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1. Einleitung

1.1 Seltene Erkrankungen als Herausforderung fur

Gesundheitssysteme

Seltene Erkrankungen stellen eine heterogene Gruppe von Stérungen der Gesundheit dar.
Sie umfassen sowohl angeborene als auch erworbene Krankheiten und konnen jedes
Organsystem betreffen. Es gibt mehrere tausend seltene Erkrankungen, die Datenbank
Orphadata des franzdsischen Institut national de la santé et de la recherche médicale
(INSERM) listet 9382 klinische Entitaten auf (INSERM and Orphanet consortium 1999).
Schétzungen gehen davon aus, dass 39% bis 80% davon eine genetische Ursache haben
(Jackson et al. 2018; Ferreira 2019).

Genaue Zahlen sind nur schwer zu bestimmen, da keine weltweit einheitliche Definition fir
seltene Erkrankungen existiert (Richter et al. 2015). Eine solche ist auch schwer zu fassen,
da dieselbe Erkrankung in unterschiedlichen Epochen bzw. Erdteilen selten oder haufig sein
kann.

So ist die autosomal-rezessive Sichelzellanamie in Subsahara-Afrika mit einer Inzidenz von
bis zu 2,6% haufig (GBD 2021 Sickle Cell Disease Collaborators 2023). Dies entspricht einer
Heterozygotenfrequenz (Anteil der Anlagetrager an der Gesamtbevélkerung) von bis zu 27%.
In der mitteleuropaischen Bevolkerung existiert die Krankheit hingegen fast nicht (Mafiu
Pereira et al. 2023). Ob es sich um eine seltene Erkrankung handelt, hangt also von der
betrachteten Region ab.

Die Zahl der jahrlichen Masernfélle in England und Wales schwankte zwischen 1940 und 1966
zwischen 200,000 und 800,000, um in den Jahren danach aufgrund der Einfihrung und
Verfugbarmachung von gegen das auslosende RNA-Virus geeigneten Impfstoffen bis zur
Jahrtausendwende auf nahezu 0 zu sinken (Berche 2022). Die Masern wurden folglich von
einer haufigen zu einer sehr seltenen Erkrankung.

Einen umgekehrten Weg kdnnte die autosomal-rezessive Mukoviszidose, die auf biallelische
Mutationen im CFTR-Gen zurlckzufuhren ist, nehmen. Die Pravalenz der Erkrankung hat
aufgrund eines durch die Entwicklung neuer Therapien deutlich verlangerten Uberlebens seit
den 1950er Jahren kontinuierlich zugenommen und wird dies voraussichtlich auch weiter tun
(Elborn 2016). Eine seltene Erkrankung, die ehemals nur bei Kindern gesehen wurde (die
dann daran verstarben), entwickelt sich also aufgrund des medizinischen Fortschritts zu einer

relativ haufigen Erkrankung, die auch in der Erwachsenenbevdélkerung vorkommt.
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In der Europaischen Union (EU) gilt eine Erkrankung im rechtlichen Sinne als selten, wenn
ihre Pravalenz bei weniger als 1:2.000 liegt (Moliner and Waligora 2017). Aufgrund der
erwahnten Vielzahl von seltenen Erkrankungen ist ihnre minimale kumulative Gesamtpravalenz
allerdings erheblich héher und wird auf 1,5% bis 6,2% geschatzt (Walker et al. 2017; Chiu et
al. 2018; Ferreira 2019) (Abb. 1). Umgerechnet auf die 450 Millionen Einwohner der EU
bedeutet dies, dass hier mindestens 6,7 bis 27,7 Millionen Menschen von einer seltenen
Erkrankung betroffen sind. Ein nur scheinbarer Widerspruch, der auch als Paradox der
seltenen Erkrankungen bezeichnet wird: Seltene Erkrankungen sind haufig. Folglich stellt die

Gruppe der seltenen Erkrankungen Gesundheitssysteme vor erhebliche Herausforderungen.

Mehrere politische Initiativen wurden gestartet, um Diagnostik und Therapie seltener
Erkrankungen zu verbessern. Zu nennen sind beispielsweise Programme wie das European
Joint Programme on Rare Diseases (EJP-RD) und das Translate-Projekt des Nationalen
Aktionsbindnisses fur Menschen mit seltenen Erkrankungen (Translate-NAMSE) auf Unions-
bzw. Bundesebene (Choukair et al. 2021; Druschke et al. 2021; Rillig et al. 2022).

Das EJP-RD hat sich z.B. die

1. “Verbesserung der Integration, der Wirksamkeit, der Produktion und der sozialen
Auswirkungen der Forschung uber seltene Erkrankungen durch die Entwicklung,
Demonstration und Forderung des europaweiten/weltweiten Austauschs von
Forschungs- und Kklinischen Daten, Materialien, Verfahren, Wissen und Know-how”

2. “Umsetzung und Weiterentwicklung eines effizienten Modells der finanziellen
Unterstitzung fur alle Arten der Forschung Uuber seltene Erkrankungen
(Grundlagenforschung, klinische  Forschung, epidemiologische Forschung,
Sozialforschung, Wirtschaftsforschung, Gesundheitsfiirsorge) in Verbindung mit einer
beschleunigten Nutzung der Forschungsergebnisse zum Nutzen der Patienten.”

als Hauptziele gesetzt (Julkowska and EJP RD Initiative 2019).

Das Erreichen dieser Ziele bendtigt und umfasst die Entwicklung und klinische Validierung

neuer diagnostischer Technologien.
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1.2 Klassische und reverse Phanotypisierung als Schlissel zur

Diagnosestellung

Die Diagnostik erblicher seltener Erkrankungen und damit des Grol3teils aller seltenen
Erkrankungen erfordert eine detaillierte Kenntnis genetischer Syndrome. Nur wenn die
Zuordnung eines klinischen Phanotyps (der Gesamtheit aller korperlichen, geistigen und
laborchemischen Besonderheiten eines Patienten) zu einem bestimmten Syndrom gelingt,
kann allerdings eine klinische Diagnose gestellt werden (Schulze and McMahon 2004;
Ferreira et al. 2018). D.h., fir die Sicherung der Diagnose eines genetischen Syndroms
braucht es stets beides: Ein passendes Muster an Symptomen und den Nachweis einer
Mutation in einem passenden Gen (bzw. in einer genomischen Region).

Die Testung der genetischen Information kann zu diesem Zweck z.B. durch eine
Sequenzierung erfolgen. Die klassische Methode zur Sequenzierung von Kernsauren nach
Sanger verwendet zusatzlich zu den einfachen Desoxyribonukuleotiden einen geringen Anteil
von Didesoxyribonukleotiden bei der Amplifikation der DNS, welcher dann entsprechend der
anhangenden Base zu einem sequenzspezifischen Kettenabbruch fihrt (Kettenabbruch
Methode)(Sanger, Nicklen, and Coulson 1977). Die dadurch entstehenden Amplifikate lassen
sich in einem Gel auftrennen und aus ihrer Léange die Basenabfolge ablesen. Das Verfahren
war zwar bei seiner Einflihrung revolutionar, aber eine rasche, gleichzeitige Testung mehrerer
Gene ist mittels der klassischen Methode nach Sanger nicht mdglich bzw. zu teuer.

In der Vergangenheit ging daher der Prozess der klinischen Phanotypisierung einer
genetischen Testung voraus. Ziel war es, die Zahl der zu testenden Gene mdglichst klein zu
halten. Allerdings barg diese Vorgehensweise aus mehrerlei Griinden das Risiko, eine

tatséchlich vorliegende seltene genetische Erkrankung nicht zu diagnostizieren:

- der Patient zeigt nicht alle oder nicht die typischen Zeichen der Erkrankung

- die gesuchte Erkrankung ist dem Untersucher unbekannt

- die gesuchte Erkrankung ist in der Fachliteratur nicht definiert

- die Erkrankung ist beschrieben, aber die genetische Grundlage ist unbekannt

- das gewahlte Testverfahren kann die Art der ursdchlichen Mutation nicht erfassen

Mit der Einfuhrung der Hochdurchsatzsequenzierung (next generation sequencing, NGS) hat
sich dies gedndert (Shendure 2011; Bourchany et al. 2017).
Verschiedene Verfahren existieren. Bei einer etablierten Methode werden z.B. DNS-

Fragmente auf einer festen Oberflache verankert und dann mithilfe einer Polymerase
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schrittweise komplementéare Elemente synthetisiert. Dabei werden je nach anhangender Base
mit einem spezifischen fluoreszierenden Marker gekennzeichnete Nukleotide eingesetzt, die
sich reversibel an die naszierende DNS binden. Die Wellenlange des emittierten Lichts kann
von einer Kamera erfasst werden. Durch das Aufbringen mehrerer Cluster von DNS
Fragmenten auf eine feste Oberflache ist die parallele fotografische Erfassung der von den
einzelnen Clustern emittierten Wellenldngen nach dem Einbau jeweils einer weiteren Base
mdoglich. Mithilfe von Computern kann automatisiert aus der entstehenden Bildfolge die
Sequenz der untersuchten DNS-Fragmente ermittelt werden. Auf diese Weise kdnnen
innerhalb kurzer Zeit riesige Mengen von DNS sequenziert werden (Canard and Sarfati 1994).
Jingste Methoden erlauben sogar die noch schnellere Sequenzierung noch gréRerer
Fragmente, indem diese als einzelne DNS-Molekile mithilfe eines elektrischen Feldes durch
kleinste Offnungen in einer Membran (i.d.R. geeignete Proteine in einer Lipidmembran, sog.
Nanoporen) getrieben werden. Dabei wird der elektrische Widerstand Uber der Nanopore
gemessen, der fUr jede der vier Basen einen spezifischen Wert hat und daher das Ablesen

der Basensequenz erlaubt (Kasianowicz et al. 1996; Stoddart et al. 2009).

NGS ermdglicht als Exomsequenzierung die parallele, rasche und kostenglinstige Testung
samtlicher proteinkodierender Abschnitte aller ca. 25.000 menschlichen Gene und als
Genomsequenzierung sogar die Testung nahezu des vollstandigen ca. 2 x 3 Milliarden Basen
umfassenden humanen Genoms (Shendure 2011; Wright et al. 2015). Dauerte die erste
Sequenzierung des menschlichen Genoms in den 90er Jahren im Rahmen des Human
Genome Projects noch mehr als ein Jahrzehnt (und auch nur deswegen nicht noch langer,
weil neuere Methoden die klassischen Verfahren wahrend der Durchfihrung des Projekts
ablosten) (McPherson et al. 2001; Venter et al. 2001), ist man inzwischen in der Lage
Datenbanken tausender menschlicher Genome zu generieren und kontinuierlich zu erweitern
(1000 Genomes Project Consortium et al. 2015; Karczewski et al. 2020; Halldorsson et al.
2022).

Da es aufgrund seiner Leistungsfahigkeit im Gegensatz zur klassischen Sequenzierung nach
Sanger die parallele Testung aller menschlichen Gene ermdglicht, kann mittels NGS durch
die Identifikation ursachlicher, pathogener Mutationen in krankheitsassoziierten Genen
theoretisch auch dann eine molekulare Diagnose gestellt werden, wenn klinisch kein
eindeutiger Verdacht vorgelegen hat, sich untypische oder unspezifische Zeichen aber dem
mutierten Gen zuordnen lassen. Weil es sich um eine Umkehrung des bisher etablierten
Vorgehens handelt (bisher: erst phanotypischer Verdacht, dann molekulargenetische
Bestatigung; nun: erst molekulargenetischer Verdacht, dann phéanotypische Validierung) wird

dieses Vorgehen auch als reverse Phanotypisierung bezeichnet. (Schulze and McMahon
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2004; Uliana and Percesepe 2016; de Goede et al. 2016; Landini et al. 2020; Swietlik et al.
2020; Seltzsam et al. 2022; Musante et al. 2022; Best et al. 2022; Solomon et al. 2023)

AulRerdem kann nach dem Aufbau von Patientenkohorten mit ahnlichen Phanotypen mithilfe
des NGS nach noch unbekannten Gen-Krankheitsassoziationen gesucht werden (Gilissen et
al. 2012; Koboldt et al. 2013; Huang et al. 2015; Todd et al. 2015; Deciphering Developmental
Disorders Study 2015; Pillay et al. 2022; Ibafiez et al. 2022).

1.3 Genomsequenzierung als allgemeiner Test flr die klinische

Humangenetik

NGS hat in Form der Exomsequenzierung inzwischen Eingang in die Klinische
Routinediagnostik gefunden (lglesias et al. 2014; Wright et al. 2015; Petrovski et al. 2019; Arts
et al. 2019; Wells et al. 2022; Wright et al. 2023). Die Genomsequenzierung befindet sich
derzeit im Ubergang von einem hauptséchlichen Forschungsinstrument zu einem Werkzeug
der Routinediagnostik (Lappalainen et al. 2019; Stranneheim et al. 2021; Shickh et al. 2021;
S. Marwaha, Knowles, and Ashley 2022; Bowling et al. 2022; Halldorsson et al. 2022).

Die Genauigkeit, mit der sich genetische Varianten mittels NGS-basierten Testverfahren
identifizieren lassen, schwankt allerdings in Abh&ngigkeit von dem zu detektierenden
Variantentyp und der verwendeten Technologie (Koboldt 2020; WeiRbach et al. 2021). Wenig
fraglich erscheint dabei die Moglichkeit, kleine kodierende Varianten (single nucleotide
variants, SNVs) mittels eines Exoms zu identifizieren. Aber schon die Zuverlassigkeit der
Detektion von Insertionen bzw. Deletionen von Oligonukleotiden (sog. Indels) gelingt nur
unsicher. (Jiang, Turinsky, and Brudno 2015)

Kopienzahlvarianten, die mehrere Kilobasen grof3 sind, und fir deren Detektion bisher eine
(mitunter hochauflosende) Mikroarray-basierte vergleichende genomische Hybridisierung
(array comparative genomic hybridisation, aCGH) durchgefiihrt werden musste, kénnen mit
einem Exom nur mit eingeschrankter Prazision detektiert werden (wie hoch diese genau ist,
ist unklar, da bisher kein Verfahren existiert, dass alle CNVs eines Genoms detektieren
kénnte). Dafir missen die Varianten idealerweise mehrere Exons umfassen und deren
Bruchpunkte sich in Exons befinden, was, da das Exom weniger als 2% des menschlichen
Erbguts ausmacht, nur ausnahmsweise gegeben ist. (Manheimer et al. 2018; Gordeeva et al.
2021; Coutelier et al. 2022)

Die Bestimmung der Lange von repetitiven Elementen ist mittels short-read NGS ebenfalls

nur eingeschrénkt maglich (Tang et al. 2017; Weil3bach et al. 2021).
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Dies muss - insbesondere fiir den klinischen Einsatz der Technologie - bei allen Vorteilen, die
ein NGS bietet, beachtet werden.

1.4 Strategien zur Interpretation von NGS-Daten

Beim NGS fallen sehr grol3e Mengen an Daten an. Bildlich gesprochen werden, wo friiher nur
ein Gentest erfolgte, nun Uber 20.000 Tests gleichzeitig durchgefiihrt. Eine handische
Durchsicht der Testergebnisse ist daher unmdglich. Spezielle Software zur Aufbereitung,
Filterung und Priorisierung der identifizierten Varianten ist folglich notwendig (DePristo et al.
2011; Robinson et al. 2014; Wang et al. 2015; Shamseldin et al. 2017; Kernohan et al. 2018;
Cipriani et al. 2020; Coutelier et al. 2022).

Fur die Filterung der detektierten Varianten bietet sich u.a. ein Abgleich mit den parentalen
Genotypen mittels Testung der Eltern (entweder als unmittelbarer Trio-NGS-Ansatz oder als
Sanger-basierte Segregationsanalyse) an. Wird eine seltene Variante bei einem Patienten,
nicht aber bei dessen Eltern gefunden (de novo Mutation) und ist der Patient das einzige und
erste von einem Syndrom betroffene Familienmitglied, gibt es guten Grund zu prifen, ob die
Variante ursachlich ist. Wird eine Variante hingegen bei einem Indexpatienten und einem
nicht-betroffenen Elternteil gefunden und das Gen, welches die Variante tragt, ist mit einem
autosomal-dominanten Erbgang assoziiert, ist es wenig wahrscheinlich, dass die Variante
urséchlich ist.

AulRerdem konnen die Allelfrequenzen der gefundenen Varianten unter der Annahme, dass
in der gesunden Allgemeinbevolkerung haufige Varianten nicht mit seltenen erblichen
Erkrankungen assoziiert sind, zur Filterung und Priorisierung genutzt werden (Lek et al. 2016;
Gudmundsson et al. 2022).

Auch die Art der Mutation kann zur Filterung und Priorisierung von Varianten herangezogen
werden. Da synonyme Varianten nicht zu einem Austausch einer Aminosaure im kodierten
Protein fuhren, ist es wenig wahrscheinlich (aber nicht unmdglich, weil sich hinter einer
scheinbar synonymen Variante z.B. eine tatsachliche Splei3-Variante verbergen kann), dass
diese zu einer veranderten Funktion und damit Schadigung des Genprodukts fihren.
Missense-Varianten fuhren hingegen zu einem Austausch einer Aminosaure, ob dieser die
Funktion des kodierten Proteins beeinflusst, hangt allerdings von vielen Faktoren ab (z.B.
Position der Aminoséure im Protein, chemische Eigenschaften der Referenzaminosaure im

Gegensatz zur alternativen Aminosaure). Trunkierende Varianten - also solche, die ein Protein
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verkirzen (z.B. Nonsense-Mutationen, die zu einem vorzeitigen Stopp-Codon fiihren, oder
Rasterschubmutationen, die zu einer fehlerhaften Aminoséduresequenz und einem
veranderten Stopp-Codon fiihren) haben allerdings sehr wahrscheinlich einen relevanten
Einfluss auf die Funktion des kodierten Proteins. Daher erhalten z.B. synonyme Varianten
weniger Gewicht als Missense-Varianten und diese wiederum weniger als trunkierende
Varianten.

Weiterhin kann der Grad der evolutiondren Konservierung eines Locus wichtige Hinweise auf
dessen Bedeutung fir die Gesundheit geben. Hochkonservierte Loci sind dabei eher
verdachtig, funktionell relevant zu sein (Pollard et al. 2010). Ist eine bestimmte Aminoséure in
Orthologen eines bestimmten menschlichen Gens auch bei den anderen betrachteten
Spezies identisch, so gibt dies einen Hinweis auf ihre funktionelle Relevanz. Wird an der
entsprechenden Aminosaureposition je nach Spezies hingegen eine andere Aminosaure
kodiert, ist es weniger wahrscheinlich, dass diese funktionell relevant ist (zumindest ist eine
Variabilitat der Aminosaurefolge an dieser Position des Proteins mit dem Leben vereinbar).
So ist z.B. das Phenylalanin an Position 508 des CFTR-Gens, welches bei der haufigsten
Mutation bei mitteleuropaisch-stdmmigen Mukoviszidosepatienten deletiert ist (AF508 auch
F508del), stark evolutionar konserviert (Rishishwar et al. 2012; Ong and Ramsey 2023). Es
(und auch die umgebende Aminoséaurefolge) findet sich sogar beim Zebrafisch.

Entscheidend fur die sinnvolle Priorisierung und Bewertung der Varianten ist allerdings die
oben erwahnte Phanotypisierung, also die Priifung der Ubereinstimmung des beim Patienten
vorliegenden Phanotyps mit dem mit der Variante (bzw. dem betroffenen Gen) assoziierten
Syndrom (Smedley and Robinson 2015; Jacobsen et al. 2022).

Das American College of Medical Genetics and Genomics (ACMG) und die Association for
Molecular Pathology (AMP) haben entsprechende Kriterien fir Filterung, Priorisierung und
Bewertung von genetischen Varianten als konsentierte Leitlinien herausgegeben (Kazazian,
Boehm, and Seltzer 2000; C. S. Richards et al. 2008; S. Richards et al. 2015).

Die ACMG/AMP-Richtlinien definieren acht verschiedene Informationsquellen fir die
Bewertung von Varianten: 1) Populationsdaten, 2) rechnergestitzte und pradiktive Daten, 3)
funktionelle Daten, 4) Segregationsdaten, 5) De-novo-Daten, 6) allelische Daten, 7) andere
Datenbanken und 8) andere Quellen. Anhand dieser werden zwo6lf Kategorien definiert, die
fur die Bewertung einer Variante als benigne sprechen, welche drei Evidenzgraden (“stand-
alone”, “strong” und “supporting”) zugeordnet werden koénnen. Auflerdem werden 16
Kategorien definiert, die flir die Pathogenitat einer detektierten Variante sprechen. Diese
verteilen sich auf vier Evidenzgrade (“very strong”, “strong”, “moderate”, “supporting”).

Entsprechend eines festgelegten Punktesystems kénnen die Kriterien verwendet werden, um
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die klinische Relevanz einer Variante auf einer flinfstufigen Skala zu bestimmen: 1) benigne,
2) wahrscheinlich benigne, 3) unklare Signifikanz, 4) wahrscheinlich pathogen, 5) pathogen).
Eine seltene, wahrscheinliche Null-Variante, die bei bestétigter Vater- und Mutterschaft der
Eltern de novo entstanden ist, welche ein Gen betrifft, bei dem ein Funktionsverlust ein
bekannter Pathomechanismus ist, wird bspw. als pathogen klassifiziert (1 strong pathogenic
+ very strong pathogenic — pathogen). Eine Variante, die in einer der groflien
Exomdatenbanken mit einer Allelfrequenz in der gesunden Allgemeinbevdélkerung von mehr
als 5% gelistet ist, wird als benigne bewertet (stand alone benigne — benigne). (S. Richards
et al. 2015)

Die ACMG/AMP-Richtlinien stellen inzwischen den internationalen Standard bei der NGS-
Datenbefundung bei dem Verdacht auf pathogene Keimbahnmutationen dar und sollten
entsprechend auch fir die Ausgestaltung und Verwendung entsprechender Analysesoftware

bertcksichtigt werden (Cristofoli et al. 2021; Lesmann, Klinkhammer, and Krawitz 2023).

1.5 Schwierigkeiten der automatisierten reversen

Phéanotypisierung

Die ACMG Kriterien wurden jedoch dafir kritisiert, teils wenig spezifische Kriterien zu
verwenden, die keine ausreichende Objektivitdt bei der Klassifikation von genetischen
Varianten gewahrleisten. So fand sich eine Konkordanz von nur 34% bei der Bewertung von
genetischen Varianten mittels der ACMG/AMP-Kriterien durch neun Labore, die sich auch
nach einer gemeinsamen Konsenssuche der Labore nur auf 74% steigern lie3.(Amendola et
al. 2016)

Es wurde vermutet, dass das unterstitzende (“supporting”) Kriterium 4 der ACMG/AMP
Richtlinien zur Klassifizierung von Varianten als pathogen (PP4) eine der Hauptursachen fir
die subjektive Anwendung der ACMG/AMP Richtlinien ist (Johnson et al. 2022): “Der
Phanotyp des Patienten oder die Familienanamnese ist hochspezifisch fir eine Krankheit mit
einer einzigen genetischen Atiologie” (S. Richards et al. 2015).

Eine informatische Auswertung der Patientendaten im Hinblick auf das Kriterium PP4 kdnnte
die Konkordanz der ACMG-Kriterien auch Uber verschiedene Labore hinweg steigern. Bei
der computergestiitzten Automatisierung der Befundung von NGS-Daten stellt dies jedoch
eine erhebliche Hirde dar. PP4 verlangt im Grunde die reverse Phanotypisierung des

Patienten. Fir eine Automatisierung mussen folglich die verschiedenen Dimensionen eines
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klinischen Phéanotyps, auch wenn sie nicht unmittelbar numerisch sind (insbesondere
Besonderheiten der Anatomie und der Psyche), computerlesbar erfasst werden.

Fir eine solche computerlesbare Erfassung auch von nicht-numerischen Wissensdomanen -
wie bio-medizinischen Fakten - bieten sich Ontologien an. Dabei bezieht sich der Begriff
“Ontologie” in der Informatik auf die formale Darstellung Uber die Struktur und Beziehungen
von Entitaten in einem bestimmten Fachgebiet. Praktisch umgesetzt und visualisiert konnen
Ontologien durch Knowledge-Graphen werden. Ein Knowledge-Graph ist eine digitale
Datenstruktur, die semantische Typen, Eigenschaften und Beziehungen von Entitaten einer
Wissensdomane beschreibt.(Harris 2008; Haendel, Chute, and Robinson 2018). Beispiele fiir
derartige Ontologien bzw. Knowledge-Graphen sind die search tool for recurring instances of
neighbouring genes (STRING) database zur Erfassung von Protein-Protein-Interaktionen
(bzw. Gen-Gen-Interaktionen) und die Gene Ontology (Snel et al. 2000; Szklarczyk et al. 2023;
Ashburner et al. 2000; Gene Ontology Consortium et al. 2023)

Speziell fur die Erfassung menschlicher Phanotypen, die bei genetischen Syndromen
auftreten konnen, wurde die Human Phenotype Ontology (HPO) entwickelt (Robinson et al.
2008; Kohler et al. 2021). Die phanotypischen Besonderheiten werden in der HPO durch
Begriffe reprasentiert (HPO-Terms). Die Position der HPO-Terms innerhalb des semantischen
Netzwerkes definiert deren Beziehungen zueinander. Auf3erdem bietet sie eine Datenbank
von Syndromen, welche mit diesen Phanotypen assoziiert sind, so dass bioinformatische
Analysen in Form einer semantischen Ahnlichkeitssuche von spezieller Software zu
diagnostischen Zwecken durchgefuhrt werden kdnnen (Kohler et al. 2019). Die HPO, welche
Uber 15.247 Phanotypen enthélt, die mehr als 7801 Erkrankungen zugeordnet sind, hat sich
zum internationalen Standard fir die digitale Erfassung klinischer Phanotypen entwickelt
(Kohler et al. 2021).

Mit ihr kbnnen allerdings nur solche Besonderheiten erfasst werden, die auch bereits als HPO-
Terms definiert sind. Dartiber hinaus ist eine Repréasentation unterschiedlicher Schweregrade
nur diskret (also stufenweise durch explizite Definition entsprechender HPO-Terms), aber

nicht stetig méglich.

Die fur PP4 geforderte Spezifitat eines Phanotyps kann haufig durch die Erfassung auffalliger
Merkmale des Gesichts erreicht werden, denn viele genetische Syndrome haben ein fir sie
charakteristisches Gesicht (Ferry et al. 2014; Solomon et al. 2023). Tatsachlich sind z.B. die
typischen Gesichtszlige, die bei einem Patienten mit einem Down Syndrom beobachtet

werden konnen und welche haufig wegweisend beim Stellen der Diagnose sind,
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Ausgangspunkt fur die erste wissenschaftliche Beschreibung des Syndroms gewesen (Down
1866; Antonarakis et al. 2020).

Fir eine spezifische faziale Phanotypisierung ist die HPO aber aus oben genannten Griinden
nur bedingt geeignet. SchlieBlich existieren zwar HPO-Terms wie Doll-like facies
(HP:0000295, puppenartiges Gesicht) oder Coarse facial features (HP:000280, grobe
Gesichtsziige), aber es fehlen Begriffe, die den charakteristischen Aspekt eines flr ein
Syndrom typischen Gesichts spezifisch erfassen, wie z.B. "Noonan-artiges Gesicht" oder
"Kabuki-typische Fazies". Da diese explizit angegeben, dem Untersucher also vor Beginn
einer automatisierten Analyse von NGS-Daten bewusst sein missten, ware eine Erweiterung
der HPO um solche Begriffe zum Zwecke der reversen Phéanotypisierung auch nicht
weiterfihrend - bedeutete dies doch, dass der Nutzer den charakteristischen Aspekt des
Gesichts auch ohne die Hilfe der HPO bereits erkannt und erfasst hat.

Es bleibt nur, die einzelnen partiellen Phanotypen (z.B. absteigende Lidachsen, prominentes
Kinn, oder schmales Lippenrot) zu benennen. Allerdings ist das AusmaR der Ahnlichkeit eines
Patientengesichts zum typischen fazialen Bild eines Syndroms variabel (es h&ngt u.a. von
Alter, Geschlecht, und ethnischen Hintergrund ab) und mitunter nur sehr mild, so dass die
charakteristische Zeichen einem Untersucher entgehen kdnnen.(Lumaka et al. 2017)

1.6 Maschinelles Sehen zur automatisierten fazialen

Phéanotypisierung

Um automatisiert einen fazialen Phanotyp erkennen und dessen Ausmalf bestimmen zu
kénnen, bieten sich als Ergdnzung bzw. Alternative zu Ontologie-basierten Verfahren die
Methoden des maschinellen Sehens an. Maschinelles Sehen verbindet die digitale
Bildverarbeitung mit den Konzepten des maschinellen Lernens, so dass entsprechende
Algorithmen nach einem Training selbststéandig Bildinformationen klassifizieren kénnen. Das
maschinelle Sehen findet bei der Verarbeitung von medizinischen Bilddaten inzwischen breite
Anwendung (Esteva et al. 2019) und auch eine Reihe darauf basierender Systeme zur
Computer-gestutzten fazialen Phanotypisierung wurden entwickelt (Boehringer et al. 2006;
Vollmar et al. 2008; Boehringer et al. 2011; Ferry et al. 2014; Cerrolaza et al. 2016; Tu et al.
2018; Gurovich et al. 2019; Dudding-Byth et al. 2017; Hallgrimsson et al. 2020; Porras et al.
2021).

Die meistverwendete Anwendung, das neuronale Netz DeepGestalt, analysiert gewdhnliche

Portraitfotos von Menschen mit seltenen Syndromen, die mit fazialen Auffalligkeiten
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einhergehen (Gurovich et al. 2019). Das System wurde auf mehr als 17,000 entsprechenden
Fotos trainiert und kann fur die Verwendung als Entscheidungsunterstiitzungssystem einem
Patientenfoto eine Liste mit Verdachtsdiagnosen zuordnen. Dafur ordnet DeepGestalt der
Fazies des Probanden fir jedes Syndrom, fiir das es trainiert wurde, einen numerischen Wert
(DeepGestalt Score) zu. Ein DeepGestalt Score kann zwischen 0 und 1 betragen, wobei 0
keine Ubereinstimmung mit dem firr ein bestimmtes Syndrom typischen Gesicht und 1 die
groRtmogliche  Ubereinstimmung  ausdriickt. Die  Liste der vorgeschlagenen
Verdachtsdiagnosen ist in absteigender Reihenfolge nach den DeepGestalt Scores geordnet.
DeepGestalt kann auch nutzerspezifisch trainiert werden, um die faziale Unterscheidbarkeit
verschiedener Patientenkohorten z. B. bei der Definition neuer Syndrome zu messen (Knaus
et al. 2018; Liehr et al. 2018; Vorravanpreecha et al. 2018; Martinez-Monseny et al. 2019;
Pascolini et al. 2019; Mishima et al. 2019; Kruszka et al. 2019; Carli et al. 2019; Weiss et al.
2020; Staufner et al. 2020; Myers et al. 2020; Tekendo-Ngongang and Kruszka 2020; Mak et
al. 2021; Zhang et al. 2022). Patientenfotos werden dazu zu eigens definierten Kohorten
zusammengestellt und das Netzwerk versucht zu erlernen, diese zu unterscheiden. Das
System gibt zur Beurteilung der Unterscheidbarkeit eine Wahrheitsmatrix und
Isosensitivitatskurven aus.

Da diese Techniken zur Computer-gestutzten fazialen Phéanotypisierung wie das NGS
theoretisch einen raschen parallelen Abgleich mit tausenden seltenen Diaghosen
ermdglichen, werden sie auch als faziales next generation phenotyping (NGP) bezeichnet
(Liehr et al. 2018; van der Donk et al. 2019).

1.7 Fragestellung

Ziel dieser Arbeit ist es festzustellen, wie NGS und faziales NGP genutzt werden kdnnen, um
die oben genannten Limitationen der klassischen Ph&notypisierung zu tberwinden und so die

Diagnostik seltener genetischer Erkrankungen zu verbessern.

Dazu wird am Beispiel des inzwischen mit dem Gen Downstream-Neighbour-of-SON
(DONSON) assoziierten Mikrozephalie-Kleinwuchs-und-GliedmaRenanomalie-Syndroms
(microcephaly short stature and limb abnormality disorder, MISSLA) gezeigt, wie eine
Exomsequenzierung genutzt werden kann, um eine in der Fachliteratur zum

Untersuchungszeitpunkt nicht definierte Erkrankung zu identifizieren.
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Die Fahigkeit des fazialen NGP-Systems DeepGestalt, MISSLA von der phéanotypisch
Uberlappenden Fanconi-Anadmie zu unterscheiden, wird gemessen.

Ein Klassifikator fur die Priorisierung von Exomdaten unter Einbindung von DeepGestalt wird
vorgestellt. Seine Effizienz bei der automatisierten Analyse von Exomdaten - und damit seine
Fahigkeit, auch dem Untersucher unbekannte Diagnosen vorzuschlagen - wird getestet.
DeepGestalts diagnostische Genauigkeit und die Zahl der dem System bekannten Syndrome
werden gemessen. Die Zahl der von DeepGestalt unterstiitzten Syndrome sowie dessen
Sensitivitdt und Spezifitat werden bestimmt. Dartiber hinaus wird untersucht, wie diese zur
Identifikation von Patienten, insbesondere mit milden oder untypischen fazialen Phanotypen,
weiter gesteigert werden kdnnen.

SchlieBlich wird untersucht, welche diagnostischen Vorteile eine Ganzgenomsequenzierung
(whole genome sequencing, WGS) gegeniber etablierten genetischen Testverfahren bietet.
Inshesondere wird geprift, ob diese sich als einheitliche Methode zur Erfassung
verschiedenster Mutationsarten eignet. Am Beispiel des Brachyphalangie-Polydaktylie-Tibia-
Hypo/Aplasie-Syndroms (BPTAS) wird gezeigt wie WGS nicht nur in der Literatur nicht
beschriebene Gen-Syndrom-Assoziation, sondern auch spezifische Varianten-Syndrom-

Assoziationen identifizieren kann.
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2. Eigene Arbeiten

2.1 Mikrozephalie, Kleinwuchs und GliedmalRenanomalien
aufgrund neuer autosomaler biallelischer DONSON-Mutationen

bei zwei deutschen Geschwistern

Schulz S*, Mensah MA¥*, de Vries H, Frober R, Romeike B, Schneider U, Borte S, Schindler
D, Kentouche K.

Microcephaly, short stature, and limb abnormality disorder due to novel autosomal biallelic
DONSON mutations in two German siblings.

Eur J Hum Genet. 2018 Sep;26(9):1282-1287. DOI: 10.1038/s41431-018-0128-0

*contributed equally

In dieser Studie haben wir zwei Geschwister (weiblicher Fet und ein 9 Monate altes Madchen)
untersucht, die beide bei ansonsten unauffalliger Familienanamnese von einem angeborenen
syndromalen Kleinwuchs - wenn auch mit verschiedenem Schweregrad - betroffen waren.
Aufgrund der Verwandtschaft und weil die Phanotypen stark Uberlappten und diese
Uberlappungen auch spezifische Zeichen umfassten (radiale Strahlendefekte, Pachygyrie,
charakteristische Fazies), nahmen wir das Vorliegen einer seltenen autosomal-rezessiven
genetischen Ursache an.

Als zum Untersuchungszeitpunkt definierte Verdachtsdiagnose kam nach klassischer
Phanotypisierung insbesondere eine Erkrankung aus der Gruppe der Fanconi-Andmien (FA)
in Frage, die neben hamatologischen Auffalligkeiten mit einem Kleinwuchs und radialen
Strahlendefekten einhergeht. Auf diese Erkrankungsgruppe deutete auch ein positiver
Mitomycin-C-Test hin, der Zellzyklusdefekte, die typischerweise mit einer FA einhergehen,
anzeigt. Die gezielte Testung der mit FA assoziierten Gene erbrachte allerdings ein
unauffalliges Ergebnis. Die Differentialdiagnosen Thrombozytopenie-Radiusaplasie-Syndrom

und Roberts-Syndrom konnten durch gezielte Testung ebenfalls nicht bestatigt werden. Da
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bei einer Schwester ein schwerer kombinierter Immundefekt (severe combined
immunodefcicency, SCID) vorlag, wurden auch SCID-assoziierte Gene und per
Microarrayanalyse das Vorliegen einer Deletion 221l (DiGeorge-Syndrom) geprift. Die
Ergebnisse waren genau wie ein Karyogramm unauffallig.

Mehrere der typischen Hirden der klassischen Phanotypisierung kamen als Erklarung fir das
Nicht-ldentifizieren der genetischen Ursache in der Familie in Frage. Da sich die
Schweregrade der Erkrankung bei den Schwestern unterschieden, war unklar, welches der
charakteristische Phanotyp war und es erschien darlber hinaus aufgrund der unauffalligen
genetischen Testergebnisse wahrscheinlich, dass es sich um eine den Untersuchern
unbekannte zum Untersuchungszeitpunkt moéglicherweise noch nicht definierte Erkrankung
handelte.

Es wurde daher eine Exomsequenzierung einer der betroffenen Schwestern, beider Eltern
und eines nicht-betroffenen Bruders durchgefihrt. Eine Filterung der Daten nach seltenen,
potentiell funktionell relevanten biallelischen Varianten, die mit dem vorliegenden Phéanotyp
segregierten, identifizierte zwei Varianten in DONSON(NM_017613.3) als potentielle
Ursache: ¢.1047-2A>G p.(?) und c¢.1433C>T p.(Pro478Leu). Die Testung der anderen
betroffenen Schwester und eines weiteren nicht-betroffenen Bruders bestétigte das
Segregieren der biallelischen Tragerschaft mit der Erkrankung. Eine Exomsequenzierung
konnte also potentiell pathogene Varianten in einem zum Untersuchungszeitpunkt
uncharakterisierten Gen identifizieren.

Nachdem Reynolds et al. und Evrony et. al. DONSON-Mutationen als Ursache des
mikrozephalen primordialen Kleinwuchses (MPD, microcephalic primordial dwarfism) bzw.
des perinatal letalen Mikrozephalie-Mikromelie-Syndroms (MMS) beschrieben, erfolgte eine
reverse Phanotypisierung und die bei den untersuchten Geschwistern identifizierten Varianten
konnten als pathogen klassifiziert werden.

Interessanterweise zeigte der Fet MMS und das Madchen MPD, so dass wir schlussfolgerten,
dass es sich dabei nicht um zwei distinkte klinische Entitdten, sondern um unterschiedliche

Auspragungen nur eines Syndroms - MISSLA - handelt.
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2.2 Differenzierung von MISSLA und Fanconi-Anamie durch
computergestutzte Bildanalyse und Préasentation von zwei

neuen MISSLA-Geschwistern

Danyel M, Cheng Z, Jung C, Boschann F, Pantel JT, Hajjir N, Fléttmann R, Schulz S,
Demuth I, Sheridan E, Mundlos S, Horn D, Mensah MA.

Differentiation of MISSLA and Fanconi anaemia by computer-aided image analysis and
presentation of two novel MISSLA siblings.

Eur J Hum Genet. 2019 Dec;27(12):1827-1835. DOI: 10.1038/s41431-019-0469-3

MISSLA und FA &hneln sich in Bezug auf die korperlichen Merkmale und in den
Laborbefunden (Zellzyklusdefekte) stark. 21 FA-assoziierte Gene sind bekannt. Bei mehreren
Patienten, die nach klassischer Phéanotypisierung die klinische Diagnose FA erhielten, fand
sich spater eine DONSON-Mutation. Es stellte sich daher die Frage, ob MISSLA als eine
Form der FA und DONSON lediglich als 22. FA-assoziiertes Gen betrachtet werden sollte.

In dieser Studie untersuchten wir, ob es faziale Unterschiede zwischen FA und MISSLA gibt
und ob und wie diese mittels NGP gemessen werden kdnnen. AuRerdem berichten wir in
dieser Studie Uber zwei weitere Geschwister (Bruder und Schwester) mit schwerem MISSLA
und der zuvor Dbeschriebenen Mutationen DONSON(NM_017613.3):c.1433C>T
p.(Pro478Leu) sowie der neuen wahrscheinlich pathogenen Variante
DONSON(NM_017613.3):¢c.661T>C p.(Trp221Arg) in compound heterozygotem Zustand.

Zur Messung fazialer Unterschiede wurden basierend auf DeepGestalt nutzerspezifische
Klassifikatoren trainiert. Funf Klassen von Portraitfotos wurden fur die Testung mit einem
Mehrklassen-Klassifikator verwendet. Neben Bildern von MISSLA- und FA-Patienten,
Aufnahmen von Patienten mit dysmorphen Syndromen, Portraits von dazu nach Alter,
Geschlecht und ethnischem Hintergrund passenden unauffélligen Kontrollen und Fotos von
Patienten mit Smith-Lemli-Opitz-Syndrom  (SLOS). Fiur alle Klassen wurden
Durchschnittsgesichter berechnet. Dartiber hinaus wurde getestet, ob ein binérer Klassifikator
MISSLA- von FA-Bildern unterscheiden kann.
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Es zeigte sich, dass der Klassifikator die faziale Erscheinung von MISSLA-Patienten von
Portraitaufnahmen von FA-Patienten unterscheiden kann. MISSLA liefl3 sich dabei durch den
Mehrklassen-Klassifikator ahnlich gut erkennen wie SLOS, fir das eine charakteristische
Fazies bekannt ist. Die berechneten Durchschnittsgesichter zeigten die fir MISSLA und SLOS
typischen Gesichtszuge. Interessanterweise lieRen sich - wenn auch schlechter - ebenfalls
die FA-Bilder und in geringerem Maf3e die dysmorphen und unauffalligen Kontrollbilder

Uberzufallig gut klassifizieren.

Wir schlussfolgerten, dass MISSLA als eigenstandige von der FA unabhéngige Diagnose
betrachtet werden sollte. AuRerdem zeigten die Ergebnisse das Potenzial, welches ein
faziales NGP bei der Charakterisierung und in der Diagnostik seltener, genetisch-bedingter,

syndromaler Erkrankungen haben kann.

27



https://doi.org/10.1038/s41431-019-0469-3

28


https://doi.org/10.1038/s41431-019-0469-3

https://doi.org/10.1038/s41431-019-0469-3

29


https://doi.org/10.1038/s41431-019-0469-3

https://doi.org/10.1038/s41431-019-0469-3

30


https://doi.org/10.1038/s41431-019-0469-3

https://doi.org/10.1038/s41431-019-0469-3

31


https://doi.org/10.1038/s41431-019-0469-3

https://doi.org/10.1038/s41431-019-0469-3

32


https://doi.org/10.1038/s41431-019-0469-3

https://doi.org/10.1038/s41431-019-0469-3

33


https://doi.org/10.1038/s41431-019-0469-3

https://doi.org/10.1038/s41431-019-0469-3

34


https://doi.org/10.1038/s41431-019-0469-3

https://doi.org/10.1038/s41431-019-0469-3

35


https://doi.org/10.1038/s41431-019-0469-3

https://doi.org/10.1038/s41431-019-0469-3

36


https://doi.org/10.1038/s41431-019-0469-3

2.3 PEDIA: Priorisierung von Exomdaten durch Bildanalyse
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Bei der Exomanalyse werden phanotypische Informationen zur Priorisierung der Varianten
verwendet. Dazu wird der Phanotyp tblicherweise in Form von HPO-Terms kodiert und mittels
geeigneter Algorithmen wird eine Liste passender Verdachtsdiagnosen und damit assoziierter
Gene erstellt. Varianten, die in diesen Genen liegen und aufgrund ihrer molekularen und
populationsgenetischen Eigenschaften potentiell pathogen erscheinen, werden dem Nutzer
bevorzugt angezeigt. Diese Priorisierung ist sehr hilfreich, allerdings noch
verbesserungsfahig.

In dieser Studie testeten wir, ob ein faziales NGP als zusatzliche phéanotypische
Informationsquelle bei der Priorisierung von Exomdaten dienen kann, um die Sensitivitat der
Exomanalyse zu steigern.

Fur die HPO-Term basierte ph&notypische Analyse verwendeten wir den Phenomizer, den
Bayesian-Ontology-Querying-for-Acurate-Comparison-(BOQA)-Algorithmus und
FeatureMatch. Zur Bewertung der molekularen Eigenschaften der Varianten wurde der
combined-annotation-dependent-depletion-(CADD)-Score und fur das faziale NGP
DeepGestalt verwendet. Die erzielten numerischen Scores wurden mittels einer Support-

Vector-Maschine (SVM) zu einem Wert, dem Prioritization-of-exome-data-by-image analysis-
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(PEDIA)-Score integriert. Als Trainingsdaten dienten Fotos von Patienten mit einer seltenen,
dysmorphen Erkrankung und gesicherter molekularer Diagnose und Exomdaten unauffalliger,
gesunder Probanden, denen die pathogenen Mutationen der Patientenkohorte hinzugeflgt
wurden. Die Sensitivitét von DeepGestalt, des CADD-Scores, der Ublichen Exomauswertung
(CADD + Phenomizer) und des PEDIA-Scores wurden gemessen.

Es zeigte sich, dass die Sensitivitdt der bloRen (ohne zusatzliche phanotypische oder
Sequenzinformationen) automatisierten Analyse eines Patientenfotos durch DeepGestalt
ahnlich grol3 war wie die Sensitivitat der Exomdatenanalyse nur mittels CADD (ohne
phanotypische Informationen). Ein Ansatz zur Exomdatenpriorisierung, der phanotypische
(HPO-Terms) und genotypische Informationen (CADD-Scores) zusammenfihrte, hatte eine
deutlich héhere Sensitivitat. Die hochste Sensitivitat erzielte allerdings der PEDIA-Score.
Diese Ergebnisse zeigen, dass die Integration von Systemen zum fazialen NGP einen

zusatzlichen Nutzen bei der automatisierten Analyse von Exomdaten haben kann.
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Purpose: Phenotype information is crucial for the interpretation of
genomic variants. So far it has only been accessible for bioinfor-
matics workflows after encoding into clinical terms by expert
dysmorphologists.

Methods: Here, we introduce an approach driven by artificial
intelligence that uses portrait photographs for the interpretation of
clinical exome data. We measured the value added by computer-
assisted image analysis to the diagnostic yield on a cohort consisting
of 679 individuals with 105 different monogenic disorders. For each
case in the cohort we compiled frontal photos, clinical features, and
the disease-causing variants, and simulated multiple exomes of
different ethnic backgrounds.

Results: The additional use of similarity scores from computer-
assisted analysis of frontal photos improved the top 1 accuracy rate

INTRODUCTION
Worldwide, more than half a million children born per year
have a rare genetic disorder that is suitable for diagnostic
evaluation by exome sequencing. This test’s unprecedented
diagnostic yield is contrasted by the time requirement for
variant interpretation. Making phenotypic information—the
observable, clinical presentation—computer-readable is key to
solving this problem and important for providing clinicians
with a much-needed tool for diagnosing genetic syndromes."

To date, the most advanced exome prioritization algorithms
combine deleteriousness scores for variants with semantic
similarity searches of the clinical description of a patient.” The
Human Phenotype Ontology (HPO) has become the lingua
franca for this purpose.” However, a facial gestalt for which no
term exists and that is simply described as "characteristic" for
a certain disease is not suitable for these computational
approaches.

Beyond language, capturing indicative patterns through
deep-learning approaches has recently gained attention in
assessing facial dysmorphism.»® Artificial neural networks
measure the similarities of patient photos to hundreds of
disease entities. We hypothesized that results of this next-
generation phenotyping tool could be used similarly to
deleteriousness scores on the molecular level. This would

by more than 20-89% and the top 10 accuracy rate by more than
5-99% for the disease-causing gene.

Conclusion: Image analysis by deep-learning algorithms can be
used to quantify the phenotypic similarity (PP4 criterion of the
American College of Medical Genetics and Genomics guidelines)
and to advance the performance of bioinformatics pipelines for
exome analysis.

Genetics in Medicine (2019) 21:2807-2814; https://doi.org/10.1038/s41436-
019-0566-2

Keywords: deep learning; computer vision; dysmorphology;
variant prioritization; exome diagnostics

enable us to transition from the dichotomous PP4 criterion
“matching phenotype” in the American College of Medical
Genetics and Genomics (ACMG) guidelines for variant
interpretation to a quantifiable one.*”

We therefore developed an approach to interpret sequence
variants integrating results from the next-generation phenotyp-
ing tool DeepGestalt. By this means the clinical presentation of
an individual is not only assessed by a human expert clinician,
but also by using an artificial intelligence approach on the basis
of frontal photographs. In short, we call this approach
prioritization of exome data by image analysis (PEDIA).

MATERIALS AND METHODS

We compiled a cohort comprising 679 individuals with
frontal facial photographs and clinical features documented in
HPO terminology.” The diagnoses of all individuals have
previously been confirmed molecularly and are suitable for
analysis by exome sequencing. In total, the cohort covers 105
different monogenic syndromes linked to 181 different genes.
Of the individuals in this cohort, 446 were published and 233
have not been previously reported (see PMID column in
Supplementary Table 1).

The study was approved by the ethics committees of the
Charité-Universititsmedizin Berlin and of the University
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Hospital Bonn. Written informed consent was given by the
patients or their guardians, including permission to publish
photographs. Easy to understand, transparent information
with both text and illustrations about the pattern recognition
in our algorithm that processes personal data in the form of
2D portrait photographs can be found at https://www.pedia-
study.org/documents. Through technical and organizational
measures (privacy by design), we process the photos and the
data obtained from them in the least identifiable manner
necessary for achieving the purpose. This respects the data
minimization principle of data being adequate, relevant, and
limited.

In addition to the PEDIA data set, we analyzed a subset of
the DeepGestalt study. By removing disorders that are
confirmed by tests other than exome sequencing, such as
Down syndrome (Supplementary Table 2), we ended up with
260 of 329 cases from the DeepGestalt set.”

The facial images were analyzed with DeepGestalt, a deep
convolutional neural network trained on more than 17,000
patient images.” The results of this analysis are gestalt scores
that quantify the similarity to 216 different rare phenotypes
per individual. These vectors can also be used to identify
duplicates in the DeepGestalt training set and test set without

HSIEH et al

the need to access the original photos. To avoid overfitting, we
excluded all cases of the PEDIA cohort from a DeepGestalt
model that we used for benchmarking. It is noteworthy that
the version of DeepGestalt available at Face2Gene will not
yield the same results when photos of the PEDIA cohort are
reanalyzed because it is built as a framework that aims to
learn from every solved case.

In addition to the image analysis, we performed semantic
similarity searches with the annotated HPO terms by three
different tools: Feature Match (FDNA), Phenomizer, and
Bayesian Ontology Querying for Accurate Comparisons
(BOQA).*’ HPO terms for all published cases as well as the
clinical notes in the electronic health records were indepen-
dently extracted by two data curators. All terms that did not
occur in both lists were revisited by a third curator (see Fig. 1a
and Supplementary Table 1). The similarity scores from image
analysis as well as semantic similarity searches were mapped
to genes by mim2gene and morbidmap from OMIM." If
there were several syndromes linked to a gene, the highest
gestalt and feature scores were selected for this gene.

Exome sequencing data was not available for the vast
majority of cases. Therefore, we spiked in the disease-causing
variant of each case into randomly selected exomes of healthy

%\ =679

Facial hypertrichosis,
Muscular hypotonia,

Patient card

10-fold
cross
validation

NM 020732.3(ARID1B): split

Th!ck lower lip vermilion, ©.5737C>T
Thick eyebrow,
Disease-causing
Symptoms Photo caatation
b
Feature score
: |
Phenomizer Training
score ot
BOQA score Gestalt score CADD score
ARID1B 0.6 0.3 0.2 0.9 73.2
SMARCA2 0.5 0.3 0.4 0.8 34.5
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: o =
Support vector machine § 2
2>
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Fig. 1 Prioritization of exome data by image analysis (PEDIA): cohort and classification approach. (a) Clinical features, facial photograph, and
pathogenic variant of one individual of the PEDIA cohort. In total the cohort consists of 679 cases with monogenic disorders that are suitable for a diagnostic
workup by exome sequencing. (b) Clinical features, images, and exome variants were evaluated separately and integrated to a single score by a machine

learning approach. The disease-causing gene is shown at the top of the list.
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individuals of different ethnicities from the 1000 Genomes
Project.'" All sequence variants were then filtered as described
by Wright et al. and scored for deleteriousness with
CADD.'>"* Per gene, the variant with the highest CADD
score was used, regardless of the genotype. This heuristic was
chosen to maximize the sensitivity also for compound
heterozygous cases where the second hit in a recessive disease
gene achieves only a relatively low CADD score.

For each case this procedure resulted in a table with rows
for genes and the five different scores in the columns (Fig. 1b).
All five scores per line as well as the Boolean label disease
gene “true” or “false” (i.e., the vector) were used to train a
classifier that yields a single value per gene, the PEDIA score,
that can be used for prioritization (Fig. 1b). A detailed
description of preprocessing and filtering, as well as all the
annotated data, can be found in our code repository.

We used a support vector machine (SVM) to prioritize
the genes based on the five scores for each case. To
benchmark our approach, we performed tenfold cross-
validation. First, we split the PEDIA cohort into ten groups,
ensuring that a certain disease gene was included only in
one of ten groups. By this means, we avoided overfitting, in
case the same disease-causing variant occurred in two
different individuals (Supplementary Fig. 1). We used a
linear kernel on the five scores to train the SVM and selected
the hyperparameter C in the range from 27° to 2'* by
performing internal fivefold cross-validation on the training
set. The C with the highest top 1 accuracy was selected for
training a linear SVM. We further benchmarked the
performance of each case in the test set with this model.
The distance of each gene to the hyperplane—defined as the
PEDIA score—was used to rank the genes for the case. If the
disease-causing gene was at the first position, we called it a
top 1 match, or if it was among the first ten genes, we
considered it a top 10 match.

For the 260 cases from the DeepGestalt publication test
set, where exome diagnostics would be applicable, we
randomly selected cases from the PEDIA cohort with the
same diagnosis and added the CADD and the feature scores
per case (see column C in Supplemental Table 1). The cases
in the PEDIA cohort with the same pathogenic variant as
already assigned to the DeepGestalt test set were removed
from the training set. Then we trained the classifier on the
PEDIA cohort and tested it on the DeepGestalt publication
test set. The experiment was repeated ten times with random
selection. By this means we studied how the publicly available
portraits of the DeepGestalt test set would improve the
performance when used in exome analysis with the PEDIA
approach. However, it has to be emphasized that both
approaches solve different multiclass classification problems
(MCPs), the first tool operating on phenotypes and the
second on genes. The difficulty of the task is not only
characterized by the number of classes and the distinguish-
ability of the different entities but also by the information
available for the classification. For both MCPs the maximum
number of classes can be estimated from OMIM by querying

GENETICS in MEDICINE | Volume 21 | Number 12 | December 2019
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with the HPO term “abnormal facial shape”, yielding around
700 disorders and genes with disease-causing variants. As
there is additional and nonredundant information available
from the molecular level for PEDIA, it achieves better top 1
and top 10 accuracies.

CODE AVAILABILITY
All training data as well as the classifier are available
at https://github.com/PEDIA-Charite/PEDIA-workflow. The
trained PEDIA model is provided as a service that is ready to
use at https://pedia-study.org.

RESULTS

The performance of a prioritization tool can be assessed by
the proportion of cases for which the correct diagnosis or
disease gene is placed at the first position or among the first
ten suggestions (top 1 and top 10 accuracy). The composi-
tion of the test set has an influence on the accuracy because
some disease phenotypes are easier to recognize, and some
gene variants are more readily identified as deleterious. The
setup of the PEDIA cohort, which is comprehensively
documented in the Supplementary Appendix, therefore
aims at emulating the whole spectrum of cases that could be
analyzed with DeepGestalt and diagnosed by exome
sequencing.

When only CADD scores are used for variant ranking, the
disease-causing gene is in the top 10 in less than 45% of all
tested cases. The top 10 accuracy increases up to 63-94%,
when different semantic similarity scores based on HPO
feature annotations are included (Supplementary Table 3).

The additional information from frontal photos of cases
pushes the correct disease gene to the top 10 in 99% of all
PEDIA cases (Fig. 2a). Particularly striking is the performance
gain for the top 1 accuracy rate from 36-74% without
DeepGestalt scores to 86-89% including the scores from
image analysis (Supplementary Table 3).

The distribution of the PEDIA scores does not differ using
exomes with different ethnic backgrounds (Supplementary
Fig. 2).

Although the top 10 accuracies of DeepGestalt scoring on
the phenotype level and PEDIA scoring on the gene level
cannot be compared directly, both approaches operate on a
similar number of classes (Fig. 2). Adding suitable
molecular information to 260 cases from the DeepGestalt
publication test set confirms our results in the PEDIA
cohort by achieving a top 10 accuracy rate of 99%
(Supplementary Table 2).

The value of a frontal photograph is demonstrated by a case
with Coffin-Siris syndrome (shown in Fig. 1): the character-
istic facial features are relatively mild, so the correct diagnosis
is only listed as the third suggestion by DeepGestalt. Among
all the variants encountered in the exome, the disease-causing
gene ARIDIB would only achieve rank 27, if scored by
the molecular information alone. However, combined with
the phenotypic information, the PEDIA approach lists this
gene as the first candidate (Fig. 2b).
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Chromosomal position

Although the diagnosis of the illustrated case could be
molecularly confirmed by a directed single-gene test in other
instances where the facial gestalt is more indicative,
syndromic disorders often puzzle clinicians due to their high
phenotypic variability. In the Deciphering Developmental

2810

Disorders (DDD) project many syndromes were diagnosed
only after exome sequencing.'* Still, the top 10 accuracy rate
of 49% that DeepGestalt can achieve for phenotypes linked to
genes is impressive (Fig. 2a). The contribution from the
different sources of evidence to the PEDIA score is also
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Fig. 2 Performance readout and visualization of test results for a representative prioritization of exome data by image analysis (PEDIA) case.
(a) For each case the exome variants are ordered according to four different scoring approaches, solely by a molecular deleteriousness score (CADD), by a
score from image analysis (DeepGestalt), by a combination of a molecular deleteriousness score and a clinical feature-based semantic similarity score (CADD
+Phenomizer), or the PEDIA score that includes all three levels of evidence. The sensitivity of the prioritization approach depends on the number of genes
that are considered in an ordered list. The top 1 and top 10 accuracy rates correspond to the intersection of the curves at maximum rank 1 and 10. Note that
for benchmarking DeepGestalt on the gene level, syndrome similarity scores first have to be mapped to the gene level, resulting in a lower performance
compared with the readout on a phenotype level, due to heterogeneity. The area under the curve is largest for PEDIA scoring. (b) The disease-causing gene
of the case depicted in Fig. 1 achieves the highest PEDIA score and molecularly confirms the diagnosis of Coffin-Siris syndrome. Other genes associated with
similar phenotypes, such as Nicolaides-Baraitser syndrome, also achieved high scores for gestalt but not for variant deleteriousness.

<

reflected by the relative weight of the deleteriousness of the
pathogenic variant (0.44), all feature-based scores combined
(0.25), and the results from image analysis by DeepGestalt
(0.31) that can be derived from a linear SVM model. The
information contained in a frontal photograph of a patient
therefore goes beyond what clinical terms can capture. The
top 1 and top 10 accuracies are reported for all combinations
of scores in the Supplementary Table 3.

DISCUSSION

The guidelines for variant classification in the laboratory
follow a qualitative heuristic that combines distinct types of
evidence (functional, population, phenotype, etc.). Interest-
ingly, it is also compatible with Bayesian statistics’ and the
advantage of such a framework is that continuous evidence
types can be integrated into the classification system. While in
silico predictions about a variant’s pathogenicity have a
relatively long history in bioinformatics and machine
learning, the quantification of phenotypic raw data such as
facial images with artificial intelligence systems has just
begun: the PEDIA approach uses scores from DeepGestalt for
gene prioritization in combination with quantitative scores
from the molecular level in Mendelian disorders identifiable
by exome sequencing.

Interestingly, the ethnicity, which affects the number of
variant calls or the deleterious variant load, had minor
influence on the performance of PEDIA. Although the total
number of variants detected by reference-guided sequencing
in individuals of African descent is considerably higher than
in individuals of European or Asian descent, the distribution
of the CADD scores for rare variants is comparable
(Supplementary Figs. 3, 4). That means the rank that a gene
achieves due to the molecular score and the corresponding
scores from the phenotypic information is hardly affected by
the background population (Supplementary Fig. 2).

With regard to the routine use in the laboratory we have
learned three important lessons from specific subgroups or
cases achieving lower PEDIA ranks:

1. Although DeepGestalt, the convolutional neural network
used for image analysis, has been pretrained on real-world
uncontrolled 2D images, patient photographs that were not
frontal, of low resolution, had poor lightening and contrast, or
contained artifacts such as glasses, yielded lower gestalt scores
for the searched disorder. In one use case envisioned for
PEDIA, the human expert in the lab will only receive the

GENETICS in MEDICINE | Volume 21 | Number 12 | December 2019

similarity scores from DeepGestalt, but not the original
photograph. In this setting it is not clear whether low scores
originate from a low-quality photograph or whether there is
little dysmorphic signal indicative of a syndromic disorder.
This potential problem could be addressed by providing
gestalt scores from additional photographs.

2. Particularly rare diseases or recently described disorders,
for which the classifier’s representation is based on a smaller
training set, show a lower performance, even if experienced
dysmorphologists would consider them highly distinguish-
able. In a recent publication by Duddin-Byth et al. the
machine learning approach showed the lowest accuracy for
the disorder with the smallest number of training cases;
however, so did humans."”

3. Disease-causing variants in genes that interact in a
molecular pathway often result in highly similar phenotypes
that are organized as series in OMIM and modeled as a single
entity by DeepGestalt. Often there are subtle gene-specific
differences in the gestalt and modeling the entire phenotypic
series by a single class is not the theoretical optimum
achievable with more cases.'®'” This will especially diminish
the performance of genes less frequently mutated in a
molecular pathway. This is exemplified in the PEDIA cohort
by Hyperphosphatasia with Mental Retardation Syndrome
(HPMRS), where the least frequently mutated gene, PGAP2,
shows the lowest performance. Likewise, this applies to
microdeletion syndromes that can also be caused
by pathogenic variants in single genes, such as
Smith-Magenis syndrome, or an atypical clinical presentation
with Kabuki syndrome (see e.g., case IDs 246245 and 204233
in Supplementary Table 1)."®

It is noteworthy that these shortcomings are mainly due to
the limited training data for these particular genes and that
they will most likely be overcome by more molecularly
confirmed cases. DeepGestalt and PEDIA are therefore built
as frameworks that will be improved continuously with
additional data. In general, the use of artificial intelligence in
medical sciences raises new or exacerbates existing ethical and
legal issues as repositories of combined genotype and
phenotype data become crucial for the machine learning
community.'>** Sharing portrait photos of individuals with
rare diseases can be accomplished within the scope of even the
most elaborate data privacy laws, such as the European Union
General Data Protection Regulation 2016/679 (GDPR). The
GDPR not only ensures the protection of individuals, but also
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the free movement of personal data, inter alia, for scientific
research purposes.”’

The interpretation of genetic variants is greatly facilitated by
sequencing additional family members. Analogously, we
hypothesize that the signal-to-noise ratio of next-generation
phenotyping technologies can further be improved by
including unaffected siblings or parents in the analysis.

We include and strive to include a wide variety of
ethnicities, but European backgrounds are currently best
represented, leading to best performance for this population.
As the data set expands further, the algorithm will improve
for currently underrepresented ethnicities.

Assistance with diagnosis of rare genetic disorders is highly
valuable to clinicians, and by extension to the patients
themselves and their families. Especially in inconclusive cases
with findings of unknown clinical significance, additional
evidence from computer-assisted analysis of medical imaging
data could be a decisive factor."?

In conclusion, the PEDIA study documents that exome
variant interpretation benefits from computer-assisted image
analysis of facial photographs. By including similarity scores
from DeepGestalt, we improved the top 10 accuracy rate
significantly compared with state-of-the-art algorithms.
Artificial intelligence-driven pattern recognition of frontal
facial patient photographs is therefore an example of next-
generation phenotyping technology that has proven its
clinical value for the interpretation of next-generation
sequencing data.”
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2.4 Effizienz der computergestitzten fazialen Phanotypisierung
(DeepGestalt) bei Personen mit und ohne genetisches

Syndrom: Studie zur diagnostischen Genauigkeit

Pantel JT*, Hajjir N*, Danyel M, Elsner J, Abad-Perez AT, Hansen P, Mundlos S, Spielmann
M, Horn D, Ott CE, Mensah MA.

Efficiency of Computer-Aided Facial Phenotyping (DeepGestalt) in Individuals With and
Without a Genetic Syndrome: Diagnostic Accuracy Study.

J Med Internet Res. 2020 Oct 22;22(10):€19263. DOI: 10.2196/19263

Die meisten Studien zur Genauigkeit von DeepGestalt und anderen fazialen NGP-Systemen
untersuchen die Sensitivitat, d.h. die Fahigkeit des Systems, Personen, die von einem
seltenen, dysmorphen Syndrom betroffen sind, die korrekte Diagnose zuzuordnen. Um die
Genauigkeit der Systeme - und damit ihren potentiellen Nutzen in der klinischen Routine -
beurteilen zu kdnnen, ist allerdings auch eine Evaluation der Spezifitat, d.h. der Fahigkeit des
Systems, unaufféllige Probanden als solche zu erkennen, notwendig. Aus technischen
Grunden verflgt DeepGestalt nicht Gber eine Klasse “unauffalliges Gesicht”. Um die Spezifitat
von DeepGestalt zu beurteilen, Uberpruften wir in dieser Studie daher, ob sich die jeweils
hochsten Gestalt Scores, die den einzelnen Bildern zugeordnet wurden, im Mittel zwischen
Bildern von Betroffenen und dazu nach Alter, Geschlecht und ethnischem Hintergrund
passenden, unauffalligen Kontrollbildern unterschieden. AuRerdem Uberpriften wir, ob sich
eine SVM, die als binarer Klassifikator (unauffallig vs. dysmorph) auf DeepGestalts Mehr-
Klassen-Output trainiert wurde, zur Steigerung der Spezifitat einsetzen lieRe. Wir testeten
auch, wie viele Diagnosen DeepGestalt vergeben kann und ob und wie DeepGestalts
Sensitivitdt und Spezifitdt von den jeweiligen Diagnosen abhingen. Ferner tberpriften wir, ob

der ethnische Hintergrund einer Person Einfluss auf die Genauigkeit des Systems hat.

DeepGestalt schlug insgesamt 238 Syndrome vor. Die Wahrscheinlichkeit, mit der ein
Syndrom vorgeschlagen wurde, schwankte dabei erheblich. 11 Syndrome wurden bei mehr
als 60% der Kontrollbilder in den Ergebnislisten aufgeflhrt. Am haufigsten fand sich (Falsch-

Positiven-Rate >80%) der Vorschlag eines Fragilen-X-Syndroms. Auch die Sensitivitat war
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syndromabhéngig, unter den getesteten Syndromen war sie am besten fir das Treacher-
Collins-Syndrom und am schlechtesten fir das Loeys-Dietz-Syndrom. Gestalt Scores von
Bildern von Betroffenen waren im Mittel héher als bei unauffélligen Kontrollen. Allerdings fand
sich eine relevante Uberschneidung der Scoreverteilungen beider Gruppen. Nach
Transformation mit einer SVM konnte diese Uberlappung reduziert werden. Der ethnische

Hintergrund hatte keinen wesentlichen Einfluss auf die Genauigkeit des Systems.
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Abstract

Background: Collectively, an estimated 5% of the population have a genetic disease. Many of them feature characteristics that
can be detected by facial phenotyping. Face2Gene CLINIC is an online app for facial phenotyping of patients with genetic
syndromes. DeepGestalt, the neural network driving Face2Gene, automatically prioritizes syndrome suggestions based on ordinary
patient photographs, potentially improving the diagnostic process. Hitherto, studies on DeepGestalt’s quality highlighted its
sensitivity in syndromic patients. However, determining the accuracy of a diagnostic methodology also requires testing of negative
controls.

Objective: The aim of this study was to evaluate DeepGestalt's accuracy with photos of individuals with and without a genetic
syndrome. Moreover, we aimed to propose a machine learning—based framework for the automated differentiation of DeepGestalt’s
output on such images.

Methods: Frontal facial images of individuals with a diagnosis of a genetic syndrome (established clinically or molecularly)
from a convenience sample were reanalyzed. Each photo was matched by age, sex, and ethnicity to a picture featuring an individual
without a genetic syndrome. Absence of a facial gestalt suggestive of a genetic syndrome was determined by physicians working
in medical genetics. Photos were selected from online reports or were taken by us for the purpose of this study. Facial phenotype
was analyzed by DeepGestalt version 19.1.7, accessed via Face2Gene CLINIC. Furthermore, we designed linear support vector
machines (SVMs) using Python 3.7 to automatically differentiate between the 2 classes of photographs based on DeepGestalt's
result lists.

http:/iwww.jmir.org/2020/10/e19263/ J Med Internet Res 2020 | vol. 22 | iss. 10| e19263 | p. |
(page number not for citation purposes)
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Results: We included photos of 323 patients diagnosed with 17 different genetic syndromes and matched those with an equal
number of facial images without a genetic syndrome, analyzing a total of 646 pictures. We confirm DeepGestalt’s high sensitivity
(top 10 sensitivity: 295/323, 91%). DeepGestalt’s syndrome suggestions in individuals without a craniofacially dysmorphic
syndrome followed a nonrandom distribution. A total of 17 syndromes appeared in the top 30 suggestions of more than 50% of
nondysmorphic images. DeepGestalt’s top scores differed between the syndromic and control images (area under the receiver
operating characteristic [AUROC] curve 0.72,95% C1 0.68-0.76; P<.001). A linear SVM running on DeepGestalt’s result vectors
showed stronger differences (AUROC 0.89, 95% CI 0.87-0.92; P<.001).

Conclusions: DeepGestalt fairly separates images of individuals with and without a genetic syndrome. This separation can be
significantly improved by SVMs running on top of DeepGestalt, thus supporting the diagnostic process of patients with a genetic
syndrome. Our findings facilitate the critical interpretation of DeepGestalt’s results and may help enhance it and similar
computer-aided facial phenotyping tools.

(J Med Internet Res 2020;22(10):e19263) doi: 10.2196/19263

KEYWORDS

facial phenotyping; DeepGestalt; facial recognition; Face2Gene; medical genetics; diagnostic accuracy; genetic syndrome; machine

learning

Introduction

Background

Although individual genetic diseases are rare, they collectively
affect an estimated 5% of a population [1]. Thus, these diseases
represent a major challenge for health care systems, as it usually
requires highly specialized knowledge to propose a specific
genetic diagnosis. Assessing the facial phenotypes of patients
with genetic syndromes is key to this diagnostic process [2].
Traditionally performed by a physician, the advents of computer
vision and machine learning in medicine enable rapid and
automated assessment of a patient's facial traits [3,4]. Numerous
facial phenotyping systems have been developed with the
potential to aid the diagnostic processes in medical genetics
[5-12]. DeepGestalt, the neural network behind Face2Gene
CLINIC, which was trained on more than 17,106 images, is
thus far the best-investigated and most convenient to use
application [11]. Several studies assessed the algorithm's
sensitivity, suggesting that it is of a certain quality [11,13-38].
These tests predominantly analyzed images of patients diagnosed
with a genetic disorder known to show characteristic facial
features. This appears reasonable as DeepGestalt is designed to
identify such syndromes. However, it might introduce a bias in
conclusions of the system's everyday clinical use since not all
individuals seen in a real-life setting belong to the group of
patients included in previous studies of DeepGestalt. This may
be because (1) the featured syndrome is yet to be analyzed by
the system; (2) an individual features a syndrome not associated
with a characteristic facies; or (3) an individual has no syndrome
at all.

In addition to such evaluations of DeepGestalt's sensitivity,
there is a need for studies on its specificity when tested on
individuals without craniofacial dysmorphism. As DeepGestalt
is not designed to suggest the class label “inconspicuous face”
[11], evaluating its clinical specificity is not too trivial a task.
Some studies tested the ability of DeepGestalt's methodology
to distinguish between facial images with and without a genetic
syndrome by constructing user-specific neural networks trained
on healthy control images and on images of limited numbers
of well-selected genetic disorders using Face2Gene RESEARCH

http://www.jmir.org/2020/10/e19263/

[20,26-28,30,32,34,39-41]. Their results suggested that neural
networks such as DeepGestalt may have the potential to
differentiate between the 2 classes and may thus be used in
diagnosing patients in medical genetics. Such a test could be
applied at different stages of the diagnostic process. Patients
who want to know if genetic counseling is necessary could use
it as a triage test to check whether a suspicion of a genetic
disease is justified. Physicians and other medical professionals
could similarly use such a test on patients suspected of having
a genetic syndrome to narrow down the range of possible
diagnoses. Geneticists could use it as an add-on test to further
confirm a diagnosis, for example, in the presence of a variant
of unknown significance.

Objectives

We aimed to systematically benchmark DeepGestalt’s power
to discern images of individuals with a dysmorphic genetic
syndrome from images of healthy control individuals. For this
purpose, we tested the basic prerequisite for the diagnostic
usefulness of DeepGestalt, that is, to yield different scores in
persons with a conventionally established diagnosis of a genetic
syndrome than in persons without a genetic syndrome (H,:
Msyndromic # Mhealthy)- We also determined DeepGestalt’s capacity
to distinguish those images by measuring its area under the
receiver operating characteristic (AUROC) curve. Furthermore,
we aimed to develop and test a machine learning—based
approach to improve DeepGestalt's accuracy.

Methods

Selection and Analysis of Portrait Photos

Study Design

To be included in this study, portrait photos had to depict the
entire frontal face (from hairline to chin showing both eyes)
and no artifact other than glasses. To achieve a vertical
positioning of the face, the images were cropped and rotated if
necessary. A convenience sample of online accessible images
was collected between September 2019 and December 2019,
using a methodology adjusted from Ferry et al [8]. Pictures
photographed by us were taken at the 2018 meeting of the

J Med Internet Res 2020 | vol. 22 | iss. 10| e19263 | p. 2
(page number not for citation purposes)
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Elterninitiative Apertsyndrom und Verwandte Fehlbildungen
eV, a parents’ initiative on Apert syndrome and related disorders
in Germany, after obtaining written informed consents as
approved by the ethics committee of the Charité -
Universitdtsmedizin Berlin (EA2/190/16). Image inclusion was
planned before conducting analysis by DeepGestalt. A sample
size of the positive and negative class of 105 (N=210) was
calculated using G*Power, version 3.1.9.7 (effect size 0.5;
a=.05; power 0.95; allocation ratio 1).

Defining Reference Phenotypes

Only images of individuals reported to be clinically or
molecularly diagnosed with a genetic syndrome were labeled
as syndromic. When no syndrome was reported and no facial
gestalt suggestive of a syndrome was observed, as judged by
physicians working in medical genetics, images were labeled
as “healthy.”

Computer-Aided Facial Phenotyping

Computer-aided facial phenotyping was performed using
DeepGestalt version 19.1.7, accessed via Face2Gene CLINIC
(FDNA Inc). Neither the class labels nor diagnoses were passed
to DeepGestalt. No other phenotypic information but | portrait
photo per case was entered into the system. DeepGestalt's
training set was tested not to contain duplicates of images used
in this study, as described previously [42].

Danyel Cohort

The Danyel cohort, originally described by Danyel et al [30],
comprises 116 healthy control images.

Syndromic Cohort

This cohort comprises frontal facial images of 17 syndromes.
We planned to collect the same number of images for each of
these syndromes. A total of 16 of these syndromes were chosen
from the 201 distinct suggestions in DeepGestalt’s top 30 results
lists of the Danyel cohort. Syndromes of different frequencies
ranging from 76% (frequently suggested) to 1% (rarely
suggested) were selected. In descending order of frequency,
these syndromes are as follows: Fragile X syndrome (OMIM:
#300624), Angelman syndrome (OMIM: #105830), Rett
syndrome (OMIM: #312750), Phelan-McDermid syndrome
(OMIM: #606232), Klinefelter syndrome, Beckwith-Wiedemann
syndrome (OMIM: #130650), 22ql1.2 deletion syndrome
(OMIM: #611867), Sotos syndrome (OMIM: #117550), Noonan
syndrome (OMIM: PS163950), Loeys-Dietz syndrome (OMIM:
PS609192), Williams-Beuren syndrome (OMIM: #194050),
Rubinstein-Taybi syndrome (OMIM: PS180849), achondroplasia
(OMIM: #100800), Wolf-Hirschhorn syndrome (OMIM:
#194190), Pallister-Killian syndrome (OMIM: #601803), and
Treacher Collins syndrome (OMIM: PS154500). In addition,
we chose Apert syndrome (OMIM: #101200), which was not
implied in the Danyel cohort.

Matched Control Cohort

Each photo of the syndromic cohort was matched to an image
of an individual without a genetic syndrome by age, sex, and
ethnicity to build a cohort of an equal number of control images.

http://www.jmir.org/2020/10/e19263/
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Statistical Evaluation and Classification Experiments

Face2Gene CLINIC returns DeepGestalt’s top 30 syndrome
suggestions. DeepGestalt associates each suggestion with a
Gestalt score [11]. The syndrome suggestions’ frequencies,
scores, and ranks were statistically evaluated.

Feature Extraction and Vector Construction

All images were labeled by class (syndromic vs healthy).
Vectors were built to hold an attribute for any of the syndromes
suggested at least once in DeepGestalt’s top 30 suggestions. To
construct a vector for a given photo, the 30 highest Gestalt
scores were assigned to their respective attributes; and the
remaining attributes were set to 0 (s. matrix.txt in Multimedia
Appendix 1).

Classification

To differentiate between syndromic and healthy portrait photos,
we trained linear support vector machines (SVMs) using the
LinearSVM class of scikit-learn, version 0.21.3, with default
parameters in Python 3.7. To avoid overfitting, training and
testing were performed using a leave-1-out classification
scheme. Since ethnic background is a possible confounder of
DeepGestalt [15,22,26,29,33], we designed classification
experiments based on all images, images of White persons, and
those of persons with other ethnicities, to benchmark the
influence of ethnicity on SVM performance.

To test a possible influence of the number of top ranks
considered, classification of all images was run 30 times with
the number of considered top Gestalt ranks, ranging from 1 to
30.

Statistical Analysis

Scores of the syndromic and healthy control cohort were tested
to be different using a 2-sided, independent Welch 7 test.
Difference of receiver operating characteristics (ROCs) was
tested using a DeLong test. Classification performance was
assessed using Matthews correlation coefficient (MCC). All
statistical tests were performed in Python 3.7; the code can be
found in Multimedia Appendix 1.

Data and Code Availability

The data and code can be found in Multimedia Appendix 1. For
reasons of data protection, all data were cumulated (where
possible), deidentified, and minimized. Facial images depicted
in Figure 1 show computer-generated composite masks and not
real individuals. In Multimedia Appendix 1, file data.txt
describes the diagnosis, age, sex, and ethnicity of persons in
the analyzed set of images; and file matrix.txt contains
DeepGestalt’s output vectors as used for this study. Files
differentiator.py and reproduce.py may be used for reproducing
the statistical results of this study. Further information may be
found in file readme.txt (Multimedia Appendix 1).
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Figure 1. Workflow of classification experiments.
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Results

Included Images

We could include 19 images for each of the 17 syndromes in
the syndromic cohort. A total of 83% (272/323) of these images
were of White persons (file data.txt of Multimedia Appendix
1). Images from the syndromic cohort were matched to 323
images forming the matched control cohort, resulting in a total
number of 646 analyzed photos (Figure 1).
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Frequencies and Scores of Suggested Syndromes in
Control Individuals

DeepGestalt suggested 238 different syndromes among the top
30 suggestions of the matched control cohort. One syndrome
was suggested in more than 80% of the cases (Fragile X
syndrome, 82%), 6 syndromes in 70%-80% of the cases; 4
syndromes in 60%-70% of the cases; 6 syndromes in 50%-60%
of the cases; 6 syndromes in 40%-50% of the cases; 11
syndromes in 30%-40% of the cases; 15 syndromes in 20%-30%
of the cases; 29 syndromes in 10%-20% of the cases; and 160
syndromes at least once in less than 10% of the cases (Figure
2A).
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Figure 2. (A) Frequency of syndromes suggested by DeepGestalt in more than 20% of the matched control cohort’s top-30-results lists. Colors indicate
frequency percentages. (B) Number of images correctly classified as “syndromic™; colors relate to (A) and gray indicates <20%.

The highest first-rank Gestalt score of the matched control
cohort amounted to 0.85, and the lowest, to 0.06, with a mean
of 0.27 (SD 0.15). First-rank Gestalt scores of the syndromic
cohort (highest 1.0; lowest 0.08; mean 0.47, SD 0.28) and the
matched control cohort appeared to be separable with an
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AUROC of 0.72 (95% CI 0.68-0.76) (Figure 3A). Notably, this ~ 3B.
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was found for both tested ethnic groups (Figure 3A, Multimedia
Appendix 2), White persons only (AUROC 0.71, 95% CI
0.67-0.76; P<.001), and persons of other ethnicities only
(AUROC 0.71, 95% CI1 0.62-0.83; P<.001). Separability of the
2 cohorts is evident and significant (P<.001), as shown in Figure
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Figure 3. (A) Receiver operating characteristic (ROC) curves: dashed line indicates random ROC curve; note that support vector machine (SVM)
scores yield higher areas under the ROC curves (AUROCS) than their respective raw first-rank Gestalt scores. (B) Distribution of first-rank Gestalt
scores in the syndromic cohort and the matched control cohort (healthy). (C) Sensitivities of DeepGestalt (X-axis: number of considered top ranks).
Dark-purple circles: average of syndromic cohort; gray triangles: 19 images with Treacher-Collins syndrome; blue triangles: 19 images with Loeys-Dietz
syndrome. (D) Distribution of SVM scores in the syndromic cohort and the matched control cohort; note: improved separability as compared to B. (E)
SVM classification results based on the entire matched control cohort and syndromic cohort (threshold SVM score: 0).
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sue was sensitive independent of ethnicity (White persons only,
Sensitivity of DeepGestalt 90%; persons of other ethnicities only, 97%). A total of 7
DeepGestalt’s average top 10 sensitivity in the syndromic cohort  syndromes reached a top 10 sensitivity of 100% (Fragile X,
amounted to 91%, varying between the 17 tested syndromes  Noonan, Phelan-McDermid, Rett, Sotos, Treacher-Collins, and
(Figure 3C, Multimedia Appendix 3). Interestingly, DeepGestalt ~ Williams-Beuren syndromes). DeepGestalt performed worst

http://www.jmir.org/2020/10/e19263/ J Med Internet Res 2020 | vol. 22 |iss. 10| 19263 | p. 6

X S L F O (page number not for citation purposes)
L]

RenderX

54



JOURNAL OF MEDICAL INTERNET RESEARCH

for Loeys-Dietz syndrome, with a top 10 sensitivity of 74%
(Figure 3C).

Performance of the SVM

Sensitivities of binary SVM classification differed between
syndromes (Figure 2B). All images of individuals with Apert
syndrome, Wolf-Hirschhorn syndrome, and Williams-Beuren
syndrome were correctly classified as being syndromic. The
SVM performed worst on the 19 images of individuals with
Klinefelter syndrome, correctly classifying only 7 of them as
syndromic.

Binary SVM classification of DeepGestalt’s output achieved
an increased separability of syndromic images and healthy
controls as compared to top Gestalt scores with an AUROC of
0.89 (95% CI 0.87-0.92) (Figure 3A). Again, this was true in
both tested ethnic groups (Figure 3A), for photos of White
persons (AUROC 0.88, 95% CI 0.86-0.91; P<.001) and those
of persons of other ethnicities (AUROC 0.79, 95% CI
0.62-0.83). However, difference in ROCs was not significant
in the latter (P=.13). SVM classification performance improved
with an increasing number of considered ranks. Using the top
30 Gestalt scores showed the best MCC (0.63), as shown in
Multimedia Appendix 4, with a sensitivity of 75.54% and a
specificity of 86.38% (Figure 3D). Separability was significant
(P<.001) (Figure 3E).

Discussion

Classification of Images of Individuals Without a
Genetic Syndrome

To our knowledge, this is the first study to systematically
analyze DeepGestalt’s behavior on portrait photos of individuals
without a genetic syndrome. For these images, we show that
DeepGestalt’s syndrome suggestions follow an interesting
distribution. Certain syndromes are implied as differential
diagnoses with a considerably high likelihood. Among these
were Fragile X, Klinefelter, Rett, and Angelman syndromes,
which were suggested in more than 3 quarters of the matched
control cohort. In contrast, syndromes such as Treacher-Collins
syndrome and Wolf-Hirschhorn syndrome were implied very
rarely.

DeepGestalt cannot assign the class label “inconspicuous.” Yet,
DeepGestalt’s scores are used to help judge the presence of a
given syndrome. Based on a high maximum Gestalt score, a
user could assume that the individual depicted in an entered
image is likely to have a syndrome. Likewise, one is tempted
to assume that a low maximum Gestalt score makes an
underlying syndrome unlikely. Indeed, the mean of first-rank
Gestalt scores is higher in images depicting syndromic facies
than in images of individuals without a genetic syndrome.
Similarly, scores higher than 0.85 appear to be specific
indicators of a syndromic facies, and those lower than 0.08 are
not suggestive of a genetic syndrome. However, these specific
values are very rare. Gestalt scores alone are only fairly
sufficient for judging the presence or absence of a genetic
syndrome with facial dysmorphism since the distributions of
the highest Gestalt scores of the syndromic and matched control
cohort greatly overlap. We show that this problem can be

http://www.jmir.org/2020/10/e19263/
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reduced by considering both top Gestalt scores and the actual
list of suggested syndrome matches. The boost in discriminatory
power is illustrated by the increase of the respective AUROCs.
Although  DeepGestalt cannot directly assess the
presence/absence of a syndromic facies, machine learning—based
tools (eg, SVMs) built on top of DeepGestalt may be used for
this purpose.

It is noteworthy that we achieved promising results with a
comparably low number of samples and a low complexity
classification model with default hyperparameters. We assume
that the quality and complexity of future classifiers will improve
as more data will become available. Increasing the number of
top ranks considered for vector construction increased the
performance of the SVM. However, the number of
DeepGestalt’s suggestions accessible via Face2Gene CLINIC
is limited to 30 suggestions. We hypothesize that using more
than just the 30 top ranks for vector construction might further
boost classification performance. We classified DeepGestalt’s
output to predict the presence of a syndromic facies. We also
suggest evaluating classification performance based on
DeepGestalt’s input vectors.

Potential Confounders

Until now, differences in the diagnostic performance of
DeepGestalt, which arise due to the ethnicity of the person
depicted, have been evaluated using DeepGestalt's sensitivity.
Studies of earlier versions of DeepGestalt showed that its
sensitivity is dependent on the ethnic background in certain
syndromes [15,22]. Studies of more recent versions of
DeepGestalt suggested that ethnicity had no major influence on
its sensitivity [26,29]. In our set of syndromic images,
DeepGestalt’s sensitivity is remarkably high, which is in line
with the previous studies highlighting DeepGestalt’s good
general sensitivity [11,36,42]. This high sensitivity of
DeepGestalt was confirmed for both groups of images, those
of White persons and those of persons of other ethnicities.
Improvement of distinguishability of images of individuals with
and without a genetic syndrome appeared to be stronger in the
group of photos of White persons than in the group of photos
of persons of other ethnicities. However, we assume that this
is caused by the limited sample size of images of non-White
persons in our data set. We believe that our approach is also
applicable to populations comprising predominantly other
ethnicities.

The SVM had difficulties classifying images of patients with
syndromes that were frequently suggested in healthy controls.
Possible explanations for DeepGestalt’s output to be similar in
controls and individuals with these syndromes could be as
follows: (1) such syndromes have only mild characteristic facial
features; (2) they have a typical facial gestalt, which is present
only in some but not all affected individuals; or (3) they have
no typical facies at all. For example, not all patients with
Loeys-Dietz syndrome exhibit distinctive facial features [43],
and the facial appearances of males with Klinefelter syndrome
show no commonly observed characteristics [44].
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Further Research

Further research is necessary to determine DeepGestalt’s
capacity to distinguish individuals with and without a genetic
syndrome when combined with other sources of information,
such as genetic test results and nonfacial phenotypic information.
We suggest including additional scores that are based on both
phenotype and genotype (eg, prioritization of exome data by

Pantel et al

of the patient perspective on the use of computer-aided facial
analysis methodologies in clinical genetics is lacking so far.

We believe that our findings will help improve future versions
of DeepGestalt and similar systems and are crucial when
interpreting Face2Gene’s results in the clinical routine. In
particular, we recommend providing users with the false-positive
rates of each suggested syndrome.

image analysis [PEDIA] scores [42]) in future classifiers of the .
presence/absence of a syndromic facies. Conclusion
DeepGestalt is a computer-aided facial phenotyping tool that
showed promising results for detecting a potentially syndromic
facies. It yields higher first-rank scores in individuals with a
genetic syndrome than in those without a diagnosis of a genetic
syndrome. Its output may be classified to improve this detection.
The exact stage to use DeepGestalt during the diagnostic makeup
of individuals with a suspected genetic syndrome remains to be
determined. Primarily, it should be used by expert geneticists.

The increasing use and quality of facial phenotyping software
in clinical genetics should also be accompanied by an ethical
evaluation of these systems [45]. This affects issues such as the
automation of medical diagnostic action, the sharing of
(potentially identifiable) data, and a potentially altered
doctor-patient relationship. In particular, a systematic analysis
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Multimedia Appendix 1

Code and data.
[ZIP File (Zip Archive), 137 KB-Multimedia Appendix 1]

Multimedia Appendix 2

(A) Distribution of first-rank Gestalt scores for the images of White persons in the syndromic c¢ohort and the matched control
cohort (healthy). (B) Distribution of first-rank Gestalt scores for the images of persons with other ethnicities in the syndromic
cohort and the matched control cohort (healthy).

[PNG File , 97 KB-Multimedia Appendix 2

Multimedia Appendix 3

DeepGestalt’s sensitivities: purple circles indicate the average of the entire syndromic cohort; for other symbols/coloring, see
respective subfigure title.
[PNG File . 208 KB-Multimedia Appendix 3]

Multimedia Appendix 4

Performance of the SVM on the entire syndromic cohort and matched control cohort: X-axis number of top-rank Gestalt score
used for vector construction per case. MCC: Matthews correlation coefficient. Note: rising tendency.

[PNG File . 46 KB-Multimedia Appendix 4
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2.5 Genomsequenzierung in Familien mit angeborenen

GliedmalRenfehlbildungen
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Neben einer verbesserten Phéanotypisierung mittels NGP-Techniken koénnte auch der
umfassende Einsatz der neuen Sequenziertechnologien (d.h. die Testung des gesamten
Genoms statt nur des Exoms) den diagnostischen Nutzen des NGS verbessern. Wahrend
eine Exomsequenzierug nur die ca. 1,5% des menschlichen Genoms, die fiir Proteine
kodieren, untersucht, erfasst ein WGS das gesamte Erbgut. Ein wesentliches Problem bei der
Bewertung nicht-proteinkodierender Varianten ist allerdings das Fehlen eines auf diese
anwendbaren genetischen Codes: Man kann zwar die Aminoséurefolge eines Proteins aus
der Basenfolge des zugehdrigen Gens und so auch funktionelle Konsequenzen
proteinkodierender Varianten vorhersagen, eine solche prézise Vorhersage der funktionellen
Konsequenzen ist mit dem aktuellen Wissensstand fir nicht-proteinkodierende Sequenzen
allerdings nicht moglich. Die Genomsequenzierung verspricht Uber die Testung nicht-
proteinkodierender Varianten hinaus auch die verbesserte Erfassung struktureller Varianten
(Deletionen, Duplikationen, Translokationen, Inversionen, Repeatlangenveranderungen).
Dies konnte eine der Hirden der klassischen genetischen Diagnostik, die Auswahl des

richtigen Testverfahrens, l6sen.

In dieser Studie untersuchten wir den zusatzlichen diagnostischen Nutzen des WGS an einer
Kohorte von 69 Féllen mit angeborenen Extremitatenfehlbildungen, bei denen die genetische

Routinediagnostik keine urséchliche Mutation identifizieren konnte. Dazu sequenzierten wir
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die Genome von 64 Trios, 1 Duo und 4 Einzelféllen. Fur die Auswertung von kodierenden und
strukturellen Varianten verwendeten wir die Analysesoftware VarFish, fur die Filterung und
Priorisierung  von  nicht-kodierenden  Varianten  kombinierten  wir  molekulare,
populationsgenetische, phanotypische und murine Daten aus der wissenschaftlichen Literatur
bzw. entsprechenden Datenbanken und definierten ein potentielles, mit der Entwicklung der

Extremitaten assoziiertes Regulom.

In 12 der 69 Falle konnten relevante Varianten identifiziert werden. Dazu zahlten pathogene
Einzelnukleotidvarianten in den bereits bekannten Krankheitsgenen BHLHA9, FGFR1,
FGFR2 und GLI3 und in dem Kandidatengen UBA2, das wir als Krankheitsgen bestatigen
konnten. Des Weiteren zéhlten dazu potentiell pathogene Varianten in den von uns neu
identifizierten Kandidatengenen ALDH1A2, HMGB1 und SEMAS3D: die de novo missense
Variante SEMASD(NM_152754.3):c.1918G>A p.(Asp640Asn) bei einem Patienten mit
Kleinwuchs und fehlenden Endgliedern des 5. Strahls, die mit einer Syndaktylie segregierende
Frameshift-Mutation ALDH1A2(NM_003888.4):c.35delT p.(Vall2Glyfs*31) und die de novo
Frameshift-Mutation HMGB1(NM_002128.7):c.551_554delAGAA p.(Lys184Argfs*44) bei
einem Feten mit komplexer Extremitatenfehlbildung. Auerdem umfasste dies eine pathogene
Repeatexpansion in HOXD13 sowie zwei komplexe Varianten (SHH-Locus und SHFM3-
Locus).

Das von uns definierte Extremitatenregulom umfasste 0,24% des Genoms. Nicht-
proteinkodierende Einzelnukleotidvarianten, die wir als pathogen einschétzen, konnten

allerdings nicht identifiziert werden.

Die Ergebnisse zeigen, dass die Genomsequenzierung das Potenzial hat, als ein
umfassender Test flr die Testung verschiedener Mutationsarten zu dienen, aber auch, dass
die klinische Interpretation von nicht-proteinkodierenden Sequenzvarianten noch nicht

maoglich ist.
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Abstract

The extensive clinical and genetic heterogeneity of congenital limb malformation calls for comprehensive genome-wide
analysis of genetic variation. Genome sequencing (GS) has the potential to identify all genetic variants. Here we aim to
determine the diagnostic potential of GS as a comprehensive one-test-for-all strategy in a cohort of undiagnosed patients with
congenital limb malformations. We collected 69 cases (64 trios, 1 duo, 5 singletons) with congenital limb malformations
with no molecular diagnosis after standard clinical genetic testing and performed genome sequencing. We also developed a
framework to identify potential noncoding pathogenic variants. We identified likely pathogenic/disease-associated variants
in 12 cases (17.4%) including four in known disease genes, and one repeat expansion in HOXD13. In three unrelated cases
with ectrodactyly, we identified likely pathogenic variants in UBA2, establishing it as a novel disease gene. In addition, we
found two complex structural variants (3%). We also identified likely causative variants in three novel high confidence can-
didate genes. We were not able to identify any noncoding variants. GS is a powerful strategy to identify all types of genomic
variants associated with congenital limb malformation, including repeat expansions and complex structural variants missed
by standard diagnostic approaches. In this cohort, no causative noncoding SNVs could be identified.

Introduction

The repertoire of diagnostic tests in human genetics is as
diverse as the types of genetic alterations they were devel-
oped to detect (Berisha et al. 2020). Through the develop-
ment of Next Generation Sequencing technologies (NGS)
sequencing has become several orders of magnitude faster
and cheaper. This has led to an enormous increase in the
efficiency of genetic testing (Levy and Myers 2016). NGS
quickly found its way from research applications to the
clinic: today, panel and exome sequencing are elements
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of the routine diagnostics in genetic medicine (Decipher-
ing Developmental Disorders Study 2017). Despite these
significant advances, classical genetic testing methods such
as chromosomal microarray analysis (CMA) and Sanger
sequencing remain part of the standard diagnostic arsenal.
This is because NGS-based gene panels often do not detect
structural variants such as inversions and translocations, or
fail to determine repeat lengths (Berisha et al. 2020). The
goal of detecting all types of genetic variation in a single test
can theoretically be achieved by short-read based genome
sequencing (GS) (Xue et al. 2015). While there are some
very encouraging proof of concept studies for the use of GS
in individuals with intellectual disability (Lindstrand et al.
2019), GS is not yet part of the clinical routine and there is
a lack of systematic studies on the benefits of such tests for
individuals with congenital malformations.

A major limitation of panel and exome sequencing
approaches is that they usually do not cover 98% of the
genome which is noncoding, and are, hence, unable to
detect deep intronic splice variants or intergenic regulatory
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variants. Therefore, over 40% of individuals with genetic
diseases receive no molecular diagnosis after standard test-
ing (Gilissen et al. 2014). This is likely because the noncod-
ing sequence has largely been ignored despite most nucleo-
tides and single nucleotide variants being noncoding. The
two main challenges that currently hamper the medical inter-
pretation of noncoding variants are the poor understanding
of the “regulatory code” of the noncoding genome and the
large number of noncoding variants in each individual that
renders classical functional work-up strategies impossible.

In this study, we aimed to determine the diagnostic poten-
tial of GS as a comprehensive one-test-for-all strategy in a
cohort of 69 unsolved patients with congenital limb mal-
formations. We also attempted to develop a framework to
prioritize the large number of noncoding variants identified
in the GS studies by combining mouse genetic and human
functional epigenetic data with in vivo-validated enhancer
sequences.

Materials and methods
Study design

Patients affected with malformations of two limbs, or two
individuals from a family, each affected with a malformation
of at least one limb were recruited (Supplementary Fig. 1).
Exclusion criteria included a molecularly established genetic
diagnosis, a suspected diagnosis of amniotic band syndrome,
or an isolated fifth finger clinodactyly. A convenience set of
samples was collected from the patients of the Department
of Hand Surgery of the Katholisches Kinderkrankenhaus
Wilhelmstift Hamburg and the Institute of Medical Genetics
and Human Genetics of the Charité (IMG)—Universitits-
medizin Berlin. This sample-set was compiled with cases
that were sent to the IMG by external physicians for diag-
nostic purposes. The sample-set was fixed before conducting
GS.

Included patients

We included 69 patients in this study (Supplementary
Table 1). We sequenced the index case and both parents
in 64 cases, the index and one parent in one case, and only
the index in four cases (parental DNA was not available for
testing). In one case, we additionally sequenced a sibling.
In five cases, one parent showed a limb malformation com-
parable to the index. In one case featuring ectrodactyly and
apparently unaffected parents and grandparents, a maternal
grand-uncle was affected, who was also sequenced. In 60
cases no family member other than the index was reported
to show a limb malformation.

@ Springer

Phenotyping and conventional genetic testing

Limb malformations were phenotyped based on pho-
tographs and radiographs by a panel of medical profes-
sionals including expert clinical geneticists. Phenotypes
were described as per Human Phenotype Ontology (HPO)
terminology.

Based on a patient’s phenotype, genes were selected for
sequencing by medical geneticists. Sample preparation and
Sanger-sequencing were performed using standard proce-
dures. High resolution (1 M oligo) CMA was performed as
described previously (Flottmann et al. 2018).

Genome sequencing and variant calling

Paired-end PCR-free GS was performed by Macrogen Inc.
(South-Korea) using a HiSeq X Ten platform. DNA prepa-
ration, sequencing, and sequence data processing were per-
formed according to Macrogen’s standard protocol (coverage
30x and read length 150 bp).

The FASTQ files were transferred to the Core Unit Bioin-
formatics of the Berlin Institute of Health (CUBI) for variant
calling. Files were further processed and securely stored in
the System for Omics Data Analysis and Retrieval (SODAR)
(Nieminen et al. 2020). GATK HC was used to call simple
nucleotide variants, while structural variants were called
using Delly2, PopDel, and ERDS/SV2. Afterwards, vari-
ants were processed and annotated by the VarFish platform
(Holtgrewe et al. 2020). Variants were mapped according to
the hg19 reference genome.

Variant filtration
Coding SNVs and SVs

Each index case was filtered as a singleton, regardless of the
availability of family data. If parental samples were avail-
able, a trio-based filtration approach was additionally per-
formed. Male-index trio-cases were also filtered for hemizy-
gous X-chromosomal variants.

Simple nucleotide variant filtration was performed on the
VarFish platform (Version v0.17.2) (Holtgrewe et al. 2020).
We filtered GS data for non-synonymous exonic and splice
variants using default settings for read depth, allelic bal-
ance, and read quality. Allele counts were set as described
in Supplementary Table 2. SNV that passed filtration were
exported as variant calling files (VCF). For evaluation of
variant pathogenicity, VCFs were uploaded to MutationDis-
tiller and Exomiser. The first ten results were exported for
semi-automated, in-depth analysis (see Supplementary
Fig. 2 for details). We also tested for truncating or probable
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LoF (CADD > 20) variants affecting the same gene with a
pLI>0.9 in at least two independent patients.

Structural variant filtration was performed as described
in Supplementary Table 3. The minimal size for structural
variant filtration was 1500 bp. Whenever we obtained more
than 30 structural variants after initial filtering, we increased
the number of minimally covered informative reads from 2
to 5. Each SV passing filtration was judged manually with
the information provided by the IGV-Browser and UCSC
(see Supplementary Fig. 3 for details).

All findings were evaluated at weekly clinical meetings.

Analysis of noncoding variants: limb regulome

We defined a limb-specific potential regulome to filter and
interpret non-coding variants. For this purpose, we created a
list of 1719 genes involved in embryonic limb development
based on data from the Mouse Genome Informatics (MGI)
database and entries in OMIM. We defined the human limb
regulome as the following: 1. all conserved (phyloP > 1,3)
variants, 2. those located within the same topologically
associating domain (TAD) (as determined in human fibro-
blasts (Dixon et al. 2012)) as a limb gene, 3. those that
were marked by an H3K27 acetylation peak in human limb
buds (Cotney et al. 2013). We also included the validated
enhancer elements of the VISTA Enhancer Browser. Coding
and noncoding SNVs were filtered for rare variants (fre-
quency <0.1%) and were considered to be potentially affect-
ing the same regulatory element if they were either less than
300 bp apart or positioned in the same established enhancer.

Whenever we identified rare, potentially pathogenic het-
erozygous coding variants of genes associated with a reces-
sive limb phenotype in individuals featuring at least a partial
overlap with that phenotype, we also screened for in trans
conserved non-coding variants with a MAF <3% affecting
the same TAD.

Results

We collected a cohort of 69 individuals affected with con-
genital limb malformations. All individuals had previously
gone through our clinical genetics routine pipeline includ-
ing clinical examination, candidate gene testing, and CMA.
We then performed GS as a comprehensive one-test-for-all
strategy.

In total, we identified 333,163,643 single nucleotide
variants (SNVs) among the 69 sequenced index patients,
of which 7,020,766 were either coding or flanking coding
elements by 10 bp or less. 326,142,877 were noncoding
SNVs, of which 19,362 were rare (gnomAD AF <0.01).
21,369 of the coding SNV calls were classified by Jan-
novar to be of at least moderate relevance (missense and

truncating), and 1429 to be of high relevance (truncating
only). VarFish filtering returned 5761 SN'Vs. Filtering by
Exomizer and MutationTaster identified 433 potentially
pathogenic coding calls among these, of which 174 were
high-quality calls suitable for further evaluation.

30,062, SNVs resulted in the potential loss-of-function
of probably haploinsufficient genes. 49 of these affected
the same gene in two unrelated index individuals (Sup-
plementary Fig. 2).

We also analyzed the structural variants in 68 of the 69
index patients. 55 cases were filtered as trios with unaf-
fected parents and moderate filter settings. Five were fil-
tered as trios with another affected relative and moderate
filter settings. Stricter filter settings were chosen for 9 trios
because moderate filter settings produced an unmanage-
able amount of SV calls. 3 cases were analyzed as sin-
gletons. Individuals I1, 12, 13 did not yield any results, 14
was excluded from the SV analysis because too many SVs
were called even with stricter filter settings due to poor
data quality.

Of the 1,555,426 SVs, 633 SVs passed the filtering by
VarFish, of which 222 were inversions, 288 deletions, 76
duplications, and 47 breakpoints of potential translocations.

417 of these SVs were excluded because they were of
poor calling quality or because they were inherited from an
unaffected parent. We then manually inspected the remaining
216 SVs. Segregation analysis in the parents was performed
by qPCR after comparing candidate CNVs with known limb
genes according to the Human Phenotype Ontology, cross-
species phenotype comparison, mouse models, gene expres-
sion data (Cao et al. 2019), limb enhancer elements (Visel
et al. 2009), and the local topological associating domain
(TAD) architecture of the locus (Dixon et al. 2012; Cao et al.
2019). As a result, we identified 30 promising variants (Sup-
plementary Fig. 3).

Variants in four known, limb malformation
associated genes

We identified pathogenic variants in established disease
genes in four individuals (IS, 16, 17, I8, Supplementary
Fig. 4), which we confirmed by Sanger sequencing. These
included a missense variant in FGFRI, already described
in the literature (Muenke et al. 2014), and three previ-
ously undescribed variants in the genes FGFR2, GLI3, and
BHLHADY. In all four cases, we classified the variants as
(likely) pathogenic according to the criteria of the Ameri-
can College of Medical Genetics and Genomics (ACMG),
based on the type of variant and the phenotype of the patient.
All variants were inherited (note that the mother of I8, was
not radiographically phenotyped, which is necessary to
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diagnose mild FGFR2-associated phenotypes (Fl6ttmann
et al. 2015)).

Repeat expansions of HOXD13

In individual 19, featuring brachy-poly-syndactyly, we
detected a repeat expansion by eight alanines on the
HOXD]3 allele inherited from his affected mother, already
described as pathogenic in the literature (Brison et al. 2014),
and a polymorphic repeat expansion by only one alanine on
the paternal HOXD]3 allele (Supplementary Fig. 5). These
findings were confirmed by conventional HOXD13 micro-
satellite analysis.

Structural variants at known disease loci
In individual 110 with bilateral upper and lower limb

ectrodactyly, we identified an inversion of 105 kb
(chr10: 103,321,526-103,426,609) flanked by two

deletions (chr10:103,319,219-103,321,525 and
chr10:103,426,610-103,436,718) at the split-hand foot
malformation locus 3 (SHFM3) on chr10q24 inherited
from his unaffected mother (Fig. 1, Supplementary Fig. 6).
His affected great-uncle also carried the inversion. The
variant overlaps with the most common duplications asso-
ciated with ectrodactyly (de Mollerat et al. 2003; Klopocki
et al. 2012). The minimal overlapping region of pathogenic
SHFM3 duplications includes BTRC, POLL, and DPCD
(Holder-Espinasse et al. 2019). The inversion described
here is copy number neutral, suggesting that positional
effects rather than gene dosage might be responsible for
the phenotype. It includes a topologically associating
domain boundary (Holder-Espinasse et al. 2019) and is
likely to change the enhancer landscape at the SHFM3
locus leading to FGF8 misregulation causing ectrodactyly.

In individual I11, featuring bilateral mirror-image poly-
dactyly of the hands and feet (Fig. 2a), CMA had detected
a 300 kb amplification on chr7q36.1. We initially classified

Fig. 1 Inversion-deletion at H
SHFEM3 locus: a pedigree,

N.T. not tested. b feet of I
grand-uncle (II-3). ¢ hands
and feet of the index patient
(IV-1). d genomic architecture
of SHEM3. e GS data of the 11
family, note the presence of an
inversion (chr10: 103,321,526—

Family 10

TAD Boundary
|

103,426,609) flanked by I
deletions (chr10:103,319,219-
103,321,525 and
chr10:103,426,610—
103,436,718) on cither site v
’ inv_del
10q24.31
BTRC

minimal overlapping region of SHFM3 dups

POLL H DPCD FBXW4 |- FGF8

MA%&@MMMMMW@@M mmmmulmmmmumm

inversion of family 10

Mother (M10)

" Grand-Uncle (GU10)
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Fig.2 a Pedigree and phe-
notype of individual I11. b
Potential neo-TAD at the fusion
site. ¢ Breakpoint and fusion
sites between regions from chr7
and chr9

Family 11

25 20

b0 - T 4 =
4>I£UIHEEHP Fusion

SHH

15

the variant as a variant of unknown significance, because
the individual’s phenotype did not match that of an indi-
vidual with muscular hypertrophy, reported to have a sim-
ilarly sized and positioned duplication (Kroeldrup et al.
2012).

The amplification was identified again using GS. How-
ever, sequencing revealed that it was part of a complex
structural variant containing two overlapping duplications
(dupl and dup2) at chr7q36.1 (Supplementary Fig. 7).
The smaller dup2 shares the central breakpoint with dupl.
The distal breakpoint of dup2 is positioned within dupl in
intron 1 of SHH, at chr7:155,603,964. GS data showed that
the duplicons were not positioned in tandem, but are both
fused to sequences originating from chr9p24.1. The distal
breakpoint of dup2 was fused to intron 5 of GLDC and the
distal breakpoint of dupl to intron 8 of KDM4C (Fig. 2c;
Supplementary Fig. 7). Analysis of the parents by Sanger
sequencing showed that the structural variant occurred de
novo in individual I11.

The mirror-image polydactyly of individual 111 shows
striking phenotypic overlap with Laurin—Sandrow syndrome,
which is caused by duplications of the SHH regulator ZRS,
positioned in intron 5 of LMBR1 on chr7p36.3, resulting in
ectopic expression of SHH in the embryonic limb (Lohan

et al. 2014). Both duplications do not include the ZRS and
duplications of SHH itself have not been described to cause
Laurin—-Sandrow syndrome. However, a duplicated fragment
containing SHH that is inserted into another domain, as
observed in the de novo SV of 111, makes an ectopic expres-
sion of SHH in the embryonic limb very likely. We assume
that the formation of an SHH-KDM4C neo-TAD, resulting
in the misregulation of SHH by KDM4C-enhancers in the
limb mesenchyme (note the known expression of KDM4C in
embryonic vertebrate limb buds) is the most likely explana-
tion for such an ectopic SHH-expression (Fig. 2b).

Therefore, we re-classified the complex SV involving
SHH in individual 111 with bilateral mirror-image polydac-
tyly as causative.

Establishing UBA2 as a novel disease gene

We also identified variants in new candidate genes. Two
unrelated individuals with isolated split hand malformation
featured different heterozygous frameshift variants in the
ubiquitin-like modifier-activating enzyme 2 (UBA2) (Fig. 3a,
b). Individual 112 harboured the de novo variant NM_00
5499.3(UBA2):c.1355_1356delTG;p.(Val452Alafs*6).
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Individual I13 inherited the variant NM_005499.3(UBA
2):¢.34_37delGCTG;p.(Alal2Argfs*34) from his appar-
ently unaffected mother (no radiographs of her hands were
available).

We classified the pathogenicity of these variants
according to the ACMG guidelines. Both are null vari-
ants of UBA2 which has a pLI-score of 1 (PVSI).
¢.1355_1356delTG occurred de novo in an individual with
a negative family history (PS2). The variants are absent
from the 1000 Genomes Project and the Exome Aggrega-
tion Consortium databases (PM2) and were predicted to be

@ Springer

indicate amino acid residues, yellow bars highlight positions tested
by Olsen et al. to cause loss of function when substituted by alanine
(Olsen et al. 2010)

pathogenic by MutationTaster (PP3). UBA2 variants have
recently been described in individuals with ectrodactyly
(Chowdhury et al. 2014; Abe et al. 2018; Yamoto et al.
2019; Aerden et al. 2020). Hence, we regarded UBA2 as a
disease-associated gene and these variants as pathogenic
(1PVS(+1PS) + 1PM + 1PP).

These findings prompted subsequent Sanger sequencing
of UBA2 in 24 unrelated families with ectrodactyly, who
have been tested negative for variants in the established
SHFM loci/genes. In one individual (I114) with unilateral
split-hand malformation (Fig. 3c), we identified the missense
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variant NM_005499.3(UBA2):c.149A > G;p (Asp50Gly).
The daughter of 114 and her son also feature ectrodactyly
(PP4), but were unavailable for testing. Asp50 is part of a
consecutive 15 amino acid sequence (Ile47 to Phe61) shared
amongst all nephrozoan UBA2 orthologues (Fig. 3d). Olsen
et al. showed that variants of residues (Asn56Ala, Leu57Ala,
Arg59Ala) of this element result in loss of UBA2 function,
and found that the very residue mutated in individual 114,
Asp50, forms hydrogen bonds with Asnl177 and Thr178
essential for proper UBA2 folding and thus its function
(PS3) (Olsen et al. 2010). The variant was also absent in
the databases (PM2) and predicted to be pathogenic by
MutationTaster (PP3). Hence, we classified these variants
as likely pathogenic according to the ACMG’s guidelines
(1PS + 1PM + 2PP).

Novel candidate genes

Our analysis also revealed several novel, high-confidence
candidate genes associated with limb defects. In individual
115 featuring severe mirror image foot polydactyly, we found
a de novo frameshift variant in the gene encoding the high
mobility group box 1 protein (HMGB1) (Supplementary
Fig. 8). NM_002128.7(HMGB1):c.551_554del AGAA;p.
(Lys184Argfs*44) leads to the replacement of the protein’s
entire C-terminal 30-residue acidic tail by 41 other unrelated
residues. The tail is normally formed by an Asp/Glu-repeat
element, which is highly conserved among HMGB]I ortho-
logues. This repeat element stabilizes HMGB1’s secondary
structure and is crucial for its DNA-bending capacity (Bel-
grano et al. 2013; Anggayasti et al. 2020). The variant is not
only absent from the databases but also no variant listed in
gnomAD contains an amino acid residue except Glu or Asp
in the acidic tail domain. HM GBI has a pLI score of 1. In
mouse and zebrafish studies, HMGB1 has been shown to
regulate digit number during embryonic limb development
by interacting with WNT, BMP, and SHH (Itou et al. 2011).
We, therefore, consider HMGBI to be a novel candidate
gene for mirror image foot polydactyly.

Individual 116, who featured short stature, absent dis-
tal phalanges of the 5th fingers and toes, and dysplastic
middle phalanges of the toes carried a de novo missense
variant in the gene encoding semaphorin 3D (SEMA3D)
(Supplementary Fig. 9). NM_152754.3(SEMA3D):c.191
8G > A;p.(Asp640Asn) is absent from the 1000 Genomes
Project database and is listed only 4 times in the Genome
Aggregation Database (gnomAD). The Asp640 residue in
the immunoglobulin-like domain of SEMA3D is highly con-
served amongst vertebrates. The variant is predicted to be
pathogenic by MutationTaster. SEMA3D regulates neural
crest cell differentiation and is involved in the organogen-
esis of the heart (Sanchez-Castro et al. 2015), parathyroid
gland (Singh et al. 2019), and, notably, limbs (Govindan

et al. 2016). We, therefore, consider it a candidate gene for
short stature with limb abnormalities.

In individual 117 we identified a paternally inherited
frameshift variant in the aldehyde dehydrogenase 1 fam-
ily member A2 gene (ALDHI1A2) encoding retinaldehyde
dehydrogenase 2 (Supplementary Fig. 10). Both, the
patient and her father feature isolated cutaneous syndac-
tyly of the fingers III-IV and the toes II-III. The variant
NM_003888.4(ALDH1A2):c.35delT;p.(Vall2Glyfs*31) is
absent from the databases and is predicted to be disease-
causing by MutationTaster. ALDH1AZ2 is a direct target of
HOXA13 and plays a key role in vertebrate digit develop-
ment by regulating, in particular, interdigital programmed
cell death (Shou et al. 2013). Rescued ALDH A2 knockout
mice show reduced interdigital cell death and thus impaired
digit separation during limb development resulting in
syndactyly (Zhao et al. 2010). It is, therefore, likely that
ALDH1A2:c.35delT caused the phenotype of syndactyly in
individual I17 and her father.

Identification of noncoding variants

So far, the interpretation of disease-related variation has
been focused on protein-coding DNA and the identification
of variants that directly result in the disruption of specific
gene functions.

Here, we aimed to develop a framework to prioritize a
large number of noncoding variants from GS studies, by
combining mouse genetic and human functional epigenetic
data with in vivo-validated enhancer sequences. We then
defined a limb-specific regulome that we used to filter all
noncoding variants (Materials and Methods). Our poten-
tially disease-relevant limb-specific regulome consists of
5,591,007 sites covering in total 7,294,220 bp, i.e. 0.24% of
the human genome (hg19).

Overall, we identified 19,362 rare noncoding SNVs in
the 69 index patients, of which 143 were located within the
limb regulome (Fig. 4). First, we focused on the de novo
variants and identified 6 calls located in potential regulatory
elements. Two variants were excluded because they were
called in cases with (likely) pathogenic coding or structural
variants.

Individual I18 presenting with bilateral syndactyly of fin-
gers II-V featured the de novo call chr1:41948304AAG > A
in intron 2 of EDN2. The position shows increased acety-
lation of H3K27 in human limb buds. The 2 bp deletion
also removes one element of a 6-AG-repeat whose length is
not conserved in vertebrates. Furthermore, EDN2 encodes
endothelin 2, a potent vasoconstrictor with no evident link
to limb development.

Individual 119 showing upper limb amelia fea-
tured three calls (chr5:157285900CACGTGGG > C,
chr5:157285909CTCGG > C, chr5:157285915CACAAC
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TG > C) referring to the same indel in intron 1 (15 bp
downstream of the first exon—intron boundary) of CLINT1.
However, CLINTI shows only a moderate pLI score (0.54)
and there is no evidence other than increased H3K27ac
marks of its promoter region in human limb buds linking
it to limb development.

We were not able to identify any rare variants in vali-
dated VISTA enhancers that showed enhancer activity in
the limb bud.

Next, we focused on noncoding variants that were
located close to one another in more than one case. In
total, 3425 rare noncoