkiye.'> Sanger sequencing was
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performed in all individuals of the family to validate the sequence
variation prioritized by ES using the ABI 3130 genetic analyzer.

In case of family 3 (Figure 1c), the study was approved by the
Rabin Medical Center Institutional Review Board (6826). Signed
informed consent for participation in the study was received from
the family. Chromosomal microarray analysis was performed using
the CytoScan 750K Array (Applied Biosystems). The index case
underwent commercial multigene panel testing (Blueprint Genetics).
Subsequently, duo ES for the proband (Figure 1c, IV-5) and her
mother (Figure lc, II1-9) was performed at the Genetics Institute in
the Tel Aviv Sourasky Medical Center. Targeted capture of protein-
coding regions was performed using xGen Exome Hyb Panel v2
(Integrated DNA Technologies). Paired-end libraries were sequenced
on the NovaSeq 6000 system (Illumina). At least 97% of target bases
were covered at =20x (95% at >100x). Data analysis was per-
formed at the Raphael Recanati Genetics Institute, Petah Tikva,
Israel, using the Emedgene platform (Emedgene Technologies) and
the Franklin genetic analysis and variant classification platform
(Franklin by genoox; https://franklin.genoox.com). Because no
disease-causing variant was identified, data were subsequently
reanalyzed for suspicious, rare homozygous variants, and a variant in
FOXD?2 was prioritized. While this manuscript was in preparation, a
preprint version describing the findings in families 1 and 2 was
published in medRxiv.'"* Upon reanalysis, the striking clinical and
molecular similarities between the affected individuals in these
families and the index case in family 3 were noted.

The GeneBank (National Center for Biotechnology Information)
sequence FOXD2 NM_004474.4 (corresponding to the canonical
Ensembl transcript ENST00000334793.6) was used as reference.
NP_004465.3 protein sequence was also selected for further bio-
informatic analyses.

In silico prediction and multiple sequence alignment for
missense variants, and protein modeling for FOXD2 p.(Met210Val)
and p.(Met210Arg) missense variants (families 2 and 3).  In silico
predictions were performed using Sorting Intolerant From Tolerant
(SIFT;  https://sift.bii.a-star.edu.sg/), Protein Variation Effect
Analyzer (PROVEAN; http://provean.jcvi.org/index.php/), Poly-
morphism Phenotyping v2 (PolyPhen-2; http://genetics.bwh.
harvard.edu/pph2/), Mutation Taster (https://www.mutationtaster.
org/), Combined Annotation Dependent Depletion (CADD;
https://cadd.gs.washington.edu/), Rare Exome Variant Ensemble
Learner (REVEL; https://sites.google.com/site/revelgenomics/?pli=1),"”
ClinPred  (https://sites.google.com/site/clinpred/),'® and MutPred2
(http://mutpred.mutdb.org/)."”

Multiple sequence protein alignment was performed using Clustal
Omega version 1.2.2 (https://www.ebi.ac.uk/Tools/msa/clustalo/).

FOXD2 protein structure and Protein Data Bank (PDB) files were
absent in the RCSB Protein Data Bank (https://www.rcsb.org/).
Therefore, the preexisting model based in the AlphaFold database
(https://alphafold.ebi.ac.uk/entry/O60548) was used. Gibbs free en-
ergy minimization of the wild-type (wt) protein structure was per-
formed with the RepairPDB command of FoldX software'® with the
following syntax:

foldx =~ —command=RepairPDB
model_v2.pdb —water=CRYSTAL.

Four in silico tools, which estimate the impact of missense vari-
ants on protein stability and calculate the changes in unfolding Gibbs
free energy, AAG, were used. Protein stability predictions were
calculated with DynaMut2,19 INPS-3D,* FoldX,'® and PremPS*!
using the AlphaFold structure of FOXD?2 as an input PDB file.

—pdb= AF-060548-F1-
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The AAG values between the wt protein and results of altered
amino acid substitution were calculated for the p.Met210Val and
p-Met210Arg variants in FOXD2. Finally, 3-dimensional (3D)
structures of the wt and altered FOXD2 protein structures were
generated with DynaMut2. The AAG values (in kilocalorie per mole)
for both variants were interpreted as follows: Predicted AAG < 0 is
destabilizing in the case of DynaMut2 and INPS-3D. Predicted AAG
> 0 is destabilizing in the case of FoldX 5.0 and PremPS.

Clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 gene editing in mice and mouse phenotyping
Mice were maintained in individually ventilated cages with water and
standard mouse chow according to the Directive 2010/63/EU,
German laws, and German Mouse Clinic (GMC) housing condi-
tions. All tests were approved by the responsible authority of the
district government of Upper Bavaria, Germany.

The Foxd2 KO mouse model was derived using CRISPR/Cas9
technology using the web-based CRISPOR design tool** and sys-
tematically characterized in the GMC phenotyping screen as previ-
ously described.”>** Homozygous Foxd2 KO mice (10 males, 7
females), heterozygous Foxd2 KO mice (8 males, 10 females), and wt
controls (33 males, 36 females) were analyzed by the GMC at
Helmbholtz Zentrum Miinchen, Neuherberg, Germany (http://www.
mouseclinic.de).”” *> The phenotypic tests were part of the GMC
screen and performed according to standardized protocols as pre-
viously described.”® > More details and the description of the
immunohistochemistry and image analysis can be found in the
Supplementary Methods.

Cell culture, Foxd2-deficient metanephric mesenchyme cell
model generation using CRSPR/Cas9 technology, and
transcriptome analyses

CRISPR/Cas9 gene targeting on mk4 metanephric mouse cells was
performed as previously described.”””" Bioinformatics analysis was
performed using the Galaxy platform (https://usegalaxy.org/) as
previously described.”> Quantitative polymerase chain reaction
(qPCR) in different mk4 clones carrying different homozygous
frameshift alleles to exclude clonal effects was performed using the
GoTaq qPCR Master Mix (Promega; catalog number A6001).
Immunofluorescence analyses were performed as previously
described (anti-Pax2 antibody: ab79389 [Abcam], 1:200).” Gel
electrophoresis and Western blotting were likewise performed as
previously described (anti-Pax2 antibody: ab150391, EPR8586
[Abcam]).*

3D cell culture

CMUB-1 and mK cells were cultured in Dulbecco’s modified
Eagle’s medium with GlutaMax medium with addition of 10%
fetal bovine serum, 1% penicillin/streptomycin, and 1% sodium
pyruvate at 37 °C under 5% CO,. To obtain the mK3 cell su-
pernatant, mK3 cells were cultured 48 hours in serum-free
medium before medium collection. Thirty milliliters of me-
dium were then filtered using a 0.2 pm filter and added to a
centrifugation concentration filter system with cutoff pore sizes
of 3 kDa and centrifugation performed at 4000¢ for 30 minutes,
resulting in an ~50-times concentration. For CMUB-1 3D
Matrigel cell cultures, Lab-Tek II Chamber Slides (Thermo
Fisher) were coated with a Matrigel—cell suspension and 150 pl
of medium was added after solidification.
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FOXD2 genome-wide association study locus fine mapping
A previous genome-wide association study (GWAS) meta-analysis of
the urinary albumin-to-creatinine ratio (UACR) has identified the
FOXD2 locus.” We therefore attempted to identify the responsible
variants underlying the association signal by using the statistical fine-
mapping method SuSiE.*° SuSiE selects single nucleotide poly-
morphisms (SNPs) with a high probability to causally affect a given
trait—here the UACR—even if a genetic locus contains many highly
correlated genetic variants and/or multiple SNPs with a causal effect.
We used the R package susieR (version 0.12.27) to fine-map the 1
MB genomic region centered at the SNP showing the strongest
statistical association with UACR, rs1337526. For linkage disequi-
librium matrix calculation, we used a genotype set of 15,000
randomly selected participants of European ancestry from the UK
Biobank as in Teumer et al.”® To match the linkage disequilibrium
reference as closely as possible, GWAS summary statistics of UACR
based on data from 436,392 participants of the UK Biobank
(application number 20272) were used as input. We used the default
parameters in susieR functions, except for setting var_y to 1 and
max_iter to 100000. The identified credible set SNPs were screened
for their association with the UACR in up to 127,862 independent
participants of the CKDGen Consortium.” For visualization, cred-
ible set SNPs were positioned in the IGV browser of the human
kidney snATAC-seq open chromatin peaks (http://www.susztaklab.
com/human_kidney/igv/) from Sheng et al.”” to examine their po-
sition with respect to cell type-specific open chromatin peaks. The
regional association plot was created by LocusZoom version 1.4.”°
The podocyte cis-coaccessibility network was kindly provided by
Muto et al.”’ Only connections with a coaccessibility score of >0.25
targeting the FOXD2 promoter were displayed.

We performed phenome-wide association studies of the 2 most
likely causal fine-mapped variants using GWAS summary statistics of
human traits and diseases from the UK Biobank*® (TOPMed-
imputed PheWeb at https://pheweb.org/UKB-TOPMed/) and Finn-
Gen"' (release DF9 data at https:/r9.finngen.fi/). Phenome-wide
association study queries were based on the rs identifier of the
variants.

Kidney gene expression profiles

To determine the localization of FOXD2 gene expression within the
adult human kidney, we leveraged publicly available single-cell RNA
sequencing data from 47 samples from the Kidney Precision Medi-
cine Project (accessible through https://atlas.kpmp.org/). Lake et al.
provided a detailed description of the experimental setup and cell
type identification processes.**

Code availability
Codes for transcriptome analysis and plotting are available under
https://github.com/gwangjinkim/foxd2_analysis.

Ethics approval and consent to participate

This project has received approval from the local ethics committee of
the Technical University of Munich (521/16 S), from the Ethics
Committee of Istanbul University — Cerrahpasa, Cerrahpasa Medical
Faculty (No: 139896, Date: October 10, 2020), as well as from the
Rabin Medical Center Institutional Review Board in Petah Tikva
(6826). Human samples collected as part of the Kidney Precision
Medicine Project (KPMP) consortium (https://KPMP.org) were
obtained with informed consent and approved under a protocol by
the KPMP single institutional review board of the University of
Washington Institutional Review Board (IRB 20190213). All
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participants provided informed consent, and the research conformed
to the principles of the Helsinki Declaration.

RESULTS
Clinical case

Family 1 (Arabian Peninsula). In this consanguineous
family, the index individual (VI-3) had facial dysmorphism
(low-set ears, hypertelorism, downslanting palpebral fissures,
and retrognathia), developmental delay, and congenital
bilateral hypoplastic kidneys (Figure 1d) and underwent
allogenic kidney transplantation at 11 years of age. At 7 years
of age, he had CKD G4 (estimated glomerular filtration rate
26 ml/min per 1.73 m* [modified Schwartz formula]*’) and
proteinuria of 2.7 g/24 h. His parents are first-degree cousins.
Three first cousins once removed—individuals V-13, V-14,
and V-19 (see Figure la for a detailed pedigree of the fam-
ily)—were similarly affected. V-19 had bilateral hypoplastic
kidneys, developmental delay, and retrognathia. At 6 years of
age, she had CKD G3 (estimated glomerular filtration rate 11
ml/min per 1.73 m®) and proteinuria of 5.0 g/24 h. Allogenic
kidney transplantation was done at 7 years of age. Relatives V-
13 and V-14, brothers of V-19, were also affected by a similar
phenotype (Table 1; Supplementary Case Report).

Family 2 (Tiirkiye). In this consanguineous family, the fe-
male index individual (II-1) was diagnosed with kidney fail-
ure at the age of 6 years. Initial ultrasonography showed
bilateral hypoplastic kidneys with increased echogenicity. She
received a preemptive kidney transplant from her father at the
age of 6 years. In addition to kidney failure, the individual had
dysmorphic findings including downslanting palpebral fis-
sures, deeply set eyes, laterally extended eyebrows, micro-
retrognathia, and mild ptosis on the left eye (Figure le and
f and Table 1), as well as high palate, dental crowding, fusi-
form fingers, sandal gap in both sides, and central obesity
noted on physical examination. Eye examination performed
at the age of 6 years showed left esotropia and bilateral pos-
terior subcapsular cataract as well as grade I hypertensive
retinopathy.

