
Systematische Identifizierung von Krankheitsgenen 
für intestinale und urogenitale Fehlbildungen mittels 

„Whole Exome Sequencing“ (WES) 

Inaugural-Dissertation 

zur Erlangung des Doktorgrades 

der Hohen Medizinischen Fakultät 

der Rheinischen Friedrich-Wilhelms-Universität 

Bonn 

Franziska Kause-Zriouil, geb. Kause
aus Lüneburg 

2021 



 

Angefertigt mit der Genehmigung  

der Medizinischen Fakultät der Universität Bonn 

 

 

 

 

 

1. Gutachter*in: Prof. Dr. med. Heiko M. Reutter 

2. Gutachter*in: PD Dr. Alfredo Estanislao Ramirez Zuniga 

 

 

 

 

 

Tag der Mündlichen Prüfung: 10.05.2021 

 

 

 

 

 

Aus dem Institut für Humangenetik 

Direktor: Prof. Dr. med. Markus M. Nöthen 



 
 

3 

Inhaltsverzeichnis 
             

  Abkürzungsverzeichnis 5 
1.  Deutsche Zusammenfassung        6 
1.1  Einleitung 6 

1.2  Material und Methoden 8 

1.3  Ergebnisse 10 

1.4 Diskussion 14 

1.5 Zusammenfassung  16 

1.6 Literaturverzeichnis der deutschen Zusammenfassung 17 

2.  Publikation A: HSPA6: A new autosomal recessive candidate gene for 
the VATER/VACTERL malformation spectrum  

 Abstract 22 

 Introduction 23 

 Materials and Methods 23 

 Results 24 

 Discussion 26 

References 27 

3. Publikation B: Whole exome sequencing identifies a mutation in 
EYA1 and GLI3 in a patient with branchiootic syndrome and 
esophageal atresia: coincidence or a digenic mode of inheritance? 

           Abstract                                                                                                     29 

 Introduction 29 

 Materials and Methods 30 

 Results 30 

 Discussion 32 

References 33 

4. Publikation C: CAKUT and autonomic dysfunction caused by 
acetylcholine receptor mutations 

           Abstract 35 
 Report 35 

 References                 41 



 
 

4 

  

5.        Danksagung                                                                                                   43     
 

 

  



 
 

5 

Abkürzungsverzeichnis 
 
ARM           Anorektale Malformation(en) 

Abb.                       Abbildung 

BO-Syndrom  Branchio-otisches Syndrom 

BOR-Syndrom       Branchio-oto-renales Syndrom 

CAKUT          congenital anomalies of the kidney and urinary tract  

                               (kongenitale Anomalien der Nieren und ableitenden Harnwege) 

cDNA           complementary deoxyribonucleic acid  

          (komplementäre Desoxyribonukleinsäure) 

CNV                       copy number variation (Kopienzahl-Veränderung) 

DNA           Desoxyribonukleinsäure 

EA/TEF          esophageal atresia/tracheoesophageal fistula 

           (Öophagusatresie/Tracheoösophageale Fistel) 

LUTO           lower urinary tract obstruction  

          (Verengung der unteren ableitenden Harnwege) 

qPCR           quantitative polymerase chain reaction  

         (quantitative Polymerase-Kettenreaktion) 

VACTERL          Vertebral defects (Wirbelkörperfehlbildungen) 

         Anorectal malformations (anorektale Fehlbildungen) 

         Cardiac defects (kardiale Fehlbildungen) 

         Tracheoesophageal fistula (tracheo-ösophageale Fistel) 

         Esophageal atresia (Ösophagusatresie) 

         Renal malformations (renale Fehlbildungen) 

         Limb defects (Extremitätenfehlbildungen) 

WES           whole exome sequencing (Exom-Sequenzierung) 
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1. Deutsche Zusammenfassung 
 
1.1 Einleitung  

Anorektale Malformationen (ARM) und Ösophagusatresien, mit oder ohne 

tracheoösophagealer Fistel (EA/TEF), sind seltene Fehlbildungen des embryonalen 

Vorder- und Hinterdarms. Sie kommen mit einer Prävalenz von 1 pro 3.000-4.000 

Lebendgeburten vor (Cuschieri, 2001; Depaepe et al., 1993). Ein gemeinsames Auftreten 

mit anderen Fehlbildungen ist in 50-60% der Fälle zu beobachten (De Jong et al., 2010; 

Cuschieri et al., 2001; Balanescu et al., 2013). Hierbei ist am häufigsten zusätzlich der 

Urogenitaltrakt mit etwa 80% betroffen (Stoll et al., 2007). Eine alleinige Kombination von 

ARM und Fehlbildungen der oberen Gliedmaßen tritt in etwa 6% der Fälle auf (van den 

Hondel et al., 2016). ARM und EA/TEF treten ebenfalls als Teil von genetischen 

Syndromen und Assoziationen auf, z.B. im Rahmen der VATER/VACTERL-Assoziation. 

Diese beschreibt das gleichzeitige Auftreten von mindestens drei Fehlbildungen in 

folgenden Organsystemen: Wirbelsäule (V), anorektale Malformation (A), kardiale 

Defekte (C), tracheoösophageale Fistel mit oder ohne Ösophagusatresie (TE), renale 

Fehlbildungen (R), Fehlbildungen der Extremitäten (L). Liegen nur in zwei dieser 

Organsysteme Fehlbildungen vor, wird dieses als VATER/VACTERL-ähnliche 

Assoziation bezeichnet. Über die genetischen Ursachen von ARM und EA/TEF ist bisher 

wenig bekannt. Saisawat et al. konnten ein rezessives Krankheitsgen, TRAP1, in 

Zusammenhang mit ARM bzw. der VATER/VACTERL-Assoziation und kongenitalen 

Anomalien der Nieren und der abführenden Harnwege (congenital anomalies of the 

kidney and urinary tract, CAKUT) beschreiben (Saisawat et a., 2014). In Mausmodellen 

wurden Gli2 und Gli3 als essenziell für die embryologische Entwicklung der Speiseröhre 

identifiziert (Motoyoma et al, 1998). Beide sind Teil des Hedgehog-Signalwegs.  

CAKUT sind der häufigste Grund für eine chronische Niereninsuffizienz in den ersten drei 

Lebensdekaden und treten mit einer Prävalenz von 3-6 pro 1.000 Lebendgeburten auf. 

Eine Verengung der unteren ableitenden Harnwege (Lower Urinary Tract Obstruction, 

LUTO) ist hierbei durch sekundäre Folgen eines Harnaufstaus, wie zum Beispiel bei 

vesikoureteralem Reflux (VUR) oder Hydronephrose, eine wichtige Ursache für die 

chronische Niereninsuffizienz. Monoallelische und biallelische Varianten in über 40 

Genen sind als verursachend für CAKUT identifiziert worden, können jedoch nur bei ca. 
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5%-20% der Patienten die Fehlbildungen erklären (van der Ven et al., 2018). 

Vorherrschend sind hierbei Gene, die in die Regulation wichtiger embryologischer 

Entwicklungsprozesse des Urogenitaltraktes eingebunden sind (van der Ven et al., 2018; 

Vivante et al., 2014). Zu beachten sind jedoch auch Gene, die verantwortlich für die 

neuronale Regulation der Blasenentleerung sind. Bisher wurden in diesem 

Zusammenhang biallelische Varianten in dem Gen CHRM3 gefunden, welche zu einer 

Verengung der unteren ableitenden Harnwege führen (Weber et al., 2011). 

 

Das Ziel der drei Studien zu ARM, EA/TEF und CAKUT war, Kandidatengene mittels 

„whole exome sequencing“ (WES) zu identifizieren und zu re-sequenzieren. 

 

In Publikation A lag der Schwerpunkt auf der Suche nach autosomal-rezessiven 

(biallelischen) und X-chromosomal-rezessiven Kandidatengenen in drei Familien mit ARM 

oder VATER/VACTERL-ähnlichem Phänotyp.  

 

Publikation B beschreibt einen Indexpatienten, bei dem eine EA/TEF mit dem seltenen 

autosomal-dominant vererbten branchio-otischen Syndrom (BOS1: OMIM #602588) 

zusammenfällt. Dieses hat eine Geburtenprävalenz von 1 pro 40.000 Lebendgeburten 

(Fraser et al., 1980) und ist gekennzeichnet durch Fehlbildungen der embryonalen 

Kiemenbogen und der Ohren. Das BO-Syndrom ist allelisch zum branchio-oto-renalen 

Syndrom (BOR1: OMIM #113650) (Vincent et al., 1997), bei welchem zusätzlich 

Fehlbildungen der Nieren auftreten. Ursächlich für beide Krankheitsbilder, BOS1 und 

BOR1, sind monoallelische Varianten in EYA1 und SIX1 (Abdelhak et al., 1997, Vincent 

et al., 1997; Ruf et al., 2003; Ruf et al., 2004). Für das BOR-Syndrom sind zusätzlich 

ursächliche Varianten in SIX5 (Hoskins et al., 2006) bekannt. Hier sollte ein möglicher 

Zusammenhang zwischen der EA/TEF und dem BO-Syndrom im Indexpatienten 

genetisch untersucht werden.  

 

Ziel der in Publikation C besprochenen Studie war ebenfalls, autosomal-rezessive 

(biallelische) Kandidatengene bei einem Patienten mit CAKUT und neurogener 

Blasenstörung zu identifizieren. Für diese Studie führte die Arbeitsgruppe von Prof. Dr. 

Friedhelm Hildebrandt am Boston Children’s Hospital, Department of Pediatrics/Boston 
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(USA) ein „Homozygosity mapping“ (Homozygotie-Kartierung) durch (Hildebrandt et al., 

2009). Die aus dem „Homozygosity mapping“ generierten Daten wurden auf Anhäufung 

homozygoter Regionen im Genom hin untersucht. Die durch WES gewonnenen Sequenz-

Daten filterte ich systematisch auf rezessive (biallelische) Varianten in diesen 

homozygoten Regionen. Zur funktionellen Untersuchung des Kandidatengens führte ich 

unter anderem zellbiologische Methoden an HEK293 Zellen durch (HEK=human 

embryonic kidney). 

 

1.2  Material und Methoden 

In den drei Studien kamen bei den Indexpatienten und -familien grundlegend 

molekulargenetische Methoden zum Einsatz: Für Publikation A und B bereitete ich die 

„DNA libraries“ der einzelnen Patienten vor. Die WES-Daten generierte dann unser 

Kooperationspartner Cologne Center for Genomics/Universität Köln mit einem 

IlluminaHiSeq2500 Sequencer. Ich wertete diese mit dem Exom- und Genom-Analyse-

Programm „Varbank“ aus (https://varbank.ccg.uni-koeln.de). Für Publikation C wurden 

mittels einer Illumina™ Plattform WES-Daten generiert, die ich mit dem Exom-und-

Genom-Analyse-Programm CLC Genomics Workbench (version 6.5.1) (CLC bio) 

auswertete. Der Schwerpunkt lag hier auf Regionen, die sich im „Homozygosity mapping“ 

als vererbt homozygot zeigten. Die Priorisierung der Varianten erfolgte mithilfe einer 

Begrenzung der Allelfrequenz auf <0.5% in der allgemeinen Bevölkerung, der Anwendung 

von Vorhersage-tools über Veränderung der Proteinfunktion und der -konformation, von 

Expressionsdaten aus online-Datenbanken und von Herausarbeitung der embryonalen 

Funktion und Expression sowie eingehender PubMed-Literaturrecherche 

(www.ncbi.nlm.nih.gov/pubmed). Validierung sowie Segregationsanalysen der 

identifizierten Varianten führte ich in allen Studien mit Sanger-Sequenzierung durch. Die 

Patienten in Publikation A und B wurden über das Netzwerk zu Kongenitalen Uro-

Rektalen Fehlbildungen (CURE-Net, www.cure-net.de) und das „great-consortium“ 

(genetic risk of esophagel atresia, wwww.great-konsortium.de) rekrutiert. In allen drei 

Studien legten die Eltern der teilnehmenden Patienten vor Beginn der Untersuchungen 

unterschriebene Einverständniserklärungen vor. Die Ethikkomissionen der jeweiligen 

beteiligten Institutionen genehmigten die Patientenrekrutierung und Durchführung der 

genetischen Studien. 
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In Publikation A wurden drei Geschwisterpaare mit ARM oder VATER/VACTERL-

ähnlichem Phänotyp und deren gesunde Eltern untersucht (Familie 1098, Familie 971, 

Familie 1346). In Familie 1346 zeigte das betroffene Geschwisterpaar einen 

VATER/VACTERL-ähnlichen Phänotyp mit ARM, Hypoplasie und Ankylose beider kleinen 

Finger bei der Schwester und isolierter Radiushypoplasie bei dem Bruder (Abb. 1). Mittels 

WES und Sanger-Sequenzierung suchte ich in den drei Familien nach rezessiven 

homozygoten, compound-heterozygoten und X-chromosomalen Varianten. Bei Familie 

1346 wandte ich zusätzlich eine auf SYBR® Green basierte qPCR (quantitative 

polymerase chain reaction) zur Identifizierung von copy number variations (CNVs) an. Zur 

weiteren Untersuchung des in der Folge beschriebenen Kandidatengens re-sequenzierte 

ich dieses nach Sanger in 167 Patienten mit VATER/VACTERL- und VATER/VACTERL-

ähnlicher Assoziation, die mit ARM und Fehlbildungen der Gliedmaßen einen ähnlichen 

Phänotyp wie die betroffenen Kinder dieser Familie hatten.  