The sister of the index individual (II-2) was referred to
the pediatric nephrology department because of persistent
proteinuria at the age of 7 years. Her height was 117
+ —2.61 cm, and she also had dysmorphic findings
(Figure 1g and h and Table 1). Serum creatinine level was
normal for the age (i.e., 0.35 mg/dl, corresponding to an
estimated glomerular filtration rate of 138 ml/min per 1.73
m?  creatinine-based  “bedside  Schwartz” equation
[2009]).*> Renal ultrasound showed bilateral increased renal
parenchymal echogenicity and left kidney hypoplasia. Kid-
ney biopsy was compatible with focal segmental glomer-
ulosclerosis  (FSGS;  Figure 1li). Dysmorphic features
included downslanting palpebral fissures, laterally extended
eyebrows, micro-retrognathia, left deviation of nasal axis,
tapering of distal phalanges of fingers, sandal gap in both
sides, short toes, and central obesity. A full ophthalmo-
logical examination was found to be normal. At 17 years of
age, laboratory findings were compatible with CKD G3
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Table 1| Overview of the clinical phenotype of the affected individuals of the Arabic, the Turkish, and the Israeli family

Family 1: Arabic family

Family 2: Turkish family

Family 3: Israeli

VI-3 V-13 V-14 V-19 11-1 11-2 family
Genetic and
proband data
FOXD2 variant,  chr1:9.47904596dup n.t. n.t. chr1:9.47904596dup chr1:9.47904435A>G chr1:9.47904435A>G chr1:9.47904436T>G

chromosomal
position (hg19)

FOXD2 variant, ¢.789dup, p.(Gly264Argfs* n.t. n.t. €.789dup, C.628A>G, p.(Met210Val)
cDNA position 228) p.(Gly264Argfs*
and protein 228)
position
(NM_004474.4,
NP_004465.3)
gnomAD MAF 0 0 0 0 0
Zygosity Homozygous - - Homozygous Homozygous
Inheritance From parents - - Only mother tested From parents
(heterozygous
carrier)
Consanguinity + + + + +
Sex Male Male Male Female Female
Age at the last 8 Deceased at n.d. n.d. 12.7
examination, yr age 6 yr
Kidney
Congenital + (Bilateral kidney hypoplasia) + + (Horseshoe -+ (Bilateral kidney + (Bilateral kidney hypoplasia)
anomalies of (Hypospadias) kidney, hypoplasia)
the kidney and hypospadias)
urinary tract
KF + (10 yr) nd. + + (6 yr) + (6yr)
Kidney + (11 yr; allogenic) — + (6 yr, 25 yr; + (7 yr; allogenic)  + (6 yr)
transplantation allogenic)
Neurodevelopment
Developmental  + + + + +
delay
Dysmorphic
features
Facial + (Mandibular retrognathia, micrognathia, + + + (Micrognathia, + (Downslanting palpebral
dysmorphies  severe dental abnormalities, high-arched (Micrognathia) (Micrognathia, discrete fissures, deeply set eyes, laterally
palate, hypertelorism, downslanting crowded retrognathia) extended eyebrows, micro-
palpebral fissures, exophthalmos, flat teeth) retrognathia, mild ptosis on the

nasal bridge, low-set dysplastic ears) left eye, high palate, dental

crowding)

Cc.628A>G, p.(Met210Val)

0
Homozygous
From parents

+
female
16.9

+ (Kidney hypoplasia
on the left side)

+ (Downslanting
palpebral fissures,
laterally extended
eyebrows, micro-
retrognathia, left
deviation of the nasal
axis)

Cc.629T>G,
p.(Met210Arg)

0

Homozygous

Only mother tested
(heterozygous
carrier)

+

Female

+ (Bilateral kidney
hypoplasia)

+(G5yn
+ (7 yr; allogenic)

+ (Downslanting
palpebral fissures,
ptosis, mild
retrognathia)

(Continued on following page)
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Table 1] (Continued) Overview of the clinical phenotype of the affected individuals of the Arabic, the Turkish, and the Israeli family

Family 3: Israeli

Family 2: Turkish family

11-1

Family 1: Arabic family

family

1I-2

V-19

V-14

V-13

VI-3

Other

u Trivial pulmonic

stenosis

u Tapering of distal

u Fusiform fingers

» Imperforate anus

phalanges of fingers

(surgically

» Sandal gap in both sides

treated as a
neonate)

» Esotropia,

= Sandal gap in both

sides

hypermetropia

u Central obesity

» Corneal

u Left esotropia and bilateral = Short toes w Preauricular pit

abrasions

(also in mother
and healthy
brother)

posterior subcapsular cataract

u Central obesity

FOXD2, forkhead box 2; gnomAD, Genome Aggregation Database (v.2.1.1, https://gnomad.broadinstitute.org); KF, kidney failure; MAF, minor allele frequency; n.d., no data; n.t,, not tested.

with an estimated glomerular filtration rate of 38 ml/min
per 1.73 m* (modified Schwartz formula).*’

Family 3 (Israel). The proband was born to parents of
Bedouin descent who are first cousins. During pregnancy, at
35 weeks of gestation, small kidneys were noted. On the third
day of life, she had an elevated creatinine level of 1.7 mg/dl,
which gradually decreased. Around age 2 years, she first
presented with nephrotic syndrome, which did not respond
to steroid treatment. Renal ultrasound showed bilateral
dysplastic kidneys, and the left kidney was noted to be in the
left central abdomen with small hypoechogenic findings
suspicious for cysts and possibly dilated renal pelvis. Kidney
biopsy was planned but not done owing to difficult access to
the kidneys. She was treated with angiotensin-converting
enzyme inhibitors and angiotensin receptor blockers with
fluctuations in the degree of proteinuria, but levels always
remained within the nephrotic range. Treatment with tacro-
limus was also attempted but discontinued because of a rapid
increase in the individual’s creatinine levels and hyperkalemia.
Her renal functions worsened over time, and, at the age of 5
years and a half, she was started on peritoneal dialysis. At the
age of 7 years, she underwent allogenic kidney trans-
plantation. Medical history is also significant for mild devel-
opmental  delay, which resolved, esotropia, and
hypermetropia. She follows up with cardiology for left ven-
tricular dysfunction attributed to hypertension, which
improved with treatment. She also had short stature below
the third percentile in the growth chart since age 3 years,
likely because of chronic kidney failure.

On the last examination, she had microcephaly (2.8 SDs
below the mean), downslanting palpebral fissures, ptosis,
mild retrognathia, and a small, prominent chin. She had a
unilateral preauricular pit also seen in her mother and an
unaffected brother.

Genetic results

Family 1 (Arabian Peninsula). ES of individual VI-3 (index)
led to the prioritization of a homozygous frameshift variant in
FOXD2 NM_004474.4:c.789dup, p.(Gly264Argfs*228). The
variant is not listed in gnomAD (Genome Aggregation Data-
base, v.2.1.1, http://gnomad.broadinstitute.org/) and predicted
to result in a protein of nearly the same length as wt FOXD2
but with a changed amino acid composition within the C-
terminal half of the protein, leaving the DNA-binding domain
intact (Figure 1j). As FOXD2 is a single-exon gene
(NM_004474.4), nonsense-mediated decay due to the frame-
shift variant cannot be expected (see Supplementary Methods
for details on the filtering process of ES and Supplementary
Table S1 for a list of homozygous variants below minor allele
frequency 1.0% detected with ES in the index individual of
family 1). Supporting the hypothesis that FOXD?2 represents an
essential gene during mammalian development, no FOXD2
homozygous loss-of-function variants are reported in gnomAD
v.2.1.1.

Subsequent Sanger sequencing confirmed the segregation
of the variant: parents of VI-3 are heterozygous carriers of the
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variant. The clinically similarly affected maternal first cousin
once removed (V-19) was found to be a homozygous carrier,
while the maternal great-aunt (IV-6) and mother of V-19 are
heterozygous carriers of this variant (Supplementary
Figure S1). Further segregation of the variant could not be
performed because of limited accessibility/missing consent of
relatives.

Family 2 (Tiirkiye). Homozygosity mapping revealed runs
of homozygosity located in chromosome 1, ~11.6 Mb long
(chr1:g.47,607,000-59,155,000, hgl9). The identified ho-
mozygous stretch showed that both affected siblings were
sharing the runs of homozygosity; however, parents and the
unaffected sibling were heterozygous for the region of in-
terest (Supplementary Figure S2A). ES was then performed
for the index case (II-1), affected and unaffected siblings (II-
2 and II-3), as well as healthy consanguineous parents (I-1
and I-2). ES analyses resulted in the prioritization of a ho-
mozygous missense variant NM_004474.4:c.628A>G,
p-(Met210Val) in FOXD2 (predicted as deleterious with
CADD, REVEL, ClinPred, and MutPred2), which is located
within the disease-segregating homozygous region and is not
listed in gnomAD (see Supplementary Table S2 for a list of
filtered candidate variants detected with ES in the Turkish
index individual).

Sanger sequencing results confirmed that the p.Met210Val
variant in FOXD?2 is segregating with the disease in the
family (Supplementary Figure S2B). The homozygous
missense variant is located at the methionine residue at
amino acid position 210 within the DNA-binding domain of
FOXD2 (NP_004465.3), which is completely conserved
among different species until the level of Danio rerio
(Figure 1j and k).

Family 3 (Israel). A chromosomal microarray analysis
(Raphael Recanati Genetics Institute) was inconspicuous, but
showed regions of homozygosity =3 Mb in 6.4% of all
autosomal regions tested. A renal malformation panel and
nephrotic syndrome panel (Blueprint Genetics) followed by
ES for the index individual and her mother were negative for
disease-causing variants that fully explained the index in-
dividual’s phenotype. Variants of uncertain significance in
FNI1 and TBCIDSB and a single variant in PKHDI were
detected, all of which were inherited from the unaffected
mother (see Supplementary Table S3).

Because of parental consanguinity, revision of the exome
data focusing on rare homozygous variants was performed,
which identified a homozygous missense variant
NM_004474.4:c.629T>G, p.(Met210Arg) in FOXD2. This
variant is absent from the gnomAD database. It affects the
same conserved amino acid as seen in family 2. The CADD
PHRED score for this variant is 28.6.

Gibbs free energy calculation and the change in 3D protein
structure in FOXD2 missense variants c.628A>G, p.(Met210Val)
and ¢.629T>G, p.(Met210Arg) (families 2 and 3)

The starting free energy AG for the FOXD2 protein model was
817.623 kcal/mol, and it was lowered to 719.079 kcal/mol to a
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more stable state after the RepairPDB command of FoldX was
applied. 3D protein models for wt FOXD2 and the potential
changes in noncovalent bonds caused by the p.(Met210Val)
and p.(Met210Arg) variants are displayed in Figure 1l. The
p-(Met210Val) variant decreased protein stability and was
predicted as “destabilizing” with all 4, and the p.(Met210Arg)
variant decreased protein stability and was predicted as
“destabilizing” with 3 of 4 different protein stability prediction
tools upon point mutations. The AAG scores calculated for
both variants are displayed in Supplementary Table S4.

Fine mapping of the FOXD2 UACR GWAS locus
prioritizes 2 underlying variants. 'The FOXD2 locus (1p33) has
been previously associated with UACR in large GWAS meta-
analyses of adult study participants.”” In agreement, the
affected individuals carrying rare biallelic FOXD2 variants
show significant proteinuria, with one of them even showing
the histological finding of FSGS on kidney biopsy. We now
performed fine mapping of UACR-associated genetic variants
in the FOXD2 locus in 436,392 participants of the UK Biobank
to prioritize the variants most likely to cause the association
signal (Figure 2; see Methods). Fine mapping yielded 2 inde-
pendent sets of UACR-associated variants that contained 8 and
21 variants, all of which were also associated with UACR in a
direction-consistent manner in an independent sample of up
to 127,862 participants of the CKDGen Consortium
(Supplementary Table S5).” The variants with the highest
posterior probability to cause the association signal with UACR
in each set were both common SNPs upstream of FOXD2,
rs17453832 and rs1337526 (Figure 2b). Interestingly, using
publicly available scATAC-seq data from the human kidney,”’
rs17453832 overlaps accessible chromatin regions exclusively
in podocytes, the relevant cell type for albuminuria of
glomerular origin, as observed in FSGS (Figure 2¢). Moreover,
a cis-coaccessibility network derived from podocytes in an
independent scATAC-seq data set’” revealed a putative
connection between rs17453832 and the FOXD2 promoter/
exon (Figure 2d; see Methods), further supporting rs17453832
as a regulatory variant of FOXD2 in podocytes that leads to an
association with UACR. Additional investigation of FOXD2 in
single-cell RNA-sequencing expression data (see Methods)
showed >2.69-fold enriched expression in podocytes
compared to all other cell types (P = 5.9 x 10~ '2°). Fine-
mapped variants in the FOXD2 locus were not associated
with other diseases in the UK Biobank or the FinnGen data sets
after correction for multiple testing (see Methods); the asso-
ciation with the lowest P value was with “gestational edema
and proteinuria without hypertension” (P = 3 x 107
FinnGen).

Foxd2 deficiency in mice leads to multidevelopmental
phenotypes. To investigate the consequences of Foxd2
dysfunction in mice, Foxd2 KO mice were generated using
CRISPR/Cas9 technology and comprehensively phenotyped.
Reverse transcription polymerase chain reaction and cDNA
analysis confirmed the absence of Foxd2 transcript in
homozygous mutant animals (Supplementary Figure S3A).
Homozygous Foxd2 KO mice were viable and were born
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Figure 2| From top to bottom: (a) regional association plot, (b) posterior inclusion probability (PIP) plot, (c) RefSeq gene track and 8
snATAC-seq peak tracks, and (d) podocyte cis-coaccessibility network (CCAN) at the FOXD2 (forkhead box D2) locus. In the regional
association plot, the association P values from a genome-wide association study of the urine albumin-to-creatinine ratio (UACR) from the UK
Biobank were plotted on the —log scale. The correlation (%) of genetic variants in the region with the lead single nucleotide polymorphism
(SNP) rs1337526 is indicated as color gradients. The r* was based on 1000 Genomes EUR genotype data phase 3, November 2014 release. In

the PIP plot, only SNPs in 95% credible sets (i.e., the set of SNPs tha

t contains a variant with effect on UACR with probability = 95%) are

shown. The color indicates the credible set membership. The vertical axis indicates the PIP value of the SNPs. The 8 ATAC-seq open chromatin
tracks were retrieved from http://www.susztaklab.com/human_kidney/igv/. Two gray vertical dashed lines were placed at positions where

credible set SNPs overlap with open chromatin peaks in a podocyte, a
with a coaccessibility score of >0.25 targeting the FOXD2 promoter

relevant cell type for albuminuria. The CCAN plot shows all connections
as red curved lines. CDIC, collecting duct intercalated cell; CDPC,

collecting duct principal cell; chr1, chromosome 1; DCT, distal convoluted tubule; Endo, endothelial cell; Immune, immune cell; LOH, loop of

Henle; Podo, podocyte; PT, proximal tubule.

approximately according to Mendelian distribution. Compared
with wt and heterozygous littermates, more homozygous
newborns died shortly after birth (Supplementary Figure S3B).

At 16 weeks, micro—computed tomography analyses
revealed a changed mandible morphology in homozygous
Foxd2 KO mice (Figure 3a—d; n = 4 wt and n = 2 homozy-
gous females and n = 4 wt and n = 4 homozygous males;
using landmarks that have already been described in
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rodents**), including an abnormally shortened condylar
process and a flattened tip of the coronoid process in male
homozygous Foxd2 KO mice (Figure 3b—d). Importantly,
homozygous Foxd2 KO mice display smaller mandibles
(micrognathia or mandibular hypoplasia), as measured with
distance 3-5 (Figure 3d).

Ophthalmic evaluation identified changes in the appear-
ance of the optic disc, imaged using the en face optical
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Figure 3 | Mandibular alterations and defective optic disc in homozygous (hom) Foxd2 (forkhead box D2) knockout (KO) mice. Micro—
computed tomography representative images of the (a) skull and (b) mandible from control (wild-type [wt]) and hom Foxd2 KO male mice. In
(a), the coronoid (left side) and condylar (right side) processes are highlighted by dash line rectangles; and in (b), by a magnified inset and
arrows, respectively. (c) Volume matching of male control (gray) and mutant (red) mandibles at an identical scale, allowing easy qualitative
comparison of the described morphological changes. (d) Mandibular morphometric analysis comparing distance measurements between
several anatomical landmarks: (1) dorsal-most point of the coronoid process; (2) anterodorsal side of the condylar process; (3) ventral-most
point of the condylar process; (4) posterior-most point of the angular process; and (5) ventral-most point of the front lower part of the
mandible. The condylar process is shorter (distances 1-2 and 3-4) and slightly wider (distance 2-3) in mutants than in control animals. These
landmarks have already been described in rodents.** n = 4 wt and n = 2 homozygous females and n = 4 wt and n = 4 homozygous males.
Single values and mean =+ SD values are shown. Test for statistical significance was not performed because of the low animal (continued)
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coherence tomography modality as a darker ring around the
optic nerve head (Figure 3e). Spectral-domain optical
coherence tomography images revealed that homozygous
Foxd2 KO mice have posterior deformation of the optic nerve
head surface (Figure 3f). We noted different severity in the
alterations of the optic nerve in these mice. The total retinal
thickness was not significantly altered; only for severely
affected eyes, a much thinner total retinal thickness was
measured (data not shown).

Although macroscopy did not reveal malformations of the
urinary system, microscopic analysis by standard hematoxylin
and eosin staining detected bilateral dilation of the renal
pelvis. Among 6 homozygous Foxd2 KO mice examined (4
males, 2 females), bilateral dilation of the renal pelvis was
present in 2 homozygous males (33% penetrance; Figure 4a).
A clearly narrowed cortex and a decreased size of the renal
papilla (Figure 4a and b) accompanied the dilation. For better
visualization of the papilla, we used immunohistochemical
staining with aquaporin-2 as a marker for the collecting tu-
bules and detected a reduction in the diameter of the ducts
(Figure 4c). To rule out that the bilateral dilation of the renal
pelvis observed in homozygous mutants represented a back-
ground lesion, we performed hematoxylin and eosin staining
of kidneys from 126 wt animals randomized by age and
background strain. We detected bilateral renal pelvis dilation
in only 4 of 126 wt animals (Fisher exact test, P = 0.0239).
Taken together, our results support the diagnosis of a renal
pelvis dilation in homozygous mutant mice with a penetrance
of 33%. The bilateral dilation of the renal pelvis was appar-
ently not secondary to an obstructive lower urinary tract
lesion. Additional histological parameters of the kidneys are
described in Supplementary Table S6A and B and
Supplementary Figure S4.

Further, we found a significantly increased (on average
doubled) cytokeratin 8 expression level in the renal cortex of
homozygous Foxd2 KO mice compared with wt controls,
determined by algorithm-based cell counting (2-sample ¢ test,
P < 0.001; Figure 5; Supplementary Figure S5), indicating
tubular epithelial injury.

Plasma clinical chemistry parameters affected by renal
dysfunction showed mild to moderate deviations in homo-
zygous Foxd2 KO mice compared with wt controls analyzed in
parallel. Although sodium levels, and in trend also chloride
levels, were slightly decreased predominantly in female ho-
mozygous Foxd2 KO mice, maybe as a sign of volume over-
load due to reduced urine output, a significant increase in
plasma potassium and urea levels in male homozygous Foxd2
KO mice was observed (Figure 4d—f and h). The index

d

individual of family 1 also had increased plasma potassium
and urea levels owing to reduced kidney function, but plasma
sodium levels were normal. Interestingly, although in general
no increase in plasma creatinine concentrations in homozy-
gous Foxd2 KO mice was observed, 2 homozygous Foxd2 KO
animals showed high values compared with controls
(Figure 4g). One of them was studied by histological analyses,
and the high creatinine and elevated urea levels were in line
with the already described histopathological alterations in the
kidneys, including increased cytokeratin 8 expression
compatible with increased fibrosis (Figure 5; Supplementary
Figure S5).

Behavioral alterations consequent to Foxd2 loss were also
observed. In the open field test of spontaneous reactions to a
novel environment, 8-week-old homozygous Foxd2 KO mice
were clearly hypoactive and hypoexploratory (Supplementary
Figure S6). This was indexed by decreased total distance
traveled (2-way analysis of variance genotype effect: F; g1 =
19.93; P < 0.0001) and total rearing activity (2-way analysis of
variance genotype effect: F; g; = 59.36; P < 0.0001) compared
to wt controls. Heterozygous Foxd2 KO mice were also
hypoactive and hypoexploratory compared with wt mice,
albeit with less severity than homozygous KO mice
(Supplementary Table S7).

Generation of Foxd2-deficient metanephric mesenchyme cell
models. To further investigate FOXD2 function for proper
renal development and to understand how biallelic FOXD2
dysfunction may cause bilateral renal hypodysplasia/CAKUT
in humans and mice, Foxd2-deficient immortalized mouse
metanephric cell models (mk4 cells) were generated using
CRISPR/Cas9 technology. mk4 cells represent ureteric bud—
induced metanephric mesenchyme cells undergoing epithe-
lial conversion.

The targeted FOXD2 region was chosen to closely replicate
the homozygous frameshift variant identified in family 1.
Four suitable mk4 clones carrying different homozygous
Foxd2 variants resulting in a change in the reading frame were
chosen (Table 2; Supplementary Figure S7 [only clone F7
shown]). Foxd2 is a transcription factor previously implicated
in renal development in mice'’; however, at the time of Foxd2
KO mouse analysis, RNA sequencing analysis was unavailable
and the precise role of mammalian renal development has
remained elusive.  Therefore, transcriptome analysis
comparing the homozygous mutant mk4 with control mk4
cells transfected with nontargeting single guide RNA (sgRNA)
was performed. Clone F7 carrying the frameshift variant
NM_00859.3:c.801insT (p.Tyr268Leufs*109) was chosen as
the frameshift that most closely resembles the one predicted

|

Figure 3 | (continued) number. (e) Representative images of eyes of 16-week-old hom Foxd2 KO mice and age-matched wt littermates using

the en face optical coherence tomography modality. Foxd2™/~

fundus appearance around the optic nerve displays a darker signal, indicating

alterations of the optic disc (green arrow). (f) Spectral-domain optical coherence tomography images through the optic nerve showed altered
optic nerve morphology. Eleven of 17 hom Foxd2 KO mice showed clear optic disc alterations. To optimize viewing of this image, please see the

online version of this article at www.kidney-international.org.
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Figure 4| Histopathological renal alterations in 16-week-old mice. (a

) Representative overview pictures of hematoxylin and eosin (H&E)

staining from the left and right kidneys of wild-type (wt) and homozygous (hom) Foxd2 (forkhead box D2) knockout (KO) mice. Note the
normal kidney morphology observed in the wt animal compared with bilateral mild renal pelvis dilation (marked with an asterisk) in the hom

KO mouse. Note the reduced size of the renal papilla (marked in red) and

the cortex, which is clearly narrowed (yellow). (b) H&E stains show a

higher magnification of the renal papilla. (c) Immunohistochemistry (IHC) aquaporin-2 clearly shows a reduction in diameter of the collecting
ducts in the mutant mouse. (d-h) Plasma clinical chemistry analyses of parameters frequently altered in the case of renal dysfunction,

including plasma levels of (d—f) electrolytes, (g) creatinine, (h) and urea.

Significance according to the Mann-Whitney test: *P < 0.05, ***P <

0.001. Mut,, mutant; NS, not significant. To optimize viewing of this image, please see the online version of this article at www.kidney-

international.org.

for the allele of the index individual. Five biological replicates
per condition were used for transcriptome analysis.

RNA sequencing results. Transcriptomics analyses revealed
a number of differentially regulated genes (Figure 6a). Gene

Kidney International (2024) 105, 844-864

Ontology (GO) term analysis of differentially expressed genes
comparing clone F7 with a control clone revealed extracellular
matrix organization (GO:0043062, P = 3.46 x 1078)/extracel-
lular matrix (GO:0030198, P = 3.378 x 1077) as top hits
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Figure 5| Homozygous Foxd2 (forkhead box D2) knockout (KO) increases cortical cytokeratin 8 (CK8) expression. Representative
examples of CK8 staining tissue image analysis of the renal cortex. Kidney overview with the marked cortex and inner medulla of (a) a control
(wild type) and (e) a mutant (homozygous KO) animal. The magnified renal cortex of (b,c) a control and (f,g) a mutant kidney. The magnified
inner medulla of (d) a control and (h) a mutant kidney. Brown indicates CK8 H-DAB (hematoxylin and 3,3’-diaminobenzidine)
immunohistochemistry (see also Supplementary Figure S5). GM, glomerulus. To optimize viewing of this image, please see the online version

of this article at www.kidney-international.org.

followed by several terms related to renal/urogenital develop-
ment as top hits among genes downregulated in the mutant
clone: kidney development (GO:0001822, P = 5.73 x 1077),
renal system development (GO:0072001, P = 6.57 x 1077), and
urogenital development (GO:0001655, P = 7.45 X 1077) with
24 to 27 of 6331 genes (adjusted P = 0.000655 for all 3 terms).
Genes comprised were Mmp17, Smad9, Fgfl, Emx2, Colda4,
Tfap2a, Sim1, Wnt2b, Adamtsl, Tgfb2, Aqpl, Cysl, Pax2, Npnt,
Egrl, Agt, Lrp4, Prlr, Col4a3, Igfl, Wnt4, Fgfr2, 1d3, Frasl, Gli2,
Pygol, and Enpep (Supplementary Figure S8A and B). Inter-
estingly, among upregulated genes in Foxd2 mutant versus
control cells, top Gene Ontology term hits were related to
leukocyte migration, antigen presentation, and chemotaxis
followed by regulation of mitogen-activated protein kinase

856

activity (GO:0043405, P = 296 X 1071% Table 3;
Supplementary Figure S8A and B). Transcriptome analysis of
Foxd2 mutant clone F7 compared with unedited control cells
further suggested a significant upregulation of Nfia (log, fold
change = 7.27; adjusted P = 3.358 X 1077 Figure 6a;
Supplementary Figure S9A).

qPCR validation of a set of selected targets showed a
highly significant correlation with the relative expression
levels determined by RNA sequencing (Pearson R = 0.8955;
P < 0.0001; Supplementary Figure S9A). To exclude clone-
specific effects, top gene hits from the Gene Ontology
analysis with potential influence on renal development were
confirmed by qPCR, comparing control cells with different
Foxd2 mutant mk4 clones (E4, F6, F7, and H9). These
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Table 2| Foxd2 variants created for in vitro experiments using
CRISPR/Cas9 technology

Clone cDNA NM_00859.3

C.794insA

p.(Tyr265fs*)
C.794A>G,792-793delTAinsGGG
p.(Tyr265Trypfs*88)

c.807TinsT

p.(Tyr268Leufs*109)
¢.800-803delCTTA
p.(Tyr268Alafs*83)

CRISPR, clustered regularly interspaced short palindromic repeats; Foxd2, forkhead
box D2.

mk4 clone E4

mk4 clone F6

mk4 clone F7

mk4 clone H9

included single gene hits related to early kidney development
and/or known to cause renal hypoplasia, such as Pax2, Wnt4,
and Fgfr2. In addition, Emx2 was found to be downregulated
in Foxd2 mutant mk4 cells compared with control cells.
Although qPCR confirmed downregulation in all clones
compared with control cells, the log 2 relative expression
value for Emx2 was <1, suggesting a rather minor effect
(data not shown). In addition, higher gene expression of
Fat4 in mutant clones was confirmed compared with wt
cells. qPCR also confirmed the strong downregulation of
Fat2 in all mutant clones compared with control cells (see
Supplementary Figures S8C and S9B for a full set of gPCR-
validated genes).

To investigate Foxd2 KO on protein level, Western blotting
was performed to confirm Pax2 downregulation. This
revealed markedly reduced Pax2 protein levels in Foxd2-
deficient cells (3 independent experiments with 3 replicates
each per condition; Figure 6b and c).

log,FC

Average log,, CPM

3D tubuloid models. The human probands we identified
presented with renal hypoplasia, which could be a result of
impaired renal tubule development/branching morphogen-
esis defect during renal development to which reduced Pax2
expression could contribute. Given the low penetrance of the
CAKUT phenotype in Foxd2 mutant mice also previously
observed by Hogan and coworkers,'” in line with the “3R”
principles for animal procedures, we decided to validate the
effects of FOXD2 dysfunction on renal tubule formation us-
ing 3D tubuloid models to reduce the number of animals
killed. To study the effect of Foxd2 dysfunction in meta-
nephric mesenchyme cells on ureteric bud—derived tubule
formation, we used so-called conditioned medium from wt
and Foxd2 mutant metanephric mesenchyme cells. This
revealed significantly lower rates of tubule formation when
conditioned medium from mutant cells was applied
compared with conditioned medium derived from wt cells or
medium treated with glial cell line-derived neurotrophic
factor (GDNF) and fibroblast growth factor (FGF) additions
(Supplementary Figure S10).

DISCUSSION

FOXD2 encodes a transcription factor of the large, evolu-
tionarily conserved, forkhead box gene family important for
various processes in humans, such as organogenesis or
metabolism.” FOX genes share a “winged helix” DNA-
binding domain consisting of 3 N-terminal a-helices, 3 b-
strands, and 2 loops toward the C-terminal region. Different
FOX genes have been associated with inherited human dis-
eases and carcinogenesis.”® Notably, FOXCI, a gene associated
with syndromic ophthalmological disease (Axenfeld-Rieger
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Figure 6 | Differential gene expression in Foxd2 (forkhead box D2) mutant cells. (a) Glimma plot visualizing hits of interest. (b) Western
blot analysis showing a strong reduction of Pax2 protein in mutant (clone E4) versus control cells using glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) as a loading control. n = 3 biological replicates per condition. (c) Quantitative analysis of Pax2 levels combining the 3
biological replicates per condition and Gapdh as a control protein, confirming a lower Pax2 protein amount in mutant cells than in controls.
Student t test, ****P < 0.0001. CPM, counts per million; FC, fold change; NS, not significant; Rep, replicate. To optimize viewing of this image,
please see the online version of this article at www.kidney-international.org.
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Table 3| Gene Ontology term analysis comparing mk4 clone F7 with wild type

P Adjusted P
Down
Extracellular matrix organization 3.456442E—8 0.000152
Renal system development 6.571659E—7 0.000655
Urogenital system development 7.447146E—7 0.000655
Positive regulation of the steroid metabolic process 3.479562E—6 0.002186
Inner ear development 3.807702E—6 0.002186
Up
Cell chemotaxis 6.340431E—11 4.250202E—-8
Positive regulation of vasculature development 1.506551E—10 7.765204E—8
Antigen processing and presentation of endogenous antigen 1.544546E—10 7.765204E—-8
Regulation of MAP kinase activity 2.957847E-10 1.321828E—7
Regulation of protein serine/threonine kinase activity 1.459391E—9 3.668544E—7

MAP, mitogen-activated protein.

syndrome, type 3; Mendelian Inheritance in Men, MIM
#602482), has recently been linked to autosomal dominant
CAKUT.”

In addition, several other FOX genes (FOXL2, FOXA2, and
FOXA3) have been proposed as candidate genes for mono-
genic CAKUT in a recent ES study."’

However, no representative of the “D” subfamily has been
linked to a monogenic disease in humans thus far. FOXD2
(FREAC-9 and MF-2) is well expressed in the renal cortex.”’
Of note, the FOXD2 locus (1p33) has recently been associated
with urinary albumin levels in genome-wide meta-analyses’”
and Foxd2 RNA is highly enriched in podocytes and was
implicated in maintenance of podocyte integrity.”’ Protein-
uria up to the nephrotic range was reported in the index
individual of family 1 and his female first cousin once
removed, albuminuria with FSGS on kidney biopsy was

present in individual II-2 of family 2, and nephrotic syn-
drome was reported in the affected individual of family 3 (see
clinical cases in the Results section and Supplementary Case
Report). In line with this, fine mapping of the FOXD2
UACR GWAS locus revealed a likely podocyte-specific regu-
latory SNP (Figure 2). Together, this could support a role of
FOXD2 in podocyte maintenance and hence in proteinuric
kidney disease in general.

Our study suggests that the abrogation of FOXD?2 function
can result in CAKUT. Foxd2 KO mice have previously been
reported to show renal hypoplasia and hydroureters, however,
at a reduced penetrance of 40%."'° Also, in KO mice generated
for this study, renal anomalies could only be identified at a
reduced penetrance of 33% and were rather subtle
(Figure 4a—c), underlining the variable expressivity of
CAKUT. Foxd2 shares close sequence homology with Foxdl

Mesenchymal stroma

Ureteric bud

Nephric duct

Figure 7| Key players in the network of assumed Foxd2 (forkhead box D2) function. Although Foxd1 expression in the developing
mouse kidney is largely restricted to the mesenchymal stroma, Foxd2 is found in the cap mesenchyme where it plays a role in Pax2

expression.'®’* Foxd2 dysfunction leads to reduced PAX2 protein levels (see the Results section and Figure 6b and c). Eyal is important for
Pax2 expression in the ureteric bud-induced metanephric mesenchyme (embryonic day 11.5 in the mouse), and Eyal upregulation in Foxd2
mutant cells may indicate a compensatory mechanism for reduced Pax2 expression via a feedback loop.”® Pax2 activates Wnt4 expression in
the metanephric mesenchyme during mammalian kidney development, and Wnt4 expression is downregulated in Foxd2 mutant cells.”® Pax2
enhances Emx2 gene expression, and Emx2 expression is downregulated in Foxd2 mutant cells.’’ Nephron progenitor cells lacking Pax2 can
change into Foxd1-positive renal interstitium-like cell types, suggesting that Pax2 represses a renal interstitial cell program.®” This is supported
by the upregulation of Fat4 in Foxd2 mutant cells as Fat4 encodes an atypical cadherin expressed by stromal cells inhibiting nephron
progenitor renewal.®* Fgfr2 (and Fgfr1) is believed to act downstream of Eyal and upstream of Pax2 in the metanephric mesenchyme.”’
Conditional knockout of Fgfr2 in metanephric mesenchyme cells leads to congenital anomalies of the kidney and urinary tract in mice and
deficiency of Fgfr2 in stromal cells®® (see Discussion for further details). Adapted from McMahon AP. Development of the mammalian kidney.
Curr Top Dev Biol. 2016;117:31-64"" and Walker KA, Sims-Lucas S, Bates CM. Fibroblast growth factor receptor signaling in kidney and lower
urinary tract development. Pediatr Nephrol. 2016;31:885-895.”
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(Bf2). A (partial) redundancy of the 2 could explain the
reduced penetrance of CAKUT in Foxd2 KO mice.'””" Of
note, in contrast to Foxd2 mutant mice, homozygous Foxdl
KO mice die shortly after birth of kidney failure due to hy-
poplastic kidneys.”” Furthermore, despite their phylogenetic
relation and genomic homology, humans and mice are known
to not respond completely alike to interventions/gene KO.
This could also explain the differences in expressivity between
the renal mouse and human phenotypes in this study (milder
in mice than in affected individuals).”

In Northern blot experiments, mRNA transcripts of Foxd2
were detected in the kidney, facial regions (tongue, nose, and
maxilla), and brain.”’ Developmental delay presenting as
delayed motor milestone achievement and delayed speech
development was noted in the affected individuals of families
1 and 2 (see clinical case in the Results section and Supple-
mentary Case Report). Unfortunately, no cranial magnetic
resonance imaging data were available except for individual
I1-1 of family 2, in whom enlarged ventricles and an enlarged
subarachnoid space were noted at the age of 13 years (see
Supplementary Case Report). Furthermore, facial anomalies
in affected individuals were compatible with the previously
detected expression patterns. A neurological phenotype was
not reported in Foxd2 KO mice in the literature. However,
Foxdl KO mice present with small cerebral hemispheres with
reduced development of the ventral telencephalon.'®”*”
Facial alterations, in turn, were not reported in Foxd2 KO
mice in the literature, but could be detected in the meticu-
lously phenotyped Foxd2 KO mice of this study (Figure 3a—d),
in line with the facial dysmorphies of the affected individuals
of families 1 to 3 (Figure le-h and Table 1).'*>"*
Furthermore, behavioral changes were identified in Foxd2
KO mice of this study (hypoactivity in the open field test;
Supplementary Figure S6). This can be indicative of neuro-
developmental alterations in Foxd2 KO mice. Taken together,
it can be assumed that FOXD2 plays an important role in
neuronal, branchial arch, and facial development.

Transcriptome analysis of mk4 CRISPR/Cas9-mediated
homozygous Foxd2 frameshift mutants gave a valuable
insight into the possible mechanisms of CAKUT in the
described families. Pathway analysis showed significant
enrichment of differentially expressed genes important for the
development of the renal/urogenital system (Table 3). Pax2 was
downregulated in all mk4 clones (Figure 6a; Supplementary
Figure S8C) as were Pax2 protein levels on the Western blot
(Figure 6b and c). PAX2 haploinsufficiency is known to be
associated with papillorenal syndrome in humans (MIM
#120330), which comprises a CAKUT phenotype with eye
anomalies.”® Of note, no overt eye anomalies were reported in
the affected individuals described in this study. However, there
is Foxd2 RNA expression around the eye vesicle in mice during
embryonic development.” In line with this, the generated
Foxd2 KO mice showed alterations of the optic disc and nerve
(Figure 3e and f), which might have been missed on routine
ophthalmological examination of the affected individuals.
Interestingly, there were alterations on eye examination of
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individual II-1 of family 2 and in the index individual of family
3. However, these did not involve the optic nerve and disc (see
clinical case in the Results section).

Foxd2 is strongly expressed in renal condensed mesen-
chyme at embryonic day 11.5, similarly to Pax2."’ Pax2 is
activated in the mesenchyme in response to induction by the
ureteric bud and is subsequently downregulated in more
differentiated cells derived from the mesenchyme. With
reduced Pax2 protein levels, kidney mesenchyme cells fail to
aggregate and do not undergo the sequential morphological
changes characteristic of epithelial cell formation, demon-
strating an essential role for Pax2 function for early
mesenchymal-epithelial transition.”” Interestingly, we also
detected a downregulation of Emx2 in Foxd2 mutant versus
control cells by transcriptomics. Pax2 enhances Emx2 gene
expression, and digenic loss of function of Pax2 and Emx2 is
known to result in CAKUT similar to what is found in Foxd2
KO mice and to the phenotype observed in the affected in-
dividuals of this study.'**’

Intriguingly, Pax2 is also implicated in establishing the
nephron-interstitium boundary during kidney development:
nephron progenitor cells lacking Pax2 fail to differentiate into
nephron cells, but can switch fates into Foxd1-positive renal
interstitium-like cell types, suggesting that Pax2 function
maintains nephron progenitor cells by repressing a renal
interstitial cell program.®” Our findings suggest that the lack
of Foxd2 results in reduced Pax2 levels. Therefore, it seems
possible that Foxd2 dysfunction will divert lineage identity
toward renal stroma cells. In line with this hypothesis, we
could detect significantly increased cytokeratin 8 expression
in the renal cortex of homozygous Foxd2 KO mice compared
with wt controls (Figure 5; Supplementary Figure S5). Kera-
tins such as cytokeratin 8 are markers of tubular epithelial
injury preceding renal fibrotic changes.*” Fittingly, individual
I1-2 of family 2 featured fibrotic changes on kidney biopsy in
terms of FSGS (Figure 1i).

This hypothesis is further supported by the upregulation
of Fat4 in Foxd2 mutants (Supplementary Figure S8C).
Fat4 encodes an atypical cadherin expressed by stromal
cells inhibiting nephron progenitor renewal.®* In contrast,
there was a marked downregulation of Fat2 in Foxd2
mutant cells (Figure 6a; Supplementary Figure S8C).
Although Fat4 has been shown to play a role in kidney
tubule elongation and planar cell polarity in renal cells, the
role of Fat2 in renal development and homeostasis is un-
clear.”” The Drosophila orthologue fat has been implicated
in cell proliferation and morphogenesis in a contact-
dependent manner.”” We also observed a strong upregula-
tion of Nfia in Foxd2 mutant cells (Figure 6a). Hap-
loinsufficiency of NFIA has been associated with brain
malformations and CAKUT, and upregulation could be a
compensatory mechanism in Foxd2 KO cells.””*®

In contrast, Fgfr2 was downregulated in mutant Foxd2 cells
versus controls (Figure 6a). Conditional KO of Fgfr2 in
metanephric mesenchyme cells leads to CAKUT in mice
including hypo-/dysplastic kidneys and hydroureters.

859



clinical investigation

KM Riedhammer et al.: FOXD2 dysfunction in syndromic CAKUT

Interestingly, in these mice devoid of mesenchymal Fgfr2
expression, there is no Fgfr2 in stromal cells either, also
indicating a disturbance in stromal cells in Fgfr2 KO mice.”’

Further, Pax2 activates Wnt4 expression in the meta-
nephric mesenchyme during mammalian kidney develop-
ment,”” potentially explaining reduced Wnt4 gene expression
in Foxd2 mutant cells (Figure 6a; Supplementary Figure S8C).
Wnt4 protein plays a role in mesenchymal-epithelial transi-
tion and is essential for tubulogenesis in the developing
kidney through a noncanonical Wnt-signaling pathway.”"’*
Of note, Wnt4 signaling can be substituted by other Wnt
proteins such as Wnt7b,”” which was also downregulated in
Foxd2 mutant mk4 cells (Supplementary Figure S9B).
Figure 7'%0h020509707477 summarizes the network of
assumed Foxd2 function (adapted from McMahon™* and
Walker et al.””; with the presumed feedback loop”®).

In line with the hypothesis of an impaired Pax2-Wnt4 axis
due to Foxd2 dysfunction abrogating proper mesenchymal-
epithelial transition and tubulogenesis, we could indeed
show significantly lower rates of tubule formation when
conditioned medium from Foxd2 mutant cells was applied
compared with conditioned medium derived from wt cells in
3D tubuloid models (Supplementary Figure S10).

In addition, we observed higher Eyal expression in Foxd2
mutant cells compared with control cells (Supplementary
Figure S8C). Eyal is important for Pax2 expression in the
ureteric bud-induced metanephric mesenchyme, and Eyal
upregulation in Foxd2 mutant cells may indicate a compen-
satory mechanism for reduced Pax2 expression via a feedback
loop.”® Gdnf expression, which is vital for ureteric bud in-
duction, was unchanged in Foxd2 mutants (Supplementary
Figure S9B). This is in line with Eyal upregulation in the
context of reduced Pax2 levels, as both genes regulate Gdnf
e)(pression.7°’78 Hence, it does not seem likely that the renal
hypoplasia phenotype observed in the index individuals of the
presented families is a result of impaired Gdnf expression.

This study has several limitations. The affected in-
dividuals of families 1 to 3 do not share the same type of
variant. Family 1 segregates a homozygous frameshift variant
in FOXD2, families 2 and 3 feature a homozygous missense
variant affecting the same codon. However, as FOXD?2 is a
single-exon gene (NM_004474.4), nonsense-mediated decay
cannot be assumed, and this makes the frameshift variant
not a clear-cut loss-of-function variant but probably leads to
an altered protein. Interestingly, no homozygous truncating
variants are listed in gnomAD, illustrating that there is
constraint for this type of variant in FOXD2. This supports a
causative role of the frameshift variant. Unfortunately, no
patient-derived cells could be obtained in affected in-
dividuals of family 1 to clarify FOXD2 expression. This limits
the transferability of the KO experiments in this study. In
contrast, it cannot be denied that Foxd2 KO recapitulates the
phenotype of the affected individuals of this study (all
families 1-3). Furthermore, family 2 segregates a protein-
altering variant—identified by a stringent filtering pro-
cess—and features striking phenotypic overlap in affected
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individuals in comparison to family 1. In families 2 and 3, it
could be shown by in silico analysis that the missense variant,
located in the DNA-binding domain, destabilizes the mature
protein. Hence, we believe that both missense variants
abrogate proper FOXD2 function, which can be related to by
KO experiments. Of course, further studies are needed to
experimentally clarify causality of the described variants in
FOXD2 (according to MacArthur et al.””). Finally, a limita-
tion of our cell culture model is that we investigated similar
but not identical FOXD?2 variants in vitro compared with the
variants we identified in human individuals with CAKUT.

In conclusion, our findings indicate that the syndromic
CAKUT phenotype in the presented families is caused by
FOXD2 dysfunction, putatively causing a shift of nephron
progenitor cells undergoing mesenchymal-epithelial transi-
tion toward a stromal cell identity, resulting in fibrotic
changes in the kidney. The observed human and Foxd2 KO
mouse phenotypes highlight an important role of Foxd2 in
kidney and craniofacial development. The observed kidney
alterations are in line with the enrichment of differentially
expressed genes important in extracellular matrix organiza-
tion and renal/urogenital development in Foxd2 mutant
metanephric mesenchyme cells.

It is intriguing that FOXD2 dysfunction could result in a
phenotype of both renal malformation and podocyte damage.
As the FOXD?2 locus was also previously associated with
urinary albumin in genome-wide meta-analyses’® and we
have now identified a likely podocyte-specific regulatory SNP
within this locus, FOXD2 could represent an interesting target
in common kidney diseases in terms of tackling proteinuria
and renal fibrosis. Consequently, our findings are building
bridges between rare monogenic and common complex
kidney disease.

APPENDIX
Web resources

1000 Genomes Project human polymorphism database, http://www.1
000genomes.org/

AlphaFold database, https://alphafold.ebi.ac.uk/entry/060548
ANNOVAR, https://annovar.openbioinformatics.org/en/latest/
Burrows-Wheeler aligner, https://bio-bwa.sourceforge.net/

Combined Annotation Dependent Depletion (CADD) https://cadd.gs.
washington.edu/

ClinPred, https://sites.google.com/site/clinpred/

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

Clustal Omega, https://www.ebi.ac.uk/Tools/msa/clustalo/

Database of Genomic Variants (DGV) http://dgv.tcag.ca/dgv/app/home
dbSNP, http://www.ncbi.nlm.nih.gov/SNP/

DECIPHER, https://decipher.sanger.ac.uk/

DynaMut2, https://bio.tools/dynamut

Expression atlas, https://www.ebi.ac.uk/gxa/home

FinnGen release DF9, https://r9.finngen.fi/

FoldX, https://foldxsuite.crg.eu/

Galaxy platform12, https://usegalaxy.org/

Genome Analysis Tool Kit, https://gatk.broadinstitute.org/hc/en-us
Genome Aggregation Database (gnomAD v.2.1.1), http://gnomad.
broadinstitute.org/

Homozygous Stretch Identifier (HomSl), https://bio.tools/homsi
Human Gene Mutation Database (HGMD®), http://www.hgmd.cf.ac.uk
Human Kidney snATAC-seq Peaks, http://www.susztaklab.com/human_kidney/
igv/

Leiden Open Variation Database (LOVD), https://www.lovd.nl
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INPS-3D, https://inpsmd.biocomp.unibo.it/inpsSuite/default/index3D

Mutation Taster, https://www.mutationtaster.org

MutPred2, http://mutpred.mutdb.org/

National Heart, Lung, and Blood Institute Exome Sequencing Project, http://evs.
gs.washington.edu/EVS/

Online Mendelian Inheritance in Man®, http://www.omim.org/

Picard tool, https://broadinstitute.github.io/picard

Polymorphism Phenotyping v2 (PolyPhen-2), http://genetics.owh.harvard.edu/
pph2/

PremPS, https://bio.tools/premps

Protein Variation Effect Analyzer (PROVEAN), http://provean.jcvi.org/index.php/
Primer3, http://frodo.wi.mit.edu/primer3/input.htm

QuPath, https://QuPath.github.io/

Rare Exome Variant Ensemble Learner (REVEL), https://sites.google.com/site/
revelgenomics/?pli=1

RCSB Protein Data Bank, https://www.rcsb.org/

Sorting Intolerant From Tolerant (SIFT), https://sift.bii.a-star.edu.sg

susieR, https://stephenslab.github.io/susieR/

The Human Protein Atlas, https://www.proteinatlas.org/

UK Biobank TOPMed-imputed PheWeb, https://pheweb.org/UKB-TOPMed/
UniProt, https://www.uniprot.org/
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Exome data

Human next-generation sequencing data sets for families 1 to 3 are
not openly available, as the private nature of disease-causing FOXD2
(forkhead box D2) variants in these data sets would make individuals
identifiable. Data can be made available on personal request.
Monogenic FOXD2 disease alleles in families 1 to 3 and corresponding
phenotypes have been submitted to ClinVar.

Genome-wide association study analyses

The data supporting the findings of this study are described in
Teumer et al.>> Genome-wide summary statistics from the publication
are publicly available in repository https://ckdgen.imbi.uni-freiburg.
de/. The data from the UK Biobank used in fine-mapping analyses
were obtained and analyzed under application number 20272. All
other analyses used publicly available data sets as described in the
Methods section.

Transcriptomics analyses in renal cells

The RNA sequencing data supporting the findings of this study are
openly available in Gene Expression Omnibus (GEO; https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE168582). Codes for
analyses and plotting are available under https://github.com/
gwangjinkim/foxd2_analysis.
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SUPPLEMENTARY MATERIAL

Supplementary File (Word)

Supplementary Methods.

Supplementary Results. Supplementary Case Report Families 1, 2,
and 3.

Supplementary Figure S1. Chromatograms of the homozygous
frameshift variant NM_004474.4:c.789dup, p.(Gly264Argfs*228) in
FOXD2 (forkhead box D2) of family 1. The wild-type reading
frame in the chromatogram is CTACGGCG. Affected individuals
carried the variant homozygously (VI-3 and V-19), whereas the
healthy parents/relatives were heterozygous for the variant (V-6,
V-1, IV-6, IV-4).

Supplementary Figure S2. (A) Homozygosity mapping of family 2.
The overlapping homozygous stretches shared in 2 affected
individuals (Il-1 and 1I-2) are ~11.6 Mb in size between genomic
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positions of 47,600,000 and 59,200,000 on chromosome 1 (box).
FOXD2 (forkhead box D2) resides here. (B) Chromatograms of the
missense variant NM_004474.4:c.628 A>G), p.(Met210Val) observed
in FOXD2. Affected individuals carried the variant homozygously,
whereas the healthy parents were heterozygous for the variant. The
unaffected sibling had a wild-type sequence.

Supplementary Figure S3. (A) Reverse transcription polymerase
chain reaction and ¢cDNA synthesis confirm the absence of Foxd2
(forkhead box D2) transcript in homozygous (hom) knockout (KO)
animals. (B) Decreased viability in hom Foxd2 KO newborns. Pie charts
representing different genotype proportions. The “expected”
genotype percentages are those anticipated according to Mendelian
distribution after double heterozygous (het) mating. The “born
offspring” genotype proportions show the genotype proportions
determined in pups born from such mating, and the “viable offspring”
show the genotype percentages in offspring that survived weaning.
Percentages were calculated by dividing the observed number of
pups with the respective genotype by the total number of offspring
(n = 143 born; n = 116 weaned) that was genotyped multiplied by
100. wt, wild type.

Supplementary Figure S4. Other histopathological renal alterations
in 16-week-old mice. (A) Representative images of periodic acid-
Schiff (PAS) staining of a wild-type (wt) mouse and a Foxd2 (forkhead
box D2) homozygous knockout (KO) mouse. No alterations such as
thickening of the glomerular and tubular basement membrane or
increased proliferation of mesangial cells or Bowman'’s capsule are
observed. (B) Hematoxylin and eosin (H&E) staining shows mild and
focal alterations found only in homozygous KO mice. From left to
right: examples of tubular basophilia, hyaline intratubular cast, and
presence of clear vacuoles (arrows) in the renal tubular epithelium.
Supplementary Figure S5. (A) Foxd2 (forkhead box D2) homozygous
knockout (KO) increases cortical cytokeratin 8 (CK8) expression. Foxd2
homozygous KO mice show highly increased CK8 expression. Data
are expressed as mean + SD. Two-sample t test, ***P < 0.001.
Representative examples of tissue image analysis CK8 staining of the
renal cortex. Overview of (B) kidney with the marked cortex, section
wild-type (C) preanalysis and (D) postanalysis, and homozygous KO
mice (E) preanalysis and (F) postanalysis. Yellow indicates marked
region; red, positive cells; blue, negative cells; and brown, CK8 H-DAB
immunohistochemistry.

Supplementary Figure S6. Foxd2 (forkhead box D2) homozygous
(hom) knockout (KO) causes hypoactivity and hypoexploration in a
novel mildly stressful environment. Foxd2 hom KO mice show clear
(A) hypoactivity (decreased distance traveled) and (B)
hypoexploration (decreased rearing) during the 20-minute open field
test compared with wild-type (wt) controls at 8 weeks. Data are
expressed as mean £ SD. ***P < 0.001, genotype effect in 2-way
analysis of variance.

Supplementary Figure S7. (A) lllustration of Foxd2 (forkhead box
D2) protein showing Foxd2 mutant clone F7. (B) Amino acid sequence
of human wild-type (WT) FOXD2 (NP_004465.3), human mutant
FOXD2 p.(Gly264Argfs*228), mouse WT Foxd2 (NP_032619.1), and
mouse Foxd2 clone F7.

Supplementary Figure S8. Transcriptome analysis results of Foxd2
(forkhead box D2) mutant cells versus controls. (A) Heatmap Gene
Ontology term kidney morphogenesis. (B) Heatmap Gene Ontology
term mitogen-activated protein kinase (MAPK) signaling. (C) Quanti-
tative polymerase chain reaction (PCR). Confirmation of the selected
genes of interest from transcriptomics in all 4 different clones versus
control cells using real-time PCR analysis (y axis: log 2 relative
expression values [Log,RQ]). In agreement with RNA sequencing re-
sults, we could not detect differences in Foxd1 gene expression;
however, they confirmed downregulation of Fgfr2, Wnt4, Fat2, and
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Pax2 and upregulation of Eyal and Fat4 in Foxd2 mutant versus
control cells. Data shown for n = 1 biological experiment. Error bars
indicate the SD of technical duplicates.

Supplementary Figure S9. (A) Pearson correlation of quantitative
polymerase chain reaction (qPCR) validated genes showing a highly
significant correlation with the relative expression levels determined
by RNA sequencing (Pearson R = 0.8955; P < 0.0001). (B) gPCR
validation of the selected genes of interest found to be differentially
regulated by transcriptomics (y axis: log 2 relative expression values
[Log,RQ]; see also Figure 6 in the main text).

Supplementary Figure S$10. (A) Schematic overview of the CMUB-1
Matrigel culture. Cell culture medium from mk3 Foxd?2 (forkhead box
D2) mutant or wild-type cells was concentrated by centrifugation
and added to wild-type CMUB-1 cells in Matrigel on day 0 (“condi-
tioned medium”). Normal (nonconditioned) medium containing
additional GDNF and FGF1 served as a positive control. Differenti-
ation of CMUB-1 cells into 3-dimensional (3D) tubuloids was visu-
alized by fluorescence microscopy. Graphics created with
BioRender.com. (B-E) Confocal images of 3D CMUB-1 cell culture
shows formation of different types of 3D structures after 7 days of
differentiation. A graphical abstract of structure types is presented
in (G). Immunofluorescence was performed using the cell surface
marker Na/K adenosine triphosphatase (Na/K-ATPase) or B-catenin
(both in green), cytoskeleton marker F-actin (red), and nucleus
marker 4',6-diamidino-2-phenylindole (DAPI; blue). Bar = 30 um. (B)
CMUB-1 cells under addition of GDNF/FGF1 (positive control). (i)
Confocal overview image displaying different ureteric bud tubuloid
types. The arrow indicates outgrowing tubule. The cross indicates
lumen. (ii) Tubule with lumen (cross). (iii) The arrows mark round
cyst with budding (top) and elongation (right). (C) Negative control,
CMUB-1 cells plus normal culture medium barely showed tubule
formation. (i) Overview image. (ii) Round cyst with lumen (cross). (D)
Addition of wild-type conditioned medium resulted in tubule for-
mation similar to what we observed upon addition of GDNF- and
FGF-treated medium. (i) Overview image showing a tubule with
elongation (arrow). (ii) Tubule with continuous lumen (cross)
developed. (iii) Structures with several elongations (arrow) was
observed. (E) Conditioned medium from Foxd2 mutant cells resulted
in reduced tubulogenesis and budding/elongation as compared
with wild-type conditioned medium. (i) Overview image. (ii) Close-
up of a cyst with lumen (cross) typically seen in ureteric bud culture
plus mutant conditioned medium. (F) Statistical analysis of structure
types observed. The positive control GDNF/FGF1 showed signifi-
cantly increased tubule formation as well as elongations/buddings
and protuberances compared with negative control and both
mutant conditioned media. Negative control (normal medium) as
well as both mutant conditioned media resulted in the formation of
cysts/spheroids without signs of budding or elongation, while wild-
type conditioned medium showed a significant increase in tubulo-
genesis, elongations/buddings, and protuberance formations
compared with both mutant conditioned media and negative
control. n = 3 independent experiments. Per experiment, 94 to 102
structures were counted. For P-value calculation, an unpaired Stu-
dent t test was conducted. *P < 0.05. (G) Graphical description and
definition of structures seen in ureteric bud 3D culture. (H) Diameter
of structures of each condition was analyzed. GDNF/FGF1 treatment
resulted in diameters of ~50 pum, reflecting a collecting tubule
diameter. Nonconditioned and mutant conditioned media resulted
in diameters of ~25 pm, while wild-type conditioned medium
resulted in diameters of ~35 um. n = 2 independent experiments.
Per experiment, 94 to 101 structures were counted. An unpaired
Student t test was performed to analyze P value. *P < 0.05, ***P <
0.001, ****P < 0.0001. ns, not significant.
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Supplementary Table S2. List of filtered candidate variants detected
with exome sequencing in the index individual (lI-1) of family 2.
Supplementary Table S3. Additional variants reported on next-
generation sequencing in the index case of family 3.
Supplementary Table S4. Online in silico analysis tools used for
evaluating protein stability changes on the p.(Met210Val) and
p.(Met210Arg) missense variants in FOXD2 (forkhead box D2), and
Gibbs free energy calculation results. INPS-3D and DynaMut2: AAG <
0 is destabilizing; AAG > 0 is stabilizing PremPS and FoldX: AAG >
0 is destabilizing; AAG < 0 is stabilizing.

Supplementary Table S6. (A,B) Histological parameters of the
examined kidneys. GM, glomeruli; H&E, hematoxylin and eosin; hom,
homozygous knockout; NAD, no alteration determined; wt, wild type.
Supplementary Table S7. Total distance traveled and total rearing
activity of wild-type (wt) control mice and heterozygous (het) and
homozygous (hom) Foxd2 (forkhead box D2) knockout mice.
Supplementary File (Excel)

Supplementary Table S1, Sheet 1. List of homozygous variants at
minor allele frequency (MAF) 1.0% detected with exome sequencing
in the index individual of family 1. Variants listed as “benign” or likely
“benign” in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) have been
deleted for the sake of clarity. Only intronic variants 420 bp to the
exon-intron boundary are shown.

Supplementary Table S1, Sheet 2. List of rare homozygous variants
detected with exome sequencing in the index individual of family 3.
Filters applied included homozygosity in the proband but not the
mother, absence from the gnomAD database, high or moderate
quality as determined by the automated pipeline, and variant type
that included missense, splice, or intronic variants.

Supplementary File (Excel)

Supplementary Table S5. Summary statistics of fine-mapped urinary
albumin-to-creatinine ratio (UACR)-associated variants

at FOXD2 (forkhead box D2) locus in the UK Biobank and CKDGen
Consortium.
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Abstract

Alport syndrome (AS) shows a broad phenotypic spectrum ranging from isolated
microscopic hematuria (MH) to end-stage kidney disease (ESKD). Monoallelic
disease-causing variants in COL4A3/COL4A4 have been associated with autosomal
dominant AS (ADAS) and biallelic variants with autosomal recessive AS (ARAS). The
aim of this study was to analyze clinical and genetic data regarding a possible
genotype-phenotype correlation in individuals with disease-causing variants in
COL4A3/COL4A4. Eighty-nine individuals carrying at least one COL4A3/COL4A4 var-
iant classified as (likely) pathogenic according to the American College of Medical
Genetics guidelines and current amendments were recruited. Clinical data concerning
the prevalence and age of first reported manifestation of MH, proteinuria, ESKD,
and extrarenal manifestations were collected. Individuals with monoallelic non-
truncating variants reported a significantly higher prevalence and earlier diagnosis of
MH and proteinuria than individuals with monoallelic truncating variants. Individuals
with biallelic variants were more severely affected than those with monoallelic vari-
ants. Those with biallelic truncating variants were more severely affected than those
with compound heterozygous non-truncating/truncating variants or individuals with
biallelic non-truncating variants. In this study an association of heterozygous non-
truncating COL4A3/COL4A4 variants with a more severe phenotype in comparison
to truncating variants could be shown indicating a potential dominant-negative effect
as an explanation for this observation. The results for individuals with ARAS support

the, still scarce, data in the literature.
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Alport syndrome, COL4A3, COL4A4, dominant-negative effect, genotype-phenotype correlation
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1 | INTRODUCTION

Type-IV-collagen-related nephropathy is an umbrella term comprising
X-linked, autosomal recessive and autosomal dominant Alport syndrome
(AS), the latter formerly known as thin basement membrane nephropa-
thy (TBMN).1=7 AS is characterized by microscopic hematuria (MH) and
proteinuria leading to end-stage kidney disease (ESKD). Additionally,
extrarenal manifestations like high-frequency sensorineural hearing
impairment and eye abnormalities can be observed.® Disease-causing
variants in COL4A5, which is located on the X chromosome (X-linked
AS; XLAS; hemizygous [male] or heterozygous [female]), as well as bial-
lelic and monoallelic disease-causing variants in COL4A3 or COL4A4
(autosomal recessive AS, ARAS; autosomal dominant AS, ADAS) have
been described.” The histology-derived term TBMN has now mostly been
replaced by “autosomal dominant AS” (ADAS). However, the designation
ADAS is still contested.’®** Furlano et al. propose that individuals with a
heterozygous disease-causing variant in COL4A3 or COL4A4 should be
designated as having ADAS, whereas Savige et al. argue that AS implies a
highly-penetrant phenotype of ESKD, which only occurs in a maximum of
a third of ADAS cases (mostly above 50 years of age), and extrarenal man-
ifestations, which are uncommon in ADAS.*?% In this manuscript, albeit
its limitations, the term ADAS for individuals carrying monoallelic disease-
causing variants in COL4A3/COL4A4 is used for the sake of clarity.

Of note, focal segmental glomerulosclerosis (FSGS), one of the
most common features seen in glomerular injury, can also be observed
in kidney biopsies of individuals with disease-causing variants in
COL4A3-5, mostly in the late course of AS.14716 However, it has to be
pointed out that FSGS is only a descriptive pathological term and does
not represent an own disease entity.'”

Several studies on genotype-phenotype correlation in individuals
with biallelic disease-causing variants in COL4A3 or COL4A4 implicate
that the type of variant influences the phenotype.'>*® These studies
show that individuals with missense variants develop MH and protein-
uria later than individuals with loss-of-function (i.e., truncating) variants.
Furthermore, individuals with missense variants present extrarenal mani-
festations significantly less frequent compared to individuals with other
types of variants. By comparison, loss-of-function variants or a combina-
tion of a loss-of-function variant and a missense variant in these individ-
uals lead to an earlier development of ESKD than missense variants.?? 2!
For individuals with monoallelic disease-causing variants, only limited
data are available in the literature. Furlano et al. could recently show that
individuals with a monoallelic disease-causing variant in COL4A3 or
COL4A4 did not exhibit a clear genotype-phenotype correlation.°

The focus of this retrospective study was the reevaluation of the

phenotype and genotype of 89 individuals with autosomal AS.

2 | METHODS
21 | Study population

For this study, individuals with disease-causing variants in COL4A3 or

COL4A4 were investigated. These individuals have been recruited
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between October 2015 and January 2021 in a tertiary-care center
(Institute of Human Genetics, Klinikum rechts der Isar, Technical Uni-
versity of Munich, TUM School of Medicine and Health, Munich,
Germany). In all individuals, molecular genetic testing using exome
sequencing (ES), next-generation sequencing (NGS)-based panel diag-
nostics, or Sanger sequencing had been performed and genetic data
were available (see Section 3 and Supplementary Table 1). This study
was carried out according to standards of the 2013 Helsinki Declara-
tion and authorized by the local Ethics Committee of the Technical
University of Munich. Informed and written consents were obtained

from all individuals or their legal guardians.

2.2 | Clinical case information

Phenotypic information was first obtained from clinical reports and
medical history. Additionally, a standardized questionnaire, filled out
by the reffering clincian, was used to evaluate clinical information such
as microscopic hematuria and proteinuria. To further corroborate the
information, individuals and referring clinicians were additionally con-
tacted by phone. All this information was collected independently of
the disease-causing variant of the individuals. Assignment to the clini-
cal disease group ARAS, ADAS or FSGS was based on the tentative
clinical diagnosis of the referring clinician. The individuals were
assigned to one of the following genotypic groups: (i) individuals with
a monoallelic disease-causing variant in COL4A3 or COL4A4; (i) indi-
viduals with biallelic disease-causing variants in COL4A3 or COL4A4.
Within these two groups, five further subgroups were generated: indi-
viduals with a monoallelic non-truncating variant (missense, in-frame
insertion/deletion), individuals with a monoallelic truncating variant
(frameshift, nonsense, canonical splice site, and copy number variant),
individuals with biallelic non-truncating variants, individuals with a
non-truncating and a truncating variant (termed as non-truncating/
truncating), and individuals with biallelic truncating variants. Age of
onset of kidney failure in individuals was determined as the beginning
of renal replacement therapy (hemodialysis or peritoneal dialysis) or
pre-emptive kidney transplantation.

2.3 | Genetic analysis
Genetic testing was performed with ES, NGS-based panel diagnostics,

or Sanger sequencing (see Section 3 and Supplementary Table 1).

24 | Exome sequencing

For extraction of DNA from peripheral blood the automated nucleic
acid purification instrument Chemagic™ 360 (PerkinElmer, Waltham,
MA, USA) according to the manufacturer's protocol was used. ES was
performed in 22/38 (58%) index cases (see Section 3 and Supplemen-
tary Table 1) with Sure Select Human All Exon 60 Mb V6 Kit (Agilent)
and a HiSeq4000 (lllumina) in the index cases.?? Mitochondrial DNA
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was derived from off-target exome reads as previously described.?®
Reads were aligned to the human reference genome (UCSC Genome
Browser build hg19) using Burrows-Wheeler Aligner (v.0.7.5a). Using
SAMtools (version 0.1.19), detection of single-nucleotide variants
(SNVs) and small insertions and deletions (indels) was accomplished.
ExomeDepth was used to investigate for copy number variants
(CNVs). A noise threshold of 2.5 was accepted.?* The Integrative
Genomics Viewer (IGV, https://software.broadinstitute.org/software/
igv/) was used to visualize called CNVs and to check if there was
enough coverage of the examined regions as well as for plausibility of
the CNVs. CNVs were then compared with publicly available control
databases like the Genome Aggregation Database (gnomAD, https://
gnomad.broadinstitute.org/about) and the Database of Genomic Vari-
ants (DGV, http://dgv.tcag.ca/dgv/app/home), and databases for
pathogenic CNVs like DECIPHER (https://decipher.sanger.ac.uk/), and
ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/). For the analysis of de
novo, autosomal dominant and mitochondrial SNVs and indels, only
variants with a minor allele frequency (MAF) of less than 0.1%
(Munich Exome Server with over 26 000 exomes) were considered.
For the analysis of autosomal recessive and X-linked SNVs and indels
(homozygous, hemizygous or [putatively] compound heterozygous),
only variants with a MAF of less than 1.0% were considered. Cases, in
which disease-causing variants with a genotype fitting to the pheno-
type were identified, were considered as genetically solved.

2.5 | Panel diagnostics

Customized NGS-based gene panels of variable size including
COL4A3-5 were performed in 11/38 (29%) index cases by an accre-
dited external laboratory (see Section 3 and Supplementary Table 1).
These panels included CNV analysis of the COL4A3-5 genes.

2.6 | Sanger sequencing

Sequencing of COL4A3-5 for identification of disease-causing variants
(in 5/38 index cases [13%]) and segregation analysis was conducted
by Sanger sequencing (see Section 3 and Supplementary Table 1). Oli-

gonucleotide primer sequences are available upon request.

2.7 | Variantinterpretation

The following publicly available databases for (likely) pathogenic vari-
ants were used for comparison of all variants found and described in
this study: ClinVar, the Human Gene Mutation Database (HGMD®,
http://www.hgmd.cf.ac.uk), and the Leiden Open Variation Database
(LOVD, https://www.lovd.nl). The variants were rated in accordance
with American College of medical Genetics and Genomics (ACMG)
guidelines and current amendments.>¢ Likely pathogenic and patho-
genic variants are summarized as “disease-causing variant” in the text

(at times shortened to just “variants” for better readability).

2.8 | Statistical analysis

For the comparison of categorial variables Fisher's exact test, for the
comparison of quantitative variables Mann-Whitney test or Kruskal-
Wallis test were used. Cumulative incidence curves for the first diagnosis
of microscopic hematuria or proteinuria stratified by monoallelic truncat-
ing and non-truncating variants were calculated and compared using the
logrank test. An event was retrospectively defined as the age at the first
reported manifestation (i.e., first diagnosis) of MH/proteinuria. Individ-
uals were censored if MH or proteinuria were absent at the age at the
time of data collection. Statistical analysis was done with SPSS® Statis-
tics 23 (IBM®, Ehningen, Germany) and R Version 4.2.2 (R Foundation
for statistical Computing, Vienna, Austria). All tests were performed two-

sided and a significance level of p < 0.05 was used for all tests.

3 | RESULTS

3.1 | Study population

The total study cohort consisted of 89 individuals out of 38 unrelated fami-
lies. Complete phenotypic and genotypic data can be found in the Supple-
mentary Table 1. 46/89 (52%) individuals were female, 43/89 (48%) male.
84/89 (94%) were of Non-Finnish European origin. 5/89 (6%) individuals
were reported to be from consanguineous parents. The median age of indi-
viduals at data collection was 33 years ranging from 2 years up to 86 years
of age. 29/89 (33%) individuals were <18 years of age, 60/89 (67%) indi-
viduals 218 years of age. 86/89 (97%) had a positive family history.

According to the tentative clinical diagnosis made by the referring
clinician, the individuals were grouped as follows: 19x ARAS, 56x
ADAS, and 4x FSGS. 10/89 (11%) individuals had a reported incon-
spicuous kidney function. These individuals were collected in the
course of treatment of a clinically affected relative.

33/89 (37%) individuals were primarily examined by ES (22/38
[58%)] index cases), 14/89 (16%) by NGS-based panel diagnostics
(11/38 [29%)] index cases), and 42/89 (47%) by Sanger sequencing of
COL4A3-5 (5/38 [13%)] index cases; see Supplementary Table 1).

3.2 | Distribution of identified disease-causing
variants in the study cohort

72/89 (81%) individuals carried a monoallelic disease-causing variant in
COL4A3 or COL4A4, whereas 17/89 (19%) had biallelic disease-causing
variants in COL4A3 or COL4A4 (Figure 1). 24/72 (33%) individuals with
a monoallelic variant carried a truncating variant, 48/72 (67%) individ-
uals a non-truncating variant. In the 17 individuals with biallelic disease-
causing variants, 5/17 (29%) had biallelic non-truncating variants, 6/17
(35%) had compound heterozygous truncating and non-truncating vari-
ants, and 6/17 (35%) had biallelic truncating variants. Due to the limited
number of different variants in both genes a genotype-phenotype cor-
relation for each variant was not performed. Detailed information on

the characteristics of the identified variants can be found in Table 1.
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I Study cohort: 89 individuals with > 1 pathogenic/likely pathogenic COL4A3/COLA4A4 variant(s) I

I 72 (81%) individuals with monoallelic COL4A3/COL4A4 variant I I 17 (19%) individuals with biallelic* COL4A3/COL4A4 variants I

5 (29%) individuals with biallelic* 6 (35%) individuals with biallelic 6 (35%) individuals mit biallelic*

24 (33%) individuals with 48 (67%) individuals with

monoallelic truncating monoallelic non-truncating non-truncating truncating and non-truncating truncating
COIAA3/COL4A4 variant COLA4A3/COL4A4 variant COL4A3/COL4A4 variants COL4A3/COL4A4 variants COLAA3/COL4A4 variants
FIGURE 1 Flow chart of the study cohort. *Compound heterozygous or homozygous.
T.AB‘ L E' 1 Over.view.o.f the i Individuals/Variants Total cohort COL4A3 COL4A4
distribution of the identified variants.
Individuals 89/89 61 (69%) 28 (31%)
Male 43/89 30 (70%) 13 (30%)
Female 46/89 31 (67%) 15 (33%)
Non-Finnish European origin 84/89 57 (68%) 27 (32%)
Consanguinity 5/89 4 (80%) 1 (20%)
Positive family history 86/89 60 (70%) 26 (30%)
Zygosity
Monoallelic 72/89 47 (65%) 25 (35%)
Biallelic 17/89 14 (82%) 3(18%)
Compound heterozygous 12/17 11 (92%) 1(8%)
Homozygous 5/17 3 (60%) 2 (40%)
Variants
Number of identified variants 106/106 75 (71%) 31 (29%)
Number of different variants 42/42 27 (64%) 15 (36%)
Once in cohort 9/42 6 (67%) 3 (33%)
Multiple times in cohort 33/42 21 (64%) 12 (36%)
Type of variant
Truncating 42/106 26 (62%) 16 (38%)
Nonsense 19/42 10 (53%) 9 (47%)
Frameshift 7/42 6 (86%) 1(14%)
Canonical splice site variant 13/42 8 (62%) 5(38%)
CNV (multi-exon deletion) 1/42 0 (0%) 1 (100%)
Affecting start codon 2/42 2 (100%) 0 (0%)
Non-truncating 64/106 49 (77%) 15 (23%)
Missense 53/64 40 (75%) 13 (25%)
In-frame deletion 4/64 2 (50%) 2 (50%)
In-frame duplication 7/64 7 (100%) 0 (0%)

Abbreviation: CNV, copy number variant (multi-exon deletion, see Supplementary Table 1).

3.3 | Genotype-phenotype correlation of the
study cohort

individuals separated in individuals with a monoallelic (72 individuals)

variant and biallelic (17 individuals) variants can be found in Table 2.

Because of limited or conflicting clinical data questioning the clinical
tentative diagnosis submitted by the referring clinician, a genetic diag- 3.3.1 | Microscopic hematuria

nosis was not made in 4/89 (4%) individuals (see Section 4). Therefore,

only 85/89 (96%) individuals were classified as genetically solved. A
detailed distribution of the clinical and genotypic status of the

78/89 (88%) individuals had MH. The median age of first reported
manifestation (i.e., age at first diagnosis) of MH was 11 years of age
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TABLE 2 Overview of the distribution of phenotype and genotype.

Clinical tentative diagnosis

Cases solved

COL4A3/COL4A4 Reported as

variants asymptomatic ADAS FSGS ARAS/XLAS Yes No
Genetic diagnosis ADAS Monoallelic 10/72 56/72 2/72 4/72 68/72 4/72
Monoallelic n. t. 1/48 43/48 2/48 2/48 46/48 2/48
Monoallelic t. 9/24 13/24 0/24 2/24 22/24 2/24
ARAS Biallelic 0/17 0/17 2/17 15/17 17/17 0/17

Biallelic n. t. 0/5 0/5 1/5 4/5 5/5 0/5

Biallelic t./n. t. 0/6 0/6 1/6 5/6 6/6 0/6

Biallelic t. 0/6 0/6 0/6 6/6 6/6 0/6

Abbreviations: ARAS, autosomal recessive Alport syndrome; ADAS, autosomal dominant Alport syndrome; FSGS, focal segmental glomerulosclerosis; n.t.,

non-truncating; t., truncating; X-linked Alport syndrome.

TABLE 3 Overview of the distribution of the clinical phenotypes depending on the type of variant.

Microscopic hematuria Age at first reported Proteinuria
manifestation of

microscopic hematuria

Age a

manifestation of
proteinuria

t first reported ESKD Age at Extrarenal manifestation

ESKD

Age at first reported
manifestation of
extrarenal manifestation

COL4A3/COL4A4 variants no median (min/max) _ves

med:

fan (min/max) yes median (min/max) median (min/max)

Study cohort

28 (10/68) 12 (7/23)

T1/89 (12%) T1(1/66) 42/89 (47

monoallelic 5% 20 (1/66)

monoallelic n.t. ‘{IX (1/66)
26 (3/50)

monoallelic t.

]

_J
11 (1/82) 8/89 (9%)
%

25 (1/82) 4772
25 (1/82) 3/48
17 (3/40)

37 (23/68)
42 (31/68)
23 (23/23)

14 (12/15)
12 (12/12)
15 (15/15)

=3 (118)
6(3/10)
6(1 m}x
3 (1/6)

biallelic
biallelic n.t.
biallelic n.t./t.
biallelic t.

%)

6/6 (100%) 6/6 (100%)

15

al

6 (1126) L7 24y 26 (10/29) 1 (7723)
9(3N17) 0/5 (0%) - 17(11123)
9 (326 1/6 o) 27 (2727 10 (7/19

e 3/6 Esn%; (029 10 :0 13:

3(1/6) 24 (10/29)

Note: *p < 0.05. Age in years.

Abbreviations: ESKD, end-stage kidney disease; n.t., non-truncating; t., truncating.

(range 1-66 years of age). 61/72 (85%) individuals with a monoallelic
variant and 17/17 (100%) individuals with biallelic variants had MH
(no significant difference; Table 3 and Figure 2). However, individuals
with biallelic variants had a significantly earlier age of first reported
manifestation of MH than individuals harboring a monoallelic variant
(3 years vs. 20 years, p < 0.001; Table 3).

Individuals with a monoallelic non-truncating variant reported a
significantly higher prevalence of MH compared to individuals with
a monoallelic truncating variant (46/48 [96%] vs. 14/24 [63%],
p = 0.001; Table 3 and Figure 2). Individuals with monoallelic non-
truncating variants had a significantly earlier diagnosis of MH than
individuals with monoallelic truncating variants (p = 0.015). At the
age of 20 years, the incidence of MH was 55% and 25% in the non-
truncating and truncating group, respectively. At the age of 40 years,
the incidence of microscopic hematuria was 79% and 59% in the non-
truncating and truncating group, whilst the corresponding incidence
of MH at 60 years was 96% and 74%, respectively (Figure 3A).

Individuals with biallelic truncating variants had a significantly lower
median age at first reported manifestation of MH than individuals with

biallelic non-truncating variants (3 years vs. 6 years, p = 0.030; Table 3).

3.3.2 | Proteinuria

42/89 (47%) individuals had reported proteinuria. The median age of
first reported manifestation (i.e., age at first diagnosis) of proteinuria
was 11 years of age (range 1-82 years of age). 25/72 (35%) individuals
with a monoallelic variant and all 17 (100%) individuals with biallelic

variants had proteinuria (p < 0.001; Table 3 and Figure 2). Furthermore,
individuals with biallelic variants had a significantly earlier age of first
reported manifestation of proteinuria than individuals harboring a
monoallelic variant (6 years vs. 25 years, p = 0.003; Table 3).

Individuals with a monoallelic non-truncating variant had a signifi-
cantly higher prevalence of proteinuria compared to individuals with a
monoallelic truncating variant (21/48 [44%] vs. 4/24 [17%], p = 0.035;
Table 3 and Figure 2). Individuals with monoallelic non-truncating vari-
ants had a significantly earlier diagnosis of proteinuria than individuals
with monoallelic truncating variants (p = 0.046). At the age of 20 years,
the incidence of proteinuria was 18% and 8% in the non-truncating and
truncating group, respectively, whilst the corresponding incidence of
proteinuria at 40 years was 37% and 21%, respectively (Figure 3B).

Individuals with biallelic truncating variants had a significantly lower
median age at first reported manifestation of proteinuria than individuals
with biallelic non-truncating variants (3 years vs. 9 years, p = 0.017) or
individuals with compound heterozygous non-truncating/truncating vari-

ants (median 3 years vs. 9 years, p = 0.015; Table 3).

3.3.3 | End-stage kidney disease

8/89 (9%) individuals already had ESKD. The median age of onset was
28 years of age (range 10-68 years of age). 4/72 (6%) individuals with
a monoallelic variant and 4/17 (24%) individuals with biallelic variants
had ESKD. Hence, individuals with biallelic variants had ESKD signifi-
cantly more often compared to individuals with a monoallelic variant
(p = 0.040; Table 3 and Figure 2).
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3.34 | Extrarenal manifestations

12/89 (13%) individuals had extrarenal manifestations including ocular
anomalies and/or hearing impairment. The median age of reported onset
was 12 years of age (range 7-23 years of age). 2/72 (3%) individuals with
a monoallelic variant and 10/17 (59%) individuals with biallelic variants
developed extrarenal manifestations. Therefore, individuals with biallelic
variants had extrarenal manifestations significantly more often than indi-

viduals with a monoallelic variant (p < 0.001; Table 3 and Figure 2).

3.3.5 | RAAS blockade

28/89 (31%) individuals had a reported therapy with RAAS
blockade. 13/72 (18%) individuals with a monoallelic variant and
15/17 (88%) individuals with biallelic variants had a RAAS
blockade (p < 0.001). Individuals with monoallelic non-truncating
variants had a RAAS blockade in 12/48 (25%) cases, indivi-
duals with monoallelic truncating variants in 1/24 (4%) cases
(p = 0,048).

4 | DISCUSSION

Alport syndrome comprises various phenotypes like classic (highly-pen-
etrant) AS (XLAS and ARAS) and ADAS (monoallelic disease-causing
variant in COL4A3/COL4A4). Individuals with ADAS are known to be
affected milder than individuals with classic AS.231425730 This was also
observed in the present study. Individuals with a monoallelic disease-
causing variant in COL4A3/COL4A4 had a significantly lower prevalence
for the development of proteinuria, ESKD, and extrarenal manifesta-
tions compared to individuals with biallelic disease-causing variants
(Figure 2). Furthermore, individuals with a monoallelic disease-causing
variant developed MH and proteinuria significantly later compared to
individuals with biallelic disease-causing variants (Table 3). Of note, the
prevalence of MH was not significantly different for monoallelic
vs. biallelic variant carries. This makes the case that MH is the unifying
phenotypic trait in all forms of AS.

Interestingly, individuals with a monoallelic non-truncating variant
had a significantly higher prevalence of MH and proteinuria compared to
individuals with a monoallelic truncating variant (Table 3 and Figure 2).
Importantly, a more severe phenotype in individuals with monoallelic
non-truncating variants compared to individuals with monoallelic truncat-
ing variants could be shown by a significantly younger cumulative age at
the first diagnosis of microscopic hematuria and proteinuria (Figure 3).
Fittingly, individuals with a monoallelic non-truncating variant had a
reported therapy with RAAS blockade significantly more often than indi-
viduals with a monoallelic truncating variant. Of note, age at first diagno-
sis of MH and proteinuria was recorded before initiation of RAAS
blockade, hence this phenotypic data is not biased by treatment.

To our knowledge, this finding of a more severe phenotype in
individuals harboring heterozygous non-truncating disease-causing
variants in COL4A3/COL4A4 compared to those with heterozygous
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truncating variants is not often described in the literature so far and is
contrary to the current literature stating that truncating variants are
responsible for a more severe and earlier phenotype.*® To our knowl-
edge, there is only the manuscript of Solanki et al. focusing on this
topic.3? Of note, 28/39 (72%; 58% of all non-truncating variants)
monoallelic missense variants in COL4A3/COL4A4 changed glycine
residues in the triple-helical domain of the respective proteins into
highly destabilizing residues (Arg, Glu, Asp, and Val), which are known
to lead to increased rates of hematuria.'®%° This could also explain
the high rate of hematuria in the non-truncating variant group. Fur-
thermore, one meta-analysis of n =74 cases with heterozygous
disease-causing variants in COL4A3/COL4A4 (n = 20 truncating, rest
being missense variants, mostly altering glycine residues), showed a
significantly lower age of ESKD-onset in the truncating variant group
vs. the missense variant group (47.1 vs. 55.2 years, p = 0.03).7
Unfortunately, there were only four individuals with ESKD in the
monoallelic variant group, hence a statistical comparison of the ESKD
rate between individuals with monoallelic non-truncating (n = 3) ver-
sus non-truncating variants (n = 1) was not done. Nonetheless, our
data implicates that individuals with monoallelic non-truncating vari-
ants are more severely affected than individuals with monoallelic trun-
cating variants, which could be due to potential dominant-negative
effect. This finding is well known in other autosomal dominant
collagen-related diseases like osteogenesis imperfecta (Ol; genes
COL1A1 and COL1A2) where quantitative impacts on type 1 collagen
leading to a heterozygous loss of function tend to result in a milder
classic non-deforming Ol phenotype compared to qualitative changes
due to a dominant-negative effect (e.g., heterozygous missense vari-
ants altering glycine residues in the triple helical domain of the respec-
tive type 1 collagen) associated with the perinatally lethal form of
O1.32 However, it is important to note that this dominant-negative
effect has not yet been described for diseases caused by disease-
causing variant in COL4A3-5 genes, since it is currently assumed that
slightly defective collagen trimers are better than nothing. Further-
more, other influencing factors like environment cannot be excluded.
Nevertheless, our observations should now be further investigated in
other AS cohorts with monoallelic disease-causing variants in COL4A3
and COL4A4 as well as in vitro.

Focusing on the individuals with biallelic variants in COL4A3/
COL4A4, the observed prevalence and age at first reported manifesta-
tion concerning MH, proteinuria and extrarenal manifestations were
comparable to the literature data.”*??° The prevalence for ESKD, how-
ever, is higher in the literature compared to the present study but might
be caused by the low median age of 33 years at data collection.??2%23

Individuals with biallelic truncating variants are known to have a
significantly higher prevalence of hearing impairment and ocular
anomalies and a lower age at ESKD compared to individuals with bial-
lelic non-truncating variants.»~?* These data could be confirmed in
the present study, although the results within this study were not sig-
nificant (Table 3).

In the present study, four individuals with FSGS on kidney
biopsy carried variants in COL4A3/4 resulting in the genetic diag-
nosis of ADAS and ARAS, respectively. The histologic lesion of
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FIGURE 2

Statistical overview of the study cohort grouped according to genotype and phenotype (i.e., microscopic hematuria, proteinuria,

end-stage kidney disease, and extrarenal manifestations). ESKD, end-stage kidney disease; n.t., non-truncating; t., truncating; *p < 0.05.
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FIGURE 3 Cumulative incidence curves for the age at the first diagnosis of microscopic hematuria (A) or proteinuria (B) stratified by
monoallelic non-truncating (red) and truncating (blue) variants. [Colour figure can be viewed at wileyonlinelibrary.com]

FSGS has already been described in individuals with disease-
causing variants in COL4A3, COL4A4, and COL4A5.73473¢ |n the
study of Malone et al.,, 10% of individuals with monoallelic or bial-
lelic disease-causing variants in COL4A3/COL4A4 presented with
clinical suspicion of familial FSGS.3¢ As FSGS is an unspecific his-
tologic phenotype in the process of several kidney diseases, it is
not surprising to be seen in individuals with disease-causing
COL4A3/COL4A4 variants, which explains the observation of the
present study.

Four individuals with ESKD or extrarenal manifestations and a
monoallelic disease-causing variant had the clinical tentative diagnosis
of AS. In none of these families, a further individual with an AS pheno-
type was observed and therefore an unequivocal genetic diagnosis of
ADAS could not be made in these individuals. Apart from being de
novo variants, this observation would be compatible with the hypoth-
esis of Savige et al. 2018, that in individuals with the phenotype of
classic AS and the finding of just a monoallelic disease-causing variant
in COL4A3 or COL4A4, the second disease-causing variant on the
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other allele might have been missed by routine (exome-restricted)
NGS-based diagnostics11 Nonetheless, these results should be
reported back to the treating physician in order to recheck the clinical
diagnosis of classic Alport syndrome and to perform a re-phenotyping.
If necessary, the diagnosis may subsequently change.

A limitation of this study is the small cohort size (especially the
subcohort of individuals with biallelic disease-causing variants) and
the fact that some individuals belong to the same family which both
might have influenced the results. Additionally, although data was dili-
gently collected for as many family members as possible, we could not
collect phenotypic and genotypic information of all parents and relatives
of the index cases. Therefore, there might be a selection bias which
could influence the observed results. Furthermore, not all individuals of
this study are index cases. Hence, oligo- or non-symptomatic relatives
impact the results. This might influence at least the age of first reported
manifestation of MH and proteinuria, but, importantly, this bias is irre-
spective of the genotype. A further limitation was the retrospective kind
of this study. Individuals with a mild phenotype could often not precisely
remember the exact age of onset of first identified symptoms or of per-
formed examinations. Some of them were first detected as affected indi-
viduals after familial targeted sequencing. Therefore, in this study, the
age at symptom onset is defined as “first manifestation reported” instead
of “first manifestation occurred”. Furthermore, this study also included
children. This inclusion may have introduced a bias, as the complete phe-
notype may not yet have fully manifested in children. To ensure unbi-
ased results in future studies, it is recommended to separate pediatric
and adult cohorts which was not done in this study due to the small total
cohort size. Finally, 5/38 (13%) index cases had only been genetically
analyzed by targeted Sanger sequencing of COL4A3-5 and 11/38 (29%)
only by NGS-based panel diagnostics. Hence, other genetic diagnoses
could have been missed. Nonetheless, the majority of index cases
(22/38 [58%)]) had been analyzed by comprehensive genetic testing via
ES. Lastly, it has to be mentioned that other relevant factors potentially
influencing the phenotype, for example, data on blood pressure, smok-

ing, and body mass index could not be collected for this study.

5 | CONCLUSION

This study illustrates an association of monoallelic non-truncating
COL4A3/COL4A4 variants with a more severe phenotype in ADAS
implicating a potential dominant-negative effect as an explanation for
this observation. This hypothesis is supported by the fact that this

phenomenon has already been observed in other collagenopathies.
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