 

In Publikation B wies der Indexpatient eine EA/TEF vom Typ Vogt IIIb (Vogt, EC, 1929) 

und ein BO-Syndrom mit beidseitigen Hals- und Ohrfisteln auf. Seine Mutter und seine 

Schwester zeigten ebenfalls Merkmale des BO-Syndrom mit einseitigem Hörverlust und 

unilateraler Ohrfistel bei der Mutter und bilateralen Ohrfisteln sowie unilateraler Halsfistel 

bei der Schwester. Der Bruder wies lediglich ein unspezifisches präaurikuläres Grübchen 

auf (Abb.2). Initial untersuchte ich den Indexpatienten auf Varianten in EYA1, SIX1 und in 

Genen, die mit beiden im Hedgehog-Signalweg interagieren. Für alle identifizierten 

Varianten führte ich dann eine Segregationsanalyse bei Geschwistern und Eltern durch. 

Zusätzlich untersuchte ich mit Sequenzierung nach Sanger 18 weitere Patienten mit 

EA/TEF und BO-Syndrom assoziierten Anomalien (Hörverlust oder Fehlbildungen der 

Ohren). 

 

In Publikation C zeigte der Indexpatient eine neurogene Blasenstörung mit 

vesikoureteralem Reflux (VUR) Grad 5, Hydronephrose und progressiver 

Niereninsuffizienz. Zusätzlich fielen in der augenärztlichen Untersuchung weite und 

fixierte Pupillen, entsprechend einer Mydriasis, auf (Abb. 3). Entsprechend der familiären 

Vererbung der Fehlbildungen (gesunde Eltern und betroffenes Kind) filterte ich die WES-

Daten nach rezessiven (biallelischen bzw. X-chromosomalen) Varianten. Über das online-
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Netzwerk Genematcher (https://genematcher.org/statistics) und Screening einer 

hauseigenen Kohorte von 380 Familien mit CAKUT suchte ich nach weiteren Patienten 

mit rezessiven Varianten in dem durch WES identifizierten Krankheitsgen. Die über 

Genematcher einbezogenen Patienten wurden durch unsere Kooperationspartner an den 

Universitäten von Bristol (Vereinigtes Königreich) und Exeter (Vereinigtes Königreich) 

klinisch untersucht, die auch ihre Sequenzdaten generierten. Unser Kooperationspartner 

an der Yale Universität, Department of Genomics/New Haven (USA) generierte die WES-

Daten des Indexpatienten und der hauseigenen Kohorte. Für die funktionelle 

Untersuchung der Mutationen führte ich Immunofluoreszenz-Experimente in HEK293 

Zellen durch. In cDNA (complementary deoxyribonucleid acid) fügte ich hierfür die 

identifizierten Mutationen mittels zielgerichteter Mutagenese ein und brachte sie als C-

terminale GFP-markierte Konstrukte in die HEK293 Zellen ein. Wildtyp- und mutierte 

Proteine lokalisierte ich mit konfokaler Fluoreszenzmikroskopie in den Zellen. Zusätzlich 

wurden durch unsere Kooperationspartner an der University of Texas, Southwestern 

Medical Center/Texas (USA) ektrophsyiologische Studien mit patch-clamp-Technik 

ebenfalls in HEK293 Zellen durchgeführt. 

 

1.3 Ergebnisse  

Publikation A: Die hier untersuchten Daten der drei Familien wurden auf rezessive 

homozygote, compound-heterozygote und X-chromosomale Varianten hin gefiltert. In 

Familie 1346 identifizierte ich bei dem betroffenen Geschwisterpaar eine zunächst 

scheinbar homozygote Variante in HSPA6 (c.1340G>T, gemäß ENSEMBL GRCh37/hg19 

Transkript ENST00000309758). Die Segregationsanalyse zeigte jedoch, dass nur die 

Mutter heterozygote Trägerin der Variante war und der Vater einen Wildtyp aufwies. 

Mittels qPCR konnte ich folgend nachweisen, dass der Vater eine Deletion von HSPA6 

trägt. Beide Kinder erbten diese Deletion vom Vater. Somit sind beide Kinder compound-

heterozygot für die Deletion ihres Vaters und die Punktmutation ihrer Mutter (Abb. 1).  Als 

Regulator von Zellzyklen und Teil apoptischer Signalkaskaden ist HSPA6 ein wichtiger 

protektiver Faktor während der embryonalen Entwicklung (Luft & Dix, 1999). Um weitere 

Familien mit Varianten in HSPA6 zu identifizieren, sequenzierte ich 167 Patienten mit 
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ARM und VATER/VACTERL-ähnlichem Phänotyp. Dabei ließen sich keine weiteren 

biallelischen Varianten in HSPA6 identifizieren.  

In Familie 971 zeigten sich compound-heterozygote Varianten in ITSN2 (c.1442T>A und 

c.4367A>G, entsprechend ENSEMBL GRCh37/hg19 Transkript ENST00000355123). 

Variante c.1442T>A (p.Ile481Asn) stufte ich mithilfe der Vorhersage-tools als schädigend 

ein. Variante c.4367A>G (single nucleotide polymorphism [SNP]: rs139986826; 

p.Asn1456Ser) erwies sich jedoch als benigne, da ein geringer Einfluss auf die 

Proteinfunktion und -konformation vorlag und die Aminosäure Alanin an dieser Stelle nur 

schwach konserviert ist. Hiermit konnten beide Varianten als Ursache der Fehlbildungen 

in einem compound-heterozygoten Erbgang ausgeschlossen werden.  

In Familie 1098 wurden keine rezessiven Varianten identifiziert. 

 

 

 

 

 

 

 

 

 

 

Abb. 1: Stammbaum der in Publikation A untersuchten Familie 1346. 
1346_II.1: isolierte radiale Hypoplasie beidseits. 
1346_II.2: anorektale Malformation in Form einer perinealen Fistel, Hypoplasie und 
Ankylose beider kleinen Finger.  
Durch WES und qPCR identifizierte Mutationen und Wildtyp sind angezeigt. HSPA6, 
heat shock 70kD protein 6; wt, Wildtyp; del, Deletion; G, Glycin; V, Valin. 
 

 

Publikation B: Meine WES-Analyse ergab bei dem Indexpatienten eine vorbeschriebene 

EYA1-Mutation in der Donor-Spleißstelle von Exon 10 (c.966+5G>A, entsprechend 

ENSEMBL Transkript ENST00000340726) (Stockley et al., 2009; Krug et al., 2011; Song 

et al., 2013; Berkheineria et al., 2017). Diese konnte ebenfalls bei den vom BO-Syndrom 

betroffenen Familienmitgliedern, Schwester und Mutter des Indexpatienten, identifiziert 

I.2 I.1 

II.2 II.1 

HSPA6 wt/G447V 

HSPA6 del/G447V 

HSPA6 wt/del 

HSPA6 del/G447V 
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werden. Das weitere Filtern der WES-Daten zeigte in den mit EYA1 und SIX1 

interagierenden Genen folgende Varianten: GLI1  (p.Thr176Met), GLI3 (Spleiß-Variante 

c.1028+3A>G, rs368499795, entsprechend ENSEMBL Transkript ENST00000395025), 

NRP1 (p.Asp601Asn) und SMO (p.Arg168His) (Abb. 2). Von den Varianten in GLI1, GLI3, 

NRP1 und SMO berücksichtigte ich in der Folge nur die Varianten, die der gesunde Vater 

ausschließlich auf den Indexpatienten übertrug, da hier möglicherweise durch das 

Zusammenspiel mit der EYA1-Mutation im Sonic-hedgehog pathway das Auftreten von 

BO-Syndrom und EA/TEF im Indexpatienten verursacht wurde. Alleine die heterozygote 

GLI3 Spleiß-Variante c.1028+3A>G erfüllte dieses Kriterium. Laut „Human Splicing Finder 

3.0“ (Desmet et al., 2009) sowie nach Shapiro und Senapathy (Shapiro und Senapathy, 

1987) kann diese den korrekten Spleiß-Vorgang behindern. Die Varianten in GLI1, NRP1 

und SMO wurden ausgeschlossen, da diese entweder von der Mutter, welche keine 

EA/TEF aufwies, an die Kinder vererbt wurden oder, im Fall der NRP1- und SMO-

Variante, gering konserviert bzw. zu häufig waren.  Das Screening einer Kohorte von 18 

Patienten mit EA/TEF und Merkmalen des BO-Syndroms konnte keine weiteren potentiell 

krankheitsverursachenden Varianten in EYA1 aufdecken. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abb. 2: Stammbaum der in Publikation B untersuchten Familie. 
I.2: BO-Syndrom (einseitiger Hörverlust, unilaterale Ohrfistel) 
II.2: BO-Syndrom (bilaterale Ohrfisteln, unilaterale Halsfistel) 

I.2 I.1 

II.1 II.2 

EYA1 wt/Spleiß 
GLI3 wt/wt 
SMO wt/R168H 
GLI1 wt/T176M 
NRP1 wt/wt 

EYA1 wt/wt 
GLI3 wt/wt 
SMO wt/R168H 
GLI1 wt/wt 
NRP1 wt/wt 

EYA1 wt/wt 
GLI3 wt/Spleiß 
SMO wt/wt 
GLI1 wt/wt 
NRP1 wt/wt 

EYA1 wt/Spleiß 
GLI3 wt/Spleiß 
SMO wt/R168H 
GLI1 wt/T176M 
NRP1 wt/D601N 

II.3 

EYA1 wt/Spleiß 
GLI3 wt/wt 
SMO wt/R168H 
GLI1 wt/wt 
NRP1 wt/wt 
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II.3: Öophagusatresie/Tracheoösophageale Fistel Typ Vogt IIIb, BO-Syndrom (beidseitige 
Hals- und Ohrfisteln). 
Der Indexpatient wird durch einen Pfeil markiert. Durch WES und Sanger Sequenzierung 
identifizierte Mutationen und Wildtyp sind angezeigt. BO-Syndrom, Branchio-otisches 
Syndrom; wt, Wildtyp; Spleiß, Spleiß-Variante; EYA1, Drosophila eyes absent; GLI, GLI 
family zinc finger; SMO, smoothened, frizzled class receptor; NRP1, neuropilin 1; R, 
Arginin; H, Histidin; T, Threonin; D, Asparaginsäure; M, Methionin; N, Asparagin. 
 

 

Publikation C: Bei dem Indexpatienten und seinem betroffenen Bruder identifizierte ich 

rezessiv-homozygote Varianten in CHRNA3 (entsprechend ENSEMBL Transkript 

ENST00000326828.5; c.1010_1011delCA, p.T337Nfs*81) (Abb. 3). CHRNA3 kodiert die 

α-Untereinheit des α3β4-nikotinischen Rezeptors (α3β4-nAchR).  Über Genematcher fand 

sich dann ein betroffenes Geschwisterpaar von konsanguinen Eltern, welches eine 

homozygote Variante aufwies (c.1019C>G, p.S340*). Beide Varianten, p.T337Nfs*81 und 

p.Ser340*, sind potentiell trunkierend und können möglicherweise zu einer Verkürzung 

des Proteins vor der vierten Transmembranhelix führen. Nach Screening von 666 WES-

Datensätzen (380 Familien) der eigenen CAKUT-Kohorte konnte eine Spleiß-Variante in 

einer Patientin identifiziert werden (c.267+2T>G), welche vermutlich zum Aussetzen von 

Exon 3 und einer in-frame Deletion von 15 Aminosäuren in der extrazellulären 

Ligandenbindungsstelle führt. Alle drei genannten Patienten wiesen einen ähnlichen 

urogenitalen und ophtalmologischen Phänotyp auf wie der Indexpatient. CHRNA3 ist ein 

Membranprotein, welches als Teil des α3β4-nAchR fungiert. In den Lokalisationsstudien 

in HEK293 Zellen zeigte sich, dass nur der Wildtyp vollständig an der Zellmembran 

vorhanden war. Die den Mutationen p.T337Nfs*81 und p.S340* entsprechenden 

trunkierten Proteinen wanderten nur zu einem geringfügigen Anteil bis zu der 

Zellmembran und verblieben zu einem großen Teil im zellulären Plasma. In den 

elektrophysiologischen Studien an transfizierten HEK293 Zellen konnte bei beiden 

trunkierten Proteinen und bei dem durch die Spleiß-Variante veränderten Protein kein 

Natrium-Einwärtsstrom, ausgelöst durch Bindung von Acetylcholin, nachgewiesen 

werden. Hier zeigte sich somit ein vollkommener Funktionsverlust des α3β4-nAchR.  
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Abb. 3: Stammbaum der in Publikation C untersuchten Indexfamilie. 
II.1: nicht-neurogene neurogene Blasenstörung, vesikoureteraler Reflux Grad 5, 
Hydronephrose, progressive Niereninsuffizienz, Mydriasis. 
II.2: rezidivierende Harnwegsinfekte, verminderter Lichtreflex der Pupillen.  
Der Indexpatient wird durch einen Pfeil markiert. Durch WES und Sanger-Sequenzierung 
identifizierte Mutationen sind angezeigt. CHRNA3, cholinergic receptor nicotinic alpha 3 
subunit; T, Threonin; N, Asparagin; fs, frameshift. 
 
 

1.4 Diskussion 

Bei den in Publikation A-C untersuchten Familien war das Ziel, monogene Ursachen für 

die jeweiligen Fehlbildungen zu identifizieren. 

Thema von Publikation A ist die Identifikation von HSPA6 als ein rezessives 

Kandidatengen für Fehlbildungen im Zusammenhang mit der VATER/VACTERL 

Assoziation. Nicht nur seine embryonale Funktion, sondern auch das vorbeschriebene 

TRAP1, welches wie HSPA6 für ein Hitzeschockprotein kodiert, legen seine ursächliche 

Rolle bei der Entstehung der beschriebenen Fehlbildungen nahe. Es fanden sich jedoch 

keine weiteren biallelischen Varianten in einer Kohorte von 167 Patienten mit ARM und 

VATER/VACTERL ähnlichem Phänotyp. Erstrebenswert wären eine Re-Sequenzierung 

in einer größeren Kohorte und tiefergehende Studien zur Beteiligung von 

I.2 I.1 

II.2 II.1 

CHRNA3 
p.T337Nfs*81/ 
p.T337Nfs*81 

CHRNA3 
p.T337Nfs*81/ 
p.T337Nfs*81 
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Hitzeschockproteinen an der Entstehung von ARM und Komponenten der 

VATER/VACTERL-Assoziation.  

Die Mikrodeletion von HSPA6 in Familie 1346 zeigt auf, dass auch CNVs zu biallelischen 

Krankheitsbildern als ursächliche Variante beitragen können. Darüber hinaus wäre es 

wünschenswert, die Beteiligung von CNVs bei Patienten zu untersuchen, bei denen keine 

monogenetische Ursache identifiziert werden kann. 

Publikation B beschreibt das gleichzeitige Auftreten von EA/TEF und BO-Syndrom bei 

einem Patienten. Hier kann die EYA1-Mutation als alleinige Ursache gewertet werden, da 

EYA1 im Hedgehog-Signalweg als upstream-Koordinator mit FGF10 interagiert, welches 

im Tiermodell in die Entwicklung der Speiseröhre involviert ist (Korzh et al., 2011; Hajduk 

et al, 2010). Die EYA1-Mutation kann jedoch auch im Zusammenspiel mit Mutationen in 

weiteren Genen gesehen werden, welche im Hedgehog-Signalweg mit EYA1 

interagieren. Die GLI3-Mutation liegt hier in Kombination mit der EYA1-Mutation nur im 

Indexpatienten vor und suggeriert eine digenische Ursache für die EA/TEF beim 

Indexpatienten. Es könnte daher sein, dass die Kombination beider Varianten die 

Signalkaskade des Sonic hedgehog Signalwegs stört. Auch hier ist eine größere Kohorte 

mit EA/TEF und BO-Syndrom assoziierten Merkmalen wünschenswert, um einer 

möglichen Involvierung von EYA1 in die Entstehung von EA/TEF nachzugehen. 

Einschränkend können ursächliche de novo Mutationen nicht ausgeschlossen werden. 

Diese hätten nur in einer Trio-basierten WES-Analyse identifiziert werden können. 

In Publikation C werden rezessive (biallelische) Varianten in CHRNA3 in drei nicht 

verwandten Familien beschrieben. CHRNA3 greift als Teil des α3β4-nAchR in die 

neuronale Regulation der Blase ein. Es wird sowohl in autonomen Ganglien als auch im 

Urothel exprimiert (Beckel et al., 2006; Fowler et al., 2008). Die Expression in autonomen 

Ganglien erklärt die dysautonomen Merkmale der betroffenen Patienten: diese reichen 

von der Fehlregulation der Blasenkontraktion und -relaxation bis zu einer Mydriasis. Die 

Übereinstimmung mit dem Mausmodell, in dem Chrna-/- Mäuse eine Megacystis, 

rezidivierende Harnwegsinfekte und Mydriasis zeigen, ist hier unübersehbar (Xu et al., 

1999).  

Für LUTO als Unterform von CAKUT sind bisher nur wenige Gene beschrieben worden, 

welche hauptsächlich in die Kontraktion von glatten Muskelzellen mittels Aktin oder in 
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synaptische neuronale Signalweiterleitung eingreifen (Weber et al., 2011; Wangler et al., 

2014; Milewicz et al., 2010; Daly et al., 2010; Stuart et al., 2013). Einzig für das Gen 

CHRM3, welches wie CHRNA3 in die neuronale Regulation der Blase involviert ist, sind 

ebenfalls Patienten mit persistierender Mydriasis beschrieben worden (Weber et al., 

2011). Das unabhängige Auftreten der Mutationen in unterschiedlichen Familien und die 

funktionale Untersuchung der mutierten Proteine unterstützen CHRNA3 als gutes 

Kandidatengen. Das Augenmerk sollte so nicht nur auf Gene gerichtet werden, die in die 

embryonale Entwicklung des Harntraktes oder in mechanische Vorgänge eingreifen, 

sondern auch auf Gene, die in die neuronale Regulation von beteiligten Strukturen 

involviert sind. Die hier untersuchten Patienten zeigen eine phänotypische Variabilität mit 

zum Teil nur versteckten oder fehlenden dysautonomen Merkmalen.  

Voraussetzung für ein besseres Verständnis der Genotyp-Phänotyp-Korrelation ist die 

Identifikation weiterer Patienten mit CHRNA3-Mutationen. 

 

1.5 Zusammenfassung 

In den vorliegenden Studien (Publikationen A-C) untersuchte ich die genetischen 

Ursachen intestinaler Atresien und von CAKUT mittels Exom-Sequenzierung. Dabei 

standen monogene Erklärungsansätze im Mittelpunkt. HSPA6 als Kandidatengen für 

ARM als Teil der VATER/VACTERL-Assoziation konnte nur in einer betroffenen Familie 

identifiziert werden. Im Fall des Patienten mit BO-Syndrom und EA/TEF suggeriert das 

Ergebnis ein digenisches Modell durch die Kombination von monoallelischen Varianten in 

EYA1 und GLI3. In CHRNA3 konnten wir für mehrere Familien mit gleichem Phänotyp 

ursächlich biallelische Varianten nachweisen. Funktionelle Studien unterstützen diese 

genetischen Ergebnisse. Im Kontext der neuronalen autonomen Regulation der Blase 

durch den α3β4-nAchR entsteht so eine pathophysiologische Sequenz, in deren Rahmen 

die neurogene Blasenstörung sekundär zu CAKUT führt. Die systematische 

Identifizierung weiterer genetischer Ursachen und weiterer Patienten mit ursächlichen 

Varianten in den beschriebenen Genen wird zu einem umfassenderen Verständnis der 

molekularen Vorgänge und der Krankheitsbilder führen. Im Fall der Patienten, die 
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ursächliche Varianten in CHRNA3 tragen, ergeben sich gegebenenfalls, anders als bei 

Patienten mit mechanischen LUTOs, medikamentös therapeutische Optionen.  

Darüber hinaus ist ein besseres Verständnis der genetischen Ursachen unerlässlich für 

die genetische Beratung von Patienten und deren Familien. 
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Background: The VATER/VACTERL association refers to the nonrandom co-
occurrence of at least three of the following component features (CFs): vertebral
defects (V), anorectal malformations (ARM) (A), cardiac defects (C), tracheoesophageal
fistula with or without esophageal atresia (TE), renal malformations (R), and limb defects
(L). Patients presenting with two CFs have been termed VATER/VACTERL-like
phenotypes.
Methods: We surveyed the exome for recessive disease variants in three affected sib-
pairs. Sib-pair 971 consisted of two brothers with ARM and additional hydronephrosis
in one brother. Sib-pair 1098 consisted of two sisters with ARM. In family 1346, the
daughter presented with ARM and additional hypoplasia of both small fingers and
ankyloses. Her brother presented with unilateral isolated radial hypoplasia. Sib-pairs
971 and 1346 resembled a VATER/VACTERL-like phenotype.
Results: We detected a novel maternally inherited missense variant (c.1340G > T) and
a rare paternally inherited deletion of the trans-allele inHSPA6 in both siblings of family
1346. HSPA6 belongs to the heat shock protein (HSP) 70 family. Re-sequencing of
HSPA6 in 167 patients with VATER/VACTERL and VATER/VACTERL-like pheno-
types did not reveal any additional bi-allelic variants.
Conclusions: Until now, only TNF-receptor associated protein 1 (TRAP1) had
been reported as an autosomal recessive disease-gene for the VATER/VACTERL
association. TRAP1 belongs to the heat shock protein 90 family (HSP90). Both
Hsp70 and Hsp90 genes have been shown to be important embryonic drivers in the
formation of mouse embryonic forelimb tissue. Our results suggest HSPA6 as a
new candidate gene in VATER/VACTERL-like phenotypes.
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1 | INTRODUCTION

Anorectal malformations (ARMs) are rare disorders of the
embryonic distal hindgut. They occur in about 1 in 4.000
live births (Cuschieri, 2001; Bartels et al., 2012). They are
caused by defective differentiation of the primitive hindgut
(Matsumaru et al., 2015). ARM present with a broad pheno-
typic spectrum ranging from perineal fistula to severe cloacal
malformations. For phenotypic classification of ARM,
the Krickenbeck classification system is usually applied
(Holschneider et al., 2005). Around 60% of ARM patients
present with co-occurring congenital malformations, most of
which belong to the congenital anomaly spectrum of the
VATER/VACTERL association. The VATER/VACTERL
association refers to the nonrandom co-occurrence of at least
three of the following component features (CFs): vertebral
defects (V), ARMs (A), cardiac defects (C), tracheoesophageal
fistula with or without esophageal atresia (TE), renal mal-
formations (R), and limb defects (L) (Belloni et al., 2000;
Kohlhase, Wischermann, Reichenbach, Froster, & Engel,
1998; Solomon et al., 2014). Patients presenting with two CFs
have been termed VATER/VACTERL-like phenotypes. ARM
in combination with major upper limb malformations as
defined by van den Hondel et al. occurs in about 6% of ARM
patients (van den Hondel et al., 2016).

After the detection of causative copy number variations
in patients with ARM and ARM as part of their VATER/
VACTERL association (Bartels et al., 2011; Dworschak et al.,
2013; Schramm, Draaken, Bartels, Boemers, Aretz, et al.,
2011; Schramm, Draaken, Bartels, Boemers, Schmiedeke,
et al., 2011; Schramm, Draaken, Tewes, et al., 2011) Saisawat
et al. (2014) were the first who identified a recessive disease-
gene, namely TNF-receptor associated protein 1 (TRAP1), in
patients with VATER/VACTERL association and congenital
anomalies of the kidney and urinary tract (CAKUT) (Saisawat
et al., 2014). TRAP1, located on 16p13.3, belongs to the heat
shock protein 90 family (HSP90) (Chen, Piel, Gui, Bruford, &
Monteiro, 2005).

Here, we aimed to identify rare autosomal recessive
disease-genes for isolated ARM or ARM as part of VATER/
VACTERL-like phenotypes. For this purpose, we performed
whole-exome sequencing (WES) in three affected sib-pairs
and their healthy parents and re-sequenced the top candidate
gene in 167 patients with VATER/VACTERL and VATER/
VACTERL-like phenotypes.

2 | MATERIALS AND METHODS

2.1 | Patients, controls, and DNA isolation

Patients and families were recruited through the German net-
work for congenital uro-rectal malformations (CURE-Net,
www.cure-net.de) and the great-consortium (genetic risk of

esophageal atresia, www.great-konsortium.de). Written in-
formed consent was obtained from every family. The study
was approved by the Ethics Committee of the Medical Faculty
of the University of Bonn (Lfd. Nr. 073/12 & 146/12). Geno-
mic DNA was isolated from whole blood using the Chemagic
DNA Blood Kit special (Chemagen, Baesweiler, Germany).
Genomic DNA from saliva samples was isolated with the
Oragene DNA Kit (DNA Genotek Inc., Kanata, Canada).

Our study included three affected sib-pairs and their healthy
parents. In Family 971, two affected brothers (971_II.1,
971_II.2) presented with ARM and additional hydronephrosis
in 971_II.1 and ARM in form of a perineal fistula in 971_II.2.
Sib-pair 1098 consisted of two affected sisters (1098_II.1,
1098_II.2) presenting with ARM in form of a perineal fistula.
In Family 1346, the affected daughter (1346_II.1) presented
with ARM in form of a perineal fistula and additional hypo-
plasia of both small fingers and ankyloses. Her brother
(1346_II.2) presented with unilateral isolated radial hypopla-
sia. Hence, Sib-pairs 971 and 1346 resemble the phenotypic
spectrum of a VATER/VACTERL-like phenotype (Table 1).

For re-sequencing of the top candidate gene, we
chose 167 patients presenting with VATER/VACTERL
and VATER/VACTERL-like phenotypes.

2.2 | Whole-exome sequencing (WES) and data
analysis

WES was performed at the Next Generation Sequencing
Laboratory of the Institute of Human Genetics of the Univer-
sity of Bonn. For the enrichment of exonic and adjacent
intronic sequences from genomic DNA, the NimbleGen
SeqCap EZ Human Exome Library v2.0 enrichment kit was
used. WES was performed on an Illumina HiSeq2500
sequencer using a 100 bp paired-end read protocol, follow-
ing the manufacturer's recommendations. Data analysis and
filtering of mapped target sequences was accomplished
with “Varbank” exome and genome analysis pipeline v.2.1
(https://varbank.ccg.uni-koeln.de). We especially filtered
for high-quality (coverage of more than six reads, a mini-
mum quality score of 10, VQSLOD greater then −8) and
rare (allele frequency < 0.5%) autosomal variants. In Sib-
pair 971 with two affected brothers, we also filtered for
X-chromosomal recessive variants. A detailed description of
filter criteria has been described elsewhere (Zhang et al., 2016).

2.3 | Confirmation of variants detected by WES

Variants identified by WES and called to be possibly causa-
tive were amplified from the DNA by polymerase chain
reaction (PCR). Automated sequence analysis was carried
out using standard procedures. From the UCSC Human
Genome Browser (https://genome.ucsc.edu/) and Ensembl
(http://www.ensembl.org/index.html) genomic and cDNA
sequences were obtained to compile primers. PCR products
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were subjected to direct automated BigDye Terminator se-
quencing (3130XL Genetic Analyzer, Applied Biosystems,
Foster City, CA). Both strands from each amplicon were
sequenced and presence of the variants in each family was
confirmed by sequencing the respective PCR product (primer
sequences are available upon request).

2.4 | Re-sequencing of candidate gene HSPA6

For the amplification of DNA, PCR primers were designed
for exon 1 of HSPA6. The resultant PCR products were
referred to direct automated sequencing with the 3130XL
Genetic Analyzer (Applied Biosystems).

2.5 | Quantitative polymerase chain reaction

Quantitative PCR (qPCR) was performed on a Roche Light
Cycler 480 II (Roche, Basel, Switzerland) with Roche Light
Cycler Sybr Green I Master Mix. Each assay included the
respective DNA specimen at a final concentration of 10 ng/μL
in triplicate. Reaction mixtures (10 μL) contained 0.2 mmol of
each primer and 5 μL of SYBR Green Master Mix (Roche)
with cycling conditions as follows: initiation 50!C for 2 min,
denaturation 95!C for 10 min, followed by 40 cycles at 95!C
for 15 s, and a combined annealing and extension step at 64!C
for 60 s. The threshold cycle (Ct) values were normalized using
the Ct value of three reference genes (BNC1, CFTR, and
RNAseP subunit p38) for each DNA sample. Relative quantifi-
cation was done using the comparative Ct method normalizing
to the mother as a control sample, since she was found to be
heterozygous for variant c.1340G > T and therefore could not
carry a deletion of this region (primer sequences are available
upon request).

2.6 | In silico prediction of variants

To predict the effect of the variants on the function and structure
of the encoded proteins, we used seven online prediction
tools (SIFT [http://sift.jcvi.org/], Mutation Assessor 3 [http://
mutationassessor.org/r3/], fathmm [http://fathmm.biocompute.

org.uk/], PROVEAN [http://provean.jcvi.org/index.php], Muta-
tion Taster [http://www.mutationtaster.org/], PolyPhen-2 [http://
genetics.bwh.harvard.edu/pph2/], and the CADD-PHRED-score
[http://cadd.gs.washington.edu/home]).

3 | RESULTS

Using WES, we investigated three affected sib-pairs and
their healthy parents for autosomal recessive disease vari-
ants. In the case of affected male brothers, we also surveyed
the exome for X-chromosomal disease variants (Table 1).
Analysis of the WES-data revealed two candidate genes in
Family 971 and Family 1346. No X-chromosomal disease
variant was found in Sib-pair 971. No autosomal recessive
disease variants were found in Sib-pair 1098.

3.1 | Sib-pair #971

We detected two possible disease-causing variants in ITSN2,
suggesting a compound heterozygous background in the
affected brothers 971_II.1 and 971_II.2 (c.1442 T > A and
c.4367A > G, according to ENSEMBL GRCh37/hg19
transcript ENST00000355123). The variant c.1442 T > A
(p.Ile481Asn, ENSP00000347244) was predicted to be dele-
terious by five out of seven in silico prediction tools (delete-
rious in SIFT [score: 0], medium functional impact by
Mutation Assessor [FI-score: 2.175], tolerated in fathmm
[score: 0.08], deleterious in PROVEAN [score: −5.80],
disease-causing in Mutation Taster [p value: 1], probably
damaging by PolyPhen-2 [humvar score 0.996], CADD
score of 25.4). In contrast, for the second variant c.4367A >
G (single nucleotide polymorphism [SNP]: rs139986826; p.
Asn1456Ser [ENSP00000347244]), the amino acid change
was predicted to be deleterious by two out of the seven in
silico prediction tools (tolerated in SIFT [score 0.64], low
functional impact in Mutation Assessor [score: 1.01], toler-
ated in fathmm [score: −0.26], deleterious in PROVEAN
[score: −3.67], disease-causing in Mutation Taster [p value:
0.926], benign in PolyPhen-2 [humvar score 0.009],
CADD-PHRED-score of 17.3). The zebrafish (Danio rero)
and the green spotted pufferfish (Tetraodon nigroviridis)
present with a Serine at the homologous position. Previ-
ously, high-throughput sequencing revealed recessive muta-
tions of ITSN2 as causing nephrotic syndrome (NS) in humans
(Ashraf et al., 2018). Neither of the two brothers (971_II.1 and
971_II.2) presented with symptoms of NS. Of course, we can-
not exclude that the two brothers will manifest NS in the future.
However, none of the initially reported patients with NS and
recessive disease variants in ITSN2 exhibited any CF of the
VATER/VACTERL association spectrum. Hence, we assume
that the variants in ITSN2 are probably not disease causing for
the development of ARM in an autosomal recessive context in

TABLE 1 Phenotypic features of the patients of Family 1098,
971, and 1346

Family
number Patient Anorectal malformation Other features

1098 II.1 Anorectal malformation in form
of a perineal fistula

II.2 Anorectal malformation in form
of a perineal fistula

971 II.1 Anorectal malformation Hydronephrosis, left

II.2 Anorectal malformation in form
of a perineal fistula

1346 II.1 Anorectal malformation in form
of a perineal fistula

Hypoplasia and
ankyloses of both
small fingers

II.2 Radial hypoplasia
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our patients. Screening for X-linked variants did not reveal any
disease variant for the two brothers.

3.2 | Sib-pair #1346

In Sib-pair 1346, WES revealed an apparent homozygous
mutation in heat shock protein family A (HSP70) member
6 (HSPA6 or HSP70B', here referred to as HSPA6)
(c.1340G > T, according to ENSEMBL GRCh37/hg19 tran-
script ENST00000309758) in exon 1. Polyphen2, SIFT,
Mutation Taster, Mutation Assessor and PROVEAN
predicted the mutation to be damaging (Table 2). With a
CADD-score of 25.5, it is among 1% of the most deleterious
variants in the human genome. The HSPA6 p.Gly447Val
mutation (SNP: rs56366425) alters a highly conserved
amino acid. It is conserved throughout the species to
Saccharomyces cerevisiae with no orthologue in mice
(Leung, Hall, Rajendran, Spurr, & Lim, 1992) (Table 2).
Segregation analysis revealed a heterozygous variant in the
mother. The father presented with a wild type allele and
qPCR revealed a deletion of HSPA6 on the trans-allele. Both
children inherited variant c.1340G > T from their mother.
They also inherited a microdeletion harboring HSPA6 from
their father on the trans-allele (Figure 1). In our in-house
control cohort, 1 out of 1.320 healthy individuals carried a
deletion at the HSPA6 locus (data not shown). Copy number
variations (CNVs) in our in-house controls were identified
via the human Infinium Omni 2.5 BeadChip (Illumina, San
Diego, CA) and evaluated with the Illumina Genome Viewer
program. The frequency of 1 in 1.320 (≈0.0008) of the
observed deletion in our population-based control cohort is
clearly below the population-based frequency of ARM and
ARM as part of the VATER/VACTERL association in a
recessive disease-model (1 in 4.000 and 1 in 40.000, respec-
tively; Cuschieri, 2001; Bartels et al., 2012). HSPA6 is a
member of the HSP70 protein family coding for HSPs
throughout the human organism (Leung, Rajendran, Monfries,
Hall, & Lim, 1990). It contains only one exon of 2.731
base pairs (according to ENSEMBL GRCh37/hg19 transcript
ENST00000309758), a conserved N-terminal nucleotide-
binding domain as well as a C-terminal peptide substrate-
binding domain (Wisniewska et al., 2010).

To follow up on this finding, we re-sequenced HSPA6 in
167 patients with VATER/VACTERL or VATER/VACTERL-
like phenotypes resembling the phenotypes of patients
1346_II.1 and 1346_II.2 (ARM and limb malformation).

Sanger sequencing revealed four exonic heterozygous mis-
sense variants with minor allele frequencies (MAF) > 0.08.
Additionally, we found three synonymous rare exonic variants
(MAF < 0.08) and two exonic synonymous common SNPs
were detected. In the untranslated region, three common SNPs
as well as one rare variant (MAF unknown) were detected.
Overall, we did not detect any further recessive disease variants
in the investigated cohort. T
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4 | DISCUSSION

Our WES analysis identified compound heterozygous vari-
ants in an affected sib-pair with congenital anomalies of the
VATER/VACTERL association spectrum. Both carried a
novel missense variant c.1340G > T in HSPA6, inherited
from their healthy mother and a deletion of HSPA6 on the
trans-allele inherited from their healthy father. The variant
was absent in the gnomAD browser beta (http://gnomad.
broadinstitute.org/ [Lek et al., 2016] or in the exome variant
server database (Exome Variant Server, NHLBI GO Exome
Sequencing Project (ESP), Seattle, WA (URL: http://evs.gs.
washington.edu/EVS/) [12/2018]). In the ExAC Browser
(Beta) (http://exac.broadinstitute.org/ [Lek et al., 2016]) the
allele count for this variant was 36 in 121098 alleles without
any homozygous individuals listed and with an allele fre-
quency of about 0.0003. Fifteen studies listed in the database
of genomic variants describe the loss of genome sequences
in the region of HSPA6 (http://dgv.tcag.ca/dgv/app/home?
ref=; (MacDonald, Ziman, Yuen, Feuk, & Scherer, 2014))
without mentioning population-based frequencies. Here, we
investigated a healthy control cohort of 1.320 individuals
and found one of these 1.320 healthy individuals to carry a
deletion at the HSPA6 locus revealing a population-based
frequency clearly below the population-based frequency of
ARM and ARM as part of the VATER/VACTERL associa-
tion in a recessive disease-model (1 in 4.000 and 1 in 40.000

live births, respectively; Cuschieri, 2001; Bartels et al., 2012).
Screening 167 patients with VATER/VACTERL or VATER/
VACTERL-like phenotypes resembling the phenotypes of
patients 1346_II.1 and 1346_II.2 (ARM and limb malforma-
tion) did not reveal any recessive disease variants.

The highly conserved HSPA6 gene (Daugaard, Rohde, &
Jäättelä, 2007; Gupta & Golding, 1993) belongs to the multi-
gene HSP family A (HSP70). Little is known about the func-
tion of HSPA6, a gene present in the human genome but
absent from mouse and rat (Deane & Brown, 2018). To our
knowledge, there are no animal models for functional
screening of the orthologous gene although it is present in
other vertebrates and species such as frog, fruit fly, or yeast
(Table 2). Emerging research suggests the HSPA6 protein to
be involved in apoptotic response and cellular differentiation
and to contribute to protection of differentiated human neu-
ronal cells from cellular stress (Deane & Brown, 2018).
Only when induced after severe stress events (Parsian et al.,
2000), it functions as a secondary responder to proteotoxic
stress and maintains cellular survival by directly binding to
Apaf-1 and inhibiting the assembly of a functional apoptosome
(Beere et al., 2000; Noonan, Place, Giardina, & Hightower,
2007). The involvement of HSP70s in regulation of the cell
cycle and apoptotic pathways is essential for human embryonal
development as they protect embryonal cells from cell stress
such as hyperthermia or chemical teratogens (Luft & Dix,
1999). This is supported by the identification of HSPA6 in

I.2I.1

II.1II.2

HSPA6 wt/G447V

HSPA6 del/G447V

HSPA6 wt/del

HSPA6 del/G447V

(c)

I.2I.1

II.1II.2

ITSN2 wt/I481N 

I481N/N1456S 

ITSN2 wt/N1456S 

I481N/N1456S 

(b)I.2I.1

II.1II.2

(a)

FIGURE 1 Pedigrees of the families. (a) 1098_II.1 and 1098_II.2 presented both with ARM in form of a perineal fistula. (b) 971_II.1 presented with ARM
and left hydronephrosis. 971_II.2 presented with ARM in form of a perineal fistula. (c) 1346_II.1 presented with ARM in form of a perineal fistula,
hypoplasia and ankylosis of both small fingers. 1346_II.2 presented with isolated radial hypoplasia. The presence or absence of genetic variants detected by
whole-exome sequencing and (quantitative) polymerase chain reaction are indicated. Members affected with anorectal or skeletal malformations are shown in
black, while unaffected members are shown in white. Males and females are represented in squares and circles, respectively. del: deletion; HSPA6: heat shock
70kD protein 6; ITSN2: intersection 2; wt: wild type
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context of preterm birth in genetic association studies
(Ryckman et al., 2010). Noonan et al. demonstrated that a
knockdown of HSPA6 in human colon cell lines leads to cell
death induced by proteasome inhibition (Noonan, Fournier, &
Hightower, 2008). Furthermore, expression patterns of mem-
bers of the HSP70 family and of the HSP90 family during
embryo development in mice show their involvement and pro-
tective role in limb formation (Zhu et al., 2012). Interestingly,
different HSPs show a characteristic correlation with the devel-
opmental phases in mice embryos. As bi-allelic mutations in
the TRAP1 gene (member of the HSP90 family) cause CAKUT
and malformations of the VATER/VACTERL association
spectrum, one might assume a similar effect of mutations in
HSPA6 being part of a tight interaction network of HSPs during
chaperone activity and transcriptional regulation (Mayer &
Bukau, 2005; Prodromou, 2016).

In summary, our results suggest that bi-allelic recessive
mutations in HSPA6 contribute to congenital anorectal and limb
malformations as part of the VATER/VACTERL association
spectrum. Our analysis focused on exome-variants generated by
WES in three affected sib-pairs and their healthy parents. Our
finding of a paternally inherited deletion of HSPA6 in sib-pair
1346 may be further explored by using CNV analysis. This
may help detecting autosomal recessive microdeletions or
duplications in Sib-pair 1098. Further studies are needed to
explore how HSP70s influence the development of ARMs and
features of the VATER/VACTERL association.
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Abstract. Branchio-otic (BO) syndrome is a clinically and 
genetically heterogeneous disorder that presents with variable 
branchial arch and otic anomalies. Dominant mutations in the 
human homologues of the Drosophila eyes absent (EYA1) 
gene, and the Drosophila sine oculis homeobox 1 and 5 (SIX1 
and SIX5, respectively) genes have been causally associated 
with BO syndrome. Esophageal atresia (EA), with or without 
tracheo‑esophageal fistula (TEF), is the most common type of 
malformation of the upper digestive tract. To date, its causes 
are poorly understood. The present study investigated a family 
with three affected members who all presented with classic 
BO associated symptoms. Notably, the index patient also 
presented with the most common EA/TEF subtype type 3b. 
Whole exome sequencing (WES) was performed in the index 
patient, and prioritized genetic variants and their segregation 
in the family were analyzed by Sanger sequencing. WES 
demonstrated a known disease-causing heterozygous EYA1 
splice variant in the patient, as well as his sister and mother; 
all of whom were affected with BO syndrome. A further 
GLI family zinc finger 3 (GLI3) splice variant of unknown 
significance, inherited from the unaffected father, was also 
detected in the index patient. EYA1 and GLI3 are involved in 
the Sonic Hedgehog transcriptional network and GLI3 seems 
to be involved in human foregut malformations. Therefore, one 
may hypothesize a digenic inheritance model involving EYA1 
and GLI3, where the effect of the GLI3 variant observed here 
only emerges in the background of the EYA1 defect.

Introduction

The branchio-otic (BO) syndrome is characterized by bran-
chial arch and otic anomalies. It presents heterogeneously, 
both clinically and genetically, and manifests with reduced 
penetrance and variable expressivity (1). BO syndrome is a 
rare autosomal-dominant disorder with a birth prevalence 
of about 1:40,000 (1). The first identified causative gene was 
the human homologue of the Drosophila eyes absent gene, 
EYA1 (2). Vincent et al (3) demonstrated that BOR (bran-
chio-oto-renal syndrome 1, BOR1; OMIM #113650) and 
BOS (branchio-otic syndrome 1, BOS1; OMIM #602588) are 
allelic disorders. Subsequently, mutations in the two human 
homologues of the Drosophila sine oculis homeobox 1 and 5 
genes (SIX1, SIX5) have been detected (4,5). To date, defects 
of SIX5 have been exclusively found in patients who addi-
tionally presented with congenital renal anomalies, whereas 
SIX1 mutations have been found in patients with the classic 
BO phenotype. Evidence for further genetic heterogeneity 
of BO syndrome was provided by Kumar et al, who linked 
an additional form (BOS2; OMIM %120502) to a region on 
chromosome 1q31 (6).

Esophageal atresia (EA) with or without tracheo-esophageal 
fistula (TEF) are the most common malformations of the 
upper digestive tract. EA/TEF comprises five anatomical 
subtypes and these are classified on the basis of the location 
and the type of anastomosis that exists between the trachea 
and the esophagus (7). The birth prevalence of EA/TEF has 
been reported with 1 in 3,000 live births (8). Approximately 
50% of affected individuals show an isolated phenotype, while 
the remaining patients present EA/TEF in combination with 
other congenital malformations, e.g., cardiac or renal anoma-
lies (9). Furthermore, EA/TEF have been observed in over 
50 distinct genetic syndromes, associations and sequences (9). 
The likely causes of EA/TEF are heterogeneous and, to date, 
remain poorly understood. However, previous study has 
implicated several developmental genes with emphasis on 
effectors of the Sonic Hedgehog (SHH) signaling pathway 
[SHH, GLI family zinc finger 1 (GLI1), GLI2, GLI3] in mouse 
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models (10). In this context, Motoyama et al (10) found that 
in Gli2-/- mice, a reduction of 50% in the gene dosage of Gli3 
in a Gli2-/- background resulted in EA/TEF and a severe lung 
phenotype, suggestive of a possible digenic inheritance model.

In the present study, we investigated a family with three 
affected members who all presented with classic BO-associated 
symptoms. Interestingly, the index patient also showed the 
most common EA/TEF subtype type 3b according to Vogt (7).

Materials and methods

Subjects. Blood samples were collected from all family 
members of the index patient and a further 18 patients with 
EA/TEF and BO syndrome‑associated anomalies, such as 
hearing loss or malformation of the ears. Written informed 
consent was obtained from all participants or from their 
proxies in the case of legal minors. The study was approved by 
the ethics committee of the Medical Faculty of the University 
of Bonn and was conducted in accordance with the principles 
of the Declaration of Helsinki.

Whole exome sequencing (WES) and data analysis. Blood 
samples were obtained from the family under study and 
isolation of genomic DNA from blood was carried out using 
a Chemagic Magnetic Separation Module I (Chemagen, 
Baesweiler, Germany).

Mutation analysis was performed on our patient by WES 
(enrichment kit: Nimble Gene SeqCap ES Human Exome 
Library 2.0) with the Genome Analyzer II (Illumina). Read 
alignment and detection of variants was done with genome 
analyzing software (Varbank; www.varbank.ccg.uni-koeln.de/). 
In particular, we filtered for high quality (coverage of more 
than six reads, a minimum quality score of 10, VQSLOD 
greater than -8) and rare (allele frequency <0.5%) autosomal 
variants in EAY1, SIX1 and EAY1-SIX1 pathway-related genes. 
In order to exclude pipeline specific artifacts, we also filtered 
against an in‑house epilepsy cohort (n=511, AF <2%) of varia-
tions, which were created with the same analysis pipeline. The 
filter conditions were set to be more sensitive following manual 
inspections of aligned reads.

Variation analysis. Variations identified by WES were ampli-
fied from genomic DNA by polymerase chain reaction (PCR) 
and automated sequence analysis was carried out using stan-
dard procedures. In brief, primers were directed to all observed 
variations and the resultant PCR products were subjected to 
direct automated BigDye terminator sequencing (3130XL 
Genetic Analyzer; Applied Biosystems; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). Both strands from each 
amplicon were sequenced and segregation of the variations in 
the family was investigated by sequencing the respective PCR 
product in all members. Primer sequences for all gene variants 
under investigation are available upon request.

Data from the observed allele frequencies harboring 
the variants were obtained from the ExAc database (exac.
broadinstitute.org). Interpretation of identified missense 
variants was carried out with the following prediction 
programs: MutPred (www.mutpred1.mutdb.org), Polyphen-2 
(www.genetics.bwh.harvard.edu/pph2/), HumVar (included 
in Polyphen‑2), SIFT (sift.jcvi.org) and PROVEAN (included 

in SIFT). The GLI3 splice variant was analyzed according 
to Shapiro and Senapathy (11) and Human Splicing 
Finder 3.0 (12).

Results

Clinical observations. The investigated family has 
three affected members who all presented with classic 
BO-associated symptoms (Table I and Fig. 1). Interestingly, 
the index patient (II.3) presented with branchial anomalies 
(bilateral branchial cleft fistulas and preauricular pits) and 
the most common EA/TEF subtype type 3b according to 
Vogt (7). The sister (II.2) and the mother (I.2) of the patient 
also presented with BO syndrome-associated symptoms 
(hearing loss or impairment, ear and neck fistulas). His elder 
brother (II.1) had a preauricular tag. The father showed no 
anomalies (Fig. 1). To the best of our knowledge, this is the 
first report on the concurrence of BO syndrome and EA/TEF 
to date.

WES and segregation of identified variants. In the context 
of the index patient reported here, Eisner et al (13) were 
recently able to show that several of the EA/TEF‑associated 
SHH pathway genes GLI1, GLI2, and GLI3 interact with 
the BO syndrome-associated EYA1-SIX1 pathway genes. 
Hence, we performed whole-exome sequencing (WES) in 
the index patient (i) to identify disease causing variants 
in EYA1-SIX1 pathway genes (ii) and to identify variants 
in EA/TEF‑associated SHH pathway genes (13). Mutation 
analysis was performed on our patient with WES and the 
applied filtering identified more than 50 variants (data not 
shown). From these, one obvious genetic variant explains 
most of the congenital anomalies seen in the family. An EYA1 
mutation (c.966+5G>A, according to ENSEMBL transcript 
ENST00000340726, with the A of the start methionine as 
no. 1) was present in the donor splice site of exon 10 in the 
index patient. Sanger sequencing confirmed the mutation in 
the patient as well as two other affected family members 
(sister: II.2, and the mother, I.2; Fig. 1 and Table I). This 
mutation is known to cause exon skipping with a premature 
termination codon in the resultant mRNA (14).

Our second analysis of the index patient's WES dataset 
focused on candidate variants with an allele frequency of 
<0.01 in SHH signaling pathway genes with special emphasis 
on GLI1, GLI2, GLI3, SUFU, NRP1, NRP2, and SMO. In this 
context, we detected additional heterozygous variants in GLI1 
(p.Thr176Met), GLI3 (splice variant c.1028+3A>G, according 
to ENSEMBL transcript ENST00000395025, with the A of 
the start methionine as no.1), NRP1 (p.Asp601Asn) and SMO 
(p.Arg168His) (Table II). Apart from the four variants in 
GLI1, GLI3, NRP1 and SMO, WES did not detect any further 
variations that might be attributable to EA/TEF in our patient. 
Sanger sequencing confirmed all four variants in the index 
patient (Fig. 1). Two of the four variants in GLI1 and SMO 
were transmitted from the EYA1 carrying mother and the other 
two variants in GLI3 and NRP1 were transmitted from the 
healthy father (Fig. 1). Since the mother did not present with 
EA/TEF we excluded the two variants in GLI1 and SMO as 
EA/TEF disease causing. As the variant in NRP1 is located in 
a region of low conservation (Table II), it was also excluded. 
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Table I. Phenotypic features identified in patients with the Drosophila eyes absent c.966+5G>A mutation.

Author, year Patient Hearing loss Ear anomalies Branchial anomalies Renal anomalies Other features (Refs.)

Kause et al I.2 Unilateral inner ear (unspecified) Middle ear Unilateral fistula (ear) ‑ ‑ Present study
Kause et al II.2 ‑ ‑ Bilateral fistula (ear),  ‑ ‑ Present study
    unilateral fistula (neck)   
Kause et al II.3 ‑ ‑ Bilateral fistula (ear),  ‑ Esophageal atresia Present study
    bilateral fistula (neck)  (Vogt 3b) 
Stockley et al, 2009 8 Mild ‑ Not specified fistula and cyst,  URA ‑ (14)a

    bilateral preauricular pit   
Stockley et al, 2009 9 Yes, unspecified ‑ n/a URA ‑ (14)a

Stockley et al, 2009 10 Mild‑to‑moderate (mixed) Cup shaped ears,  Not specified fistula and URA, VUR ‑ (14)a

   posteriorly rotated cyst, unilateral   
    preauricular pit   
Krug et al, 2011 1,291 ‑ ‑ Yes (unspecified) ‑ Bilateral cataract (15)a

Song et al, 2013 7 Bilateral (mixed, unspecified) Cochlear hypoplasia ‑ n/a ‑ (16)b

   (bi), dilated vestibule    
   (bi), enlarged vestibular    
   aqueduct (bi); middle ear:     
   Ossicular anomaly (bi)     
   and deviated facial nerve    
   (bi); enlarged endolymphatic    
   sac (l) and duct (bi)    
Bekheirnia Family 3 ‑ ‑ ‑ VUR, multicystic ‑ (17)a

et al, 2017     dysplastic kidney  

No phenotypic findings were given for two additional families reported by Stockley et al (14). aMutation initially termed c.867G>A in this paper; bmutation initially termed c.699+5G>A in this paper; n/a, 
not available; VUR, vesico‑ureteric reflux; URA, unilateral renal agenesis; bi, bilateral; l, left. 
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The remaining GLI3 splice site variation, c.1028+3A>G, is an 
extremely rare variant (rs368499795), observed only once in 
the ExAc database (n=121,314 alleles). According to Shapiro 
and Senapathy (11), the A-to-G substitution slightly reduces 
the consensus value (CV) for splice site recognition from a CV 
of 0.887 for the wildtype sequence to a CV of 0.854 for the 
mutant one. As Human Splicing Finder 3.0 (12) also predicts 
this variation as most probably affecting splicing, these data 
imply that this GLI3 variant interferes to a certain extent with 
correct mRNA processing.

To elucidate a more common involvement of EYA1 in the 
etiology of EA/TEF, we screened a further 18 patients with 
EA/TEF and BO syndrome‑associated anomalies, such as 
hearing loss or malformation of the ears, for variants in EYA1. 
Sanger sequencing revealed 15 intronic and exonic common 
SNPs (allele frequencies all >0.08) and three further intronic 
variants with no influence on a splice site or a branch point 
(data not shown).

Discussion

The initial objective of the present study was to identify a genetic 
etiology of BO syndrome and EA/TEF in the index patient. 
Initially, WES demonstrated a heterozygous splice mutation in 
EYA1. To date, this c.966+5G>A mutation has been reported in 
nine other unrelated patients (Table I) (14-17), where it caused 
a pleiotropic spectrum of features. Stockley et al (14) reported 
the c.966+5G>A mutation in three BO syndrome patients, who 
each presented with the most severe renal phenotype in their 
cohort. However, it was associated without branchial and renal 
anomalies in a patient reported by Song et al (16), and only 
with branchial anomalies and congenital cataract in another 
patient (15). Most recently, Bekheirnia et al (17) detected the 
c.966+5G>A mutation in a patient solely affected with a renal 
phenotype, i.e., vesicoureteral reflux and multicystic dysplastic 
kidney. In the patient's family, the EYA1 mutation caused 
branchial anomalies in the index patient (II.3) and all other 
affected subjects (I.2, II.2) as well as additional unilateral 

Figure 1. Pedigree of the family with BO syndrome. The index patient, 
also presenting with esophageal atresia, is marked by an arrow. The pres-
ence/absence of gene variants detected by whole-exome sequencing is 
indicated. Members affected with BO are shown in red, while unaffected 
members are shown in blue; males and females are indicated by squares and 
circles, respectively. BO, branchio-otic; wt, wild type; EYA1, Drosophila 
eyes absent; GLI, GLI family zinc finger; SMO, smoothened, frizzled class 
receptor; NRP1, neuropilin 1.
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hearing loss in the mother (I.2). The older brother (II.1) of the 
index patient only presented with unilateral preauricular tag, 
a common benign congenital malformation of the external 
ear (18) possibly attributable to BO syndrome. Consequently, 
he was negative for the EYA1 mutation. In conclusion, the 
detected EYA1 mutation should explain all of the BO features 
observed in the index patient and the other family members.

Our second analysis of the index patient's WES dataset 
focused on candidate variants with an allele frequency of <0.01 
in SHH signaling pathway genes. Evaluation of prioritized 
genes revealed the presence of an additional potential patho-
genic GLI3 splice variant (c.1028+3A>G) in the index case. 
Heterozygous mutations in GLI3 are a most likely cause of Greig 
cephalopolysyndactyly syndrome (GCPS; OMIM #175700) 
and Pallister-Hall syndrome (PHS; OMIM #146510), both 
inherited as an autosomal dominant trait (19,20). Both disor-
ders manifest polyaxial polydactyly with other overlapping 
features. However, neither a literature review nor the reviews 
of 174 GCPS/PHS patients, provided by Johnston et al (19,20), 
revealed the presence of our GLI3 splice variant or EA/TEF in 
these patients. Yet, Yang et al (21) reported a de novo missense 
GLI3 variant (p.M111T) in a patient with EA with hemiverte-
brae, resembling the phenotypic spectrum in murine models as 
reported by Motoyama et al (10).

Human Splicing Finder 3.0 (12), predicted the conse-
quence of the c.1028+3A>G variant as most probably 
affecting splicing. However, according to Shapiro and 
Senapathy (11), the A-to-G substitution only slightly reduces 
the CV for splice site recognition, suggesting formation 
of a relevant amount of normally spliced mRNA, thereby 
avoiding GLI3 functional haploinsufficiency. This would 
explain the absence of typical phenotypic features caused by 
autosomal dominant GLI3 mutations, as observed in patients 
with Pallister-Hall syndrome, Greig cephalopolysyndactyly 
syndrome or different forms of polydactyly (22). However, a 
small decrease in the formation of correct GLI3 transcripts 
may interfere with the fine‑tuning of the Eya1-Six1-SHH 
pathway. In mutant mice lungs, Lu et al (23) have shown that 
Six1 and Eya1 act together to regulate SHH/Gli3 signaling 
activity. Lewandowski and coworkers reported that more 
than 40 GLI target genes in the mammalian limb bud are 
predominantly regulated by GLI3, but show a different spatio-
temporal requirement for SHH signaling (24). Moreover, it 
has been reported that in murine peri-cloacal mesenchyme, 
Six1 and Eya1 functionally interact with the SHH pathway 
and that both these transcripts are down regulated in SHH 
mutants (25). Based on these observations, and since segre-
gation analysis revealed the inheritance of the GLI3 splice 
variant from the unaffected father, one may speculate about 
a digenic inheritance model involving EYA1 and GLI3, where 
the effect of the GLI3 variant emerges only in the background 
of the EYA1 defect.

However, the recent work of Eisner et al (13), who described 
Eya1 and Six1 as key components of the Shh transcriptional 
network with Eya1 and Six1 as co-regulators of Gli tran-
scriptional activators during normal organ development, and 
several other findings are suggestive of a direct involvement 
of EYA1/Eya1 in esophageal development in vertebrates. In 
mice, Eya1 has been shown to play a critical role in epithelial, 
mesenchymal and vascular morphogenesis of the embryonic 

lung as an upstream coordinator of SHH fibroblast growth 
factor 10 (Fgf10) signaling (26). It has been shown that the 
foregut epithelium gives rise to the esophagus, trachea, lungs, 
thyroid, stomach, liver, pancreas, and hepatobiliary system and 
there is experimental evidence that they are derived from a 
common progenitor cell population in the ventral foregut (27). 
Hence, in case of EYA1 haploinsufficiency, impairment of 
this SHH‑FGF10 cascade might also interfere with correct 
esophageal development. In zebra fish, requirement of Shh and 
Fgf10 for esophageal morphogenesis has been reported (28) 
and similarly, disruption of the Fgf10 gene during the critical 
period of separation of the trachea and esophagus caused 
tracheo-esophageal malformations in a mouse model (29). 
Moreover, it has been shown in mice that the Shh‑Fgf10 cascade 
controls the patterning of the tracheal cartilage rings (30), and 
that defective Shh and Fgf signaling plays a role in the patho-
genesis of EA/TEF (31). Here, the coexistence of the EYA1 
mutation and the additional variant in trans in GLI3 of our 
patient is suggestive of a possible digenic mode of inheritance 
and might explain the co-occurrence of BO syndrome and 
EA/TEF in our patient. Screening of 18 EA/TEF patients with 
BO syndrome-associated phenotypic features did not reveal 
any additional EYA1 mutation. While investigations of larger 
EA/TEF cohorts with BO syndrome‑associated phenotypic 
features are warranted, our present approach to elucidate the 
coincidence of BO syndrome and EA/TEF in the index patient 
did not imply trio-based WES analysis. Hence, we cannot 
exclude any other possibly disease causing de novo mutations 
as the cause of EA/TEF in our patient.
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REPORT

CAKUT and Autonomic Dysfunction Caused
by Acetylcholine Receptor Mutations

Nina Mann,1,14 Franziska Kause,1,14 Erik K. Henze,2 Anant Gharpure,3 Shirlee Shril,1

Dervla M. Connaughton,1 Makiko Nakayama,1 Verena Klämbt,1 Amar J. Majmundar,1

Chen-Han W. Wu,1 Caroline M. Kolvenbach,1 Rufeng Dai,1 Jing Chen,1 Amelie T. van der Ven,1

Hadas Ityel,1 Madeleine J. Tooley,4 Jameela A. Kari,5 Lucy Bownass,4 Sherif El Desoky,5 Elisa De Franco,6

Mohamed Shalaby,5 Velibor Tasic,7 Stuart B. Bauer,8 Richard S. Lee,8 Jonathan M. Beckel,9 Weiqun Yu,10

Shrikant M. Mane,11 Richard P. Lifton,11,12 Heiko Reutter,13 Sian Ellard,6 Ryan E. Hibbs,3

Toshimitsu Kawate,2 and Friedhelm Hildebrandt1,*

Congenital anomalies of the kidney and urinary tract (CAKUT) are the most common cause of chronic kidney disease in the first three

decades of life, and in utero obstruction to urine flow is a frequent cause of secondary upper urinary tract malformations. Here, using

whole-exome sequencing, we identified three different biallelic mutations in CHRNA3, which encodes the a3 subunit of the nicotinic

acetylcholine receptor, in five affected individuals from three unrelated families with functional lower urinary tract obstruction and sec-

ondary CAKUT. Four individuals from two families have additional dysautonomic features, including impaired pupillary light reflexes.

Functional studies in vitro demonstrated that the mutant nicotinic acetylcholine receptors were unable to generate current following

stimulation with acetylcholine. Moreover, the truncatingmutations p.Thr337Asnfs*81 and p.Ser340* led to impaired plasmamembrane

localization of CHRNA3. Although the importance of acetylcholine signaling in normal bladder function has been recognized, we

demonstrate for the first time that mutations in CHRNA3 can cause bladder dysfunction, urinary tract malformations, and dysautono-

mia. These data point to a pathophysiologic sequence by which monogenic mutations in genes that regulate bladder innervation may

secondarily cause CAKUT.

Congenital anomalies of the kidney and urinary tract (CA-
KUT) represent up to 20%–30% of all prenatally detected
anomalies and are the most common cause of chronic
kidney disease in the first three decades of life.1–3 The dis-
covery of more than 40 monogenic causes of CAKUT in
humans has led to the understanding that urogenital mal-
formations often arise from defects in the signaling path-
ways that regulate nephrogenesis.4–6 In addition, animal
studies have demonstrated that intrauterine obstruction
to urine flow can secondarily lead to CAKUT, although
the genetic etiologies and molecular pathogenesis of these
processes are not well understood.7

Nicotinic acetylcholine receptors (nAChR) are hetero-
pentameric ligand-gated ion channels that are widely ex-
pressed in the nervous system and in certain non-neuronal
tissues, such as the bladder urothelium.8,9 Interestingly,
mice lacking Chrna3, the gene encoding the a3 nAChR
subunit, develop a prominent genitourinary phenotype,
with reduced bladder contractility, megacystis, and recur-
rent urinary tract infections.10 The a3 nAChR subunit me-
diates fast synaptic transmission in the parasympathetic,

sympathetic, and enteric ganglia and plays a critical role
in modulating normal bladder function.11

To date, only one gene involved in neuronal synaptic
transmission, CHRM3 (MIM: 118494), has been implicated
in lower urinary tract obstruction in humans.12 Here, we
describe the discovery of biallelic mutations in CHRNA3
in three families with CAKUT and additional extra-renal
dysautonomic features.
Approval for human subject research was obtained from

the Institutional Review Board at the respective institu-
tions, and samples were obtained after written informed
consent. The index case subject, B1717-21, is a young
man who was born to consanguineous parents of Arabic
descent and who presented in childhood with recurrent
urinary tract infections. Renal ultrasound demonstrated
bilateral hydronephrosis, a thickened bladder wall, and a
large post-void residual (Figure 1A). Voiding cysturethro-
gram (VCUG) revealed bilateral grade 5 vesicoureteral re-
flux (VUR) without posterior urethral valves (not shown),
and the affected individual was given a diagnosis of non-
neurogenic neurogenic bladder. He developed progressive
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renal insufficiency, and by 19 years of age, a DMSA scan
demonstrated a small, atrophic left kidney with 10% resid-
ual function (Figure 1A). He also presented to the ophthal-
mologist in adolescence for difficulty seeing in bright light
and was found to have bilateral mydriasis with impaired
pupillary constriction. Moreover, orthostatic hypotension
was diagnosed on routine physical examination (Table
1). The proband’s brother, B1717-22, was also noted to
have an impaired pupillary light reflex. He additionally
has a history of recurrent urinary tract infections, although

renal ultrasound revealed normal-appearing kidneys and
bladder (not shown).
We applied whole-exome sequencing (WES) and homo-

zygosity mapping to individual B1717-21.13,14 Mutation
calling was performed in line with proposed guidelines
by clinician-scientists who had knowledge of the clinical
phenotypes and pedigree structure (Figure S1).15 We iden-
tified a homozygous truncating mutation (GenBank:
NM_000743.4; c.1010_1011delCA [p.Thr337Asnfs*81])
in exon 5 of the gene CHRNA3 (Cholinergic Receptor

B1717-21 B1717-21A GM-21 B1402

B

B1717
c.1010_1011delCA
p.Thr337Asnfs*81

(HOM)

GM
c.1019C>G
p.Ser340*

(HOM)

B1402
c.267+2T>G

Essential Splice
(HOM)

CC TAAATGC

B1717 GM B1402

p.Thr337Asnfs*81/
p.Thr337Asnfs*81

p.Thr337Asnfs*81/
p.Thr337Asnfs*81

p.Ser340*/
p.Ser340*

p.Ser340*/
p.Ser340*

WT/p.Ser340*WT/p.Ser340* WT/
c.267+2T>G

WT/
c.267+2T>G

c.267+2T>G/
c.267+2T>G

Figure 1. Identification of Biallelic CHRNA3 Mutations in Three Families with CAKUT
(A) Renal and bladder imaging for affected individuals. The two left panels depict a renal ultrasound and DMSA (dimercaptosuccinic
acid) scan from individual B1717-21. The renal ultrasound demonstrates severe left-sided hydronephrosis with cortical thinning, and
DMSA scan shows reduced cortical uptake of the left kidney (arrow head). VCUG from individual GM-21 and bladder ultrasound
from individual B1402 both demonstrate thickened and irregular bladder walls. The echogenic circular irregularity on the bladder ultra-
sound for B1402 (orange arrowhead) is an artifact from a STING procedure that was done after recurrent vesicoureteral reflux developed
following bilateral ureteral reimplantation.
(B) Pedigrees for the three affected families. In the pedigrees, squares represent males and circles represent females. Open symbols repre-
sent unaffected individuals, and filled symbols represent affected individuals. Consanguineous unions are depicted as double horizontal
lines. Probands (individuals -21 of each family) are denoted by blue arrows. WT, wild type.
(C) Exon and protein domain structure of CHRNA3. The exon structure is depicted in the upper bar, with positions of the start codon
(ATG) and stop codon (TAA) indicated. The lower bar depicts the protein structure of CHRNA3, with an N-terminal signal peptide (pink),
a large extracellular ligand-binding domain (blue), and four transmembrane helices (green). The three different mutations detected in
three families are mapped to the exon and protein structures.
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Nicotinic Alpha 3 Subunit), which encodes the a3 nAChR
subunit. The same homozygousmutation was found in the
proband’s affected older brother, B1717-22 (Figure 1B,
Table 1).
Through the use of the on-line tool, GeneMatcher,16,17

we identified two siblings of Pakistani descent (GM-21
and GM-22) who also have biallelic mutations in CHRNA3
(c.1019C>G [p.Ser340*]). GM-21 was diagnosed prenatally
with hydronephrosis, and post-natal imaging revealed a
dilated, cystic right kidney, left hydroureteronephrosis,
and a thickened, trabeculated bladder wall (Figure 1A).
He was diagnosed with non-neurogenic neurogenic
bladder and was managed with clean intermittent cathe-
terizations and subsequent vesicostomy. His younger sis-
ter, GM-22, had recurrent urinary tract infections, and
VCUG demonstrated a large-capacity bladder with incom-
plete emptying (not shown). Ophthalmology examination
for both children revealed constant miosis with pupils that
did not dilate, and both siblings additionally had flat cardi-
otocography (CTG) tracings in utero. This was detected at
36 weeks gestational age in the older child, for which he
underwent emergent cesarean section. A flat CTG tracing
was noticed at 29 weeks gestational age for the younger sib-
ling and persisted until she was delivered at full term.
We subsequently queried WES data in our cohort of

380 families with CAKUT and identified one additional

affected individual with biallelic CHRNA3 mutations. In
individual B1402, who has bilateral VUR and hydroneph-
rosis, we detected a homozygous essential splice site
mutation (c.267þ2T>G). Interestingly, this individual un-
derwent ureteral reimplantation as a child but developed
recurrence of her VUR, for which she underwent a STING
procedure (Figure 1A). We did not detect any biallelic mu-
tations in CHRNA3 in a control cohort of 419 families with
either nephrotic syndrome or nephronophthisis.
All three CHRNA3 mutations were confirmed via Sanger

sequencing (Figure S3). A summary of the clinical charac-
teristics of the affected individuals and themutations iden-
tified is provided in Table 1, and a schematic of the
CHRNA3 exon and protein structure with locations of
the three mutations is depicted in Figure 1C. Both the
p.Thr337Asnfs*81 and p.Ser340* variants are predicted to
lead to premature termination of the protein prior to the
fourth transmembrane helix (Figure 1C). As RNA was not
available from the individual with the c.267þ2T>G splice
mutation, we used in silico prediction tools to determine
the splicing effect. Because the c.267þ2T>G change occurs
at an obligatory splice site, we predict that this will lead to
skipping of exon 3 and an in-frame deletion of 15 amino
acids in the protein’s extracellular ligand-binding domain.
However, it should be noted that this may not recapitulate
the splicing effect in vivo.

Table 1. Recessive Mutations Identified in CHRNA3 in Three Families with CAKUT

Family
Ethnic
Origin Gender

Exon
(Zygosity)

Nucleotide Change;
Amino Acid Change
(Segregation)a

gnomAD Allele
Frequenciesb

Genitourinary
Manifestations

Dysautonomic
Manifestations Otherc

B1402 Macedonian female intron
3 (hom)

c.267þ2T>G (essential
splice); (m. het; p. het)

0/1/246,220 bilat. VUR, grade IV
recurrent VUR
post ureteral
reimplantation
CKD (stage 2)

none none

B1717-21 Arabic male exon
5 (hom)

c.1010_1011delCA
(p.Thr337Asnfs*81); (ND)

NP non-neurogenic
neurogenic bladder
bilat. VUR, grade V
bilat. hydronephrosis
atrophic left kidney
CKD (stage 2)

impaired pupillary
light reflex
orthostatic
hypotension

none

B1717-22 Arabic male exon
5 (hom)

c.1010_1011delCA
(p.Thr337Asnfs*81); (ND)

NP recurrent UTIs impaired pupillary
light reflex

none

GM-21 Pakistani male exon
5 (hom)

c.1019C>G (p.Ser340*);
(m. het; p. het)

0/4/246,010 non-neurogenic
neurogenic bladder
left hydronephrosis
right cystic kidney
hypospadias

impaired pupillary
light reflex
flat CTG tracing
in utero

hypertelorism
broad nasal root
intellectual
disability
2q31.1-32.3
duplication
(de novo)

GM-22 Pakistani female exon
5 (hom)

c.1019C>G (p.Ser340*);
(m. het; p. het)

0/4/246,010 voiding dysfunction
recurrent UTIs

impaired pupillary
light reflex
flat CTG tracing
in utero

GERD, failure
to thrive

Abbreviations: Bilat., bilateral; CKD, chronic kidney disease; CTG, cardiotocography; GERD, gastresophageal reflux; het, heterozygous; Hom, homozygous; m,
maternal allele; ND, no data; NP, not present; p, paternal allele; UTI, urinary tract infection; VUR, vesicoureteral reflux.
aSegregation is listed as (maternal allele, paternal allele) when available. If parental DNA was not available, segregation is listed as ND.
bNone of the identified CHRNA3 mutations have been reported homozygously in gnomAD, which includes exome or genome sequencing data from 141,456
unrelated individuals.
cOne affected individual was found to have additional genetic abnormalities that were thought to explain some of his extra-renal manifestations. GM-21 has a de
novo 2q31.1–32.3 duplication which may explain his facial dysmorphisms and intellectual disability. This duplication was not shared by his sister, GM-22.
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Figure 2. CHRNA3 Mutants Perturb a3b4 nAChR Function and Impair Plasma Membrane Trafficking
(A) Whole-cell currents obtained from HEK293 cells overexpressing both wild-type and the indicated mutant a3b4 nicotinic acetylcho-
line receptors (nAChRs). Wild-type a3b4 nAChR generates a strong current after incubation with acetylcholine (n ¼ 7). In contrast, the
essential splice (n ¼ 4), p.Thr337Asnfs*81 (n ¼ 4), and p.Ser340* (n ¼ 4) mutants were unable to generate any current.
(B) Membrane localization of a3 nAChR in HEK293 cells. Quantification of immunofluorescence images of HEK293 cells overexpressing
either wild-type or mutant GFP-tagged CHRNA3. Graphs represent an average of three independent experiments. For each experiment,
100–150 transfected cells were evaluated for membrane staining. 49% of cells transfected with WT-CHRNA3 demonstrated membrane
staining. In contrast, only 12%–13% of cells transfected with the p.Thr337Asnfs*81 and p.Ser340* mutants demonstrate membrane
staining, respectively. The error bars represent SEM for three experiments. **p value < 0.01 when compared to wild type; n.s. not signif-
icant when compared to wild type.
(C) Representative immunofluorescence images depicting the cellular localization of overexpressed GFP-tagged wild-type andmutant a3
nAChRs in HEK293 cells. Unpermeabilized (left) and permeabilized (right) cells are stainedwith an anti-CHRNA3 antibody raised against
the protein’s extracellular N terminus. The green GFP signal demonstrates total transfected CHRNA3 protein, whereas in

(legend continued on next page)
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In the two families in which homozygosity mapping
was available, the CHRNA3 mutations were all located
within regions of homozygosity by descent (Figure S4).
None of the three CHRNA3 variants were present homo-
zygously in the large population database, gnomAD
(Table 1). Exome data for each proband from the three
families were also analyzed for mutations in known CA-
KUT genes5 and no causative variants were identified.
However, individual GM-21 was noted to have a de novo
25.6 Mb duplication of chromosome 2q31.1–2q32.3 that
was not shared by his affected sister. This is thought to
contribute to his cognitive deficits, although further
studies will be required for causality to be more defini-
tively established.
In order to examine whether the identified mutations

in CHRNA3 affect receptor function, we performed
electrophysiology and immunofluorescence studies in
HEK293 cells. The a3 nAChR subunit is known to hetero-
pentamerize with the b4 nAChR subunit,18 and we first
aimed to determine whether the CHRNA3 mutations
affect the ability of the a3b4 nAChR to induce current
after stimulation with acetylcholine. Patch-clamping ex-
periments were performed in HEK293 cells co-transfected
with wild-type CHRNB4 cDNA and either wild-type or
mutant CHRNA3 cDNA. Acetylcholine induced a dose-
dependent inward current in cells overexpressing the
wild-type a3b4 nAChR (Figure 2A). In contrast, no current
was generated in cells expressing receptors composed of
the splice site, p.Thr337Asnfs81*, or p.Ser340* mutant
a3 subunits (Figure 2A). These data demonstrate complete
loss of function for the essential splice and two truncating
variants.
Because the two truncating mutations (p.Thr337Asnfs*

81 and p.Ser340*) lead to premature termination of the
CHRNA3 protein prior to the fourth transmembrane
helix, we hypothesized that this would disrupt mem-
brane trafficking of the mutant receptors. We expressed
GFP-tagged wild-type and mutant CHRNA3 cDNA in
HEK293 cells and labeled unpermeabilized cells with an
antibody to the extracellular N terminus of the a3 nAChR
subunit, which is expected to bind only those proteins
that are inserted into the plasma membrane (Figures 2B
and 2C). We detected membrane localization of the
wild-type a3 nAChR subunit in 49% of transfected cells.
In contrast, only 12%–13% of transfected cells demon-
strated membrane staining for the p.Thr337Asnfs*81
and p.Ser340* mutants, suggesting impaired membrane
trafficking (Figure 2B). There is a trend toward reduced
membrane localization for the essential splice site
variant, but this did not reach statistical significance.
Representative immunofluorescence images are depicted

in Figure 2C. Permeabilized cells, in which both extracel-
lular and intracellular labeling is established, were uti-
lized as controls.
We here discovered by whole-exome sequencing three

different homozygous loss-of-function mutations in
CHRNA3 in three families with CAKUT. We demonstrate
that all three mutations attenuate the ability of the a3b4
nAChR to generate current after stimulation with acetyl-
choline. Additionally, the two truncating mutations,
p.Thr337Asnfs* and p.Ser340*, impair receptor trafficking
to the plasma membrane.
Micturition requires coordinated stimulation of the

urinary bladder and urethral sphincters by the para-
sympathetic, sympathetic, and somatic nervous systems
(Figure S5).11 CHRNA3mediates fast synaptic transmission
in the autonomic ganglia, and we predict that loss of
CHRNA3 may result in discoordinated detrusor and ure-
thral function. CHRNA3 is also expressed in the bladder
urothelium and therefore may play additional roles in
regulating bladder contraction beyond its known function
in the autonomic ganglia.9 Of interest, all three families in
our cohort developed secondary upper urinary tract mal-
formations, such as hydronephrosis and renal cysts,
consistent with the notion that obstruction to urinary
flow in utero can lead to abnormalities in renal develop-
ment.7,19,20 Indeed, individual B1402 underwent bilateral
ureteral reimplantation, only to develop recurrent VUR
and worsening hydronephrosis, likely because her under-
lying bladder dysfunction had not been recognized. We
propose that disruption of CHRNA3 can result in a patho-
physiological sequence by which impaired neuronal inner-
vation leads to bladder dysfunction, functional lower
urinary tract obstruction, and subsequent upper urinary
tract anomalies.
In addition to their renal manifestations, families B1717

and GM, in whom truncating CHRNA3 mutations were
found, have dysautonomic features, most notably an
impaired pupillary light reflex. Compellingly, autoanti-
bodies to the a3 nAChR subunit have been described to
cause an autoimmune autonomic ganglionopathy in hu-
mans.21 These individuals develop profound autonomic
failure, with symptoms overlapping those found in
families with truncating CHRNA3 mutations, including
bladder dysfunction, impaired pupillary light reflexes,
and orthostatic hypotension.21,22 Notably, individual
B1402 does not have dysautonomic manifestations. This
may be due to subtle findings that are not clinically man-
ifest, or it may be the case that hypomorphic mutations
lead to a milder phenotype. Identification of additional
affected individuals with CHRNA3 mutations may provide
further insight into genotype-phenotype correlations.

unpermeabilized cells, the red signal (anti-CHRNA3) depicts protein localized to the plasma membrane. Wild-type CHRNA3 and the
splice site mutant both demonstrate membrane localization. In contrast, there is no signal from the anti-CHRNA3 antibody for the pro-
tein truncating p.Thr337Asnfs* and p.Ser340* mutants, suggesting impaired membrane localization. In permeabilized cells, both the
GFP signal (green) and antibody staining (red) demonstrate cytoplasmic localization of the p.Thr337Asnfs* and p.Ser340* mutant
proteins.
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The genitourinary and ocular phenotypes seen in fam-
ilies B1717 and GM are strikingly similar to that of the
Chrna3!/! mice, which have megacystis, recurrent uri-
nary tract infections, and persistent mydriasis.10 Bladder
strips from these animals fail to contract in response to
nicotine, and neurons from the superior cervical ganglia
do not generate current in response to acetylcholine,
consistent with the notion that loss of CHRNA3 results
in impaired fast synaptic transmission within the auto-
nomic ganglia.10 It is interesting to note that there is var-
iable expressivity among affected individuals with
CHRNA3 mutations. The two siblings in family B1717,
who harbor the same CHRNA3 p.Thr337Asnfs*87 trun-
cating mutation, for example, exhibit a range of renal
phenotypes, from only recurrent urinary tract infections
to severe hydronephrosis, vesicoureteral reflux, and
chronic kidney disease. This supports the notion that
the renal disease manifesting in these individuals is
the result of a pathophysiological sequence whereby
impairment of bladder contraction results in secondary
upper urinary tract malformations. The degree of renal
impairment is likely a result of stochastic changes that
occur in utero, and such variable expressivity is often
seen in a variety of other monogenic diseases that cause
CAKUT.4,23

To date, few monogenic causes of bladder dysfunction
have been described in humans, including mutations
in the genes CHRM3 (MIM: 118494), ACTG2 (MIM:
102545), ACTA2 (MIM: 102620), MYH11 (MIM: 160745),
MYLK (MIM: 600922), HPSE2 (MIM: 613469), and LRIG2
(MIM: 608869).12,24–30 These genes have been implicated
in the regulation of smooth muscle actin contraction,
neuronal patterning, and synaptic neuronal transmis-
sion (Figure S5), and mutations cause syndromes such
as megacystis-microcolon-intestinal hypoperistalsis syn-
drome (MMIHS [MIM: 155310, 613834]) or urofacial syn-
drome (MIM: 236730, 615112). Interestingly, individuals
with mutations in CHRM3, which encodes a muscarinic
acetylcholine receptor, also present with persistent mydri-
asis.12 The findings in our study provide additional evi-
dence that disruption of the neural pathways regulating
bladder function can be important genetic causes of both
CAKUT and autonomic dysfunction in humans.
Our findings may point to important therapeutic impli-

cations. Current management for children with lower uri-
nary obstruction involves surgical intervention to relieve
anatomic obstruction and subsequent medical manage-
ment of the sequelae from chronic kidney disease.31 How-
ever, surgical techniques alone may not be successful for
individuals in whom mutations in CHRNA3 are identified,
as was the case for individual B1402. The neuronal path-
ways regulating bladder contraction additionally provide
tractable therapeutic targets that may be amenable to
pharmacological intervention. In addition, early prenatal
genetic diagnoses might eventually allow for pharmaco-
logical interventions in utero, which could prevent the
development of renal dysgenesis. Further identification

of novel genetic causes of urinary tract obstruction will
provide additional strategies toward precision medicine.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.

1016/j.ajhg.2019.10.004.
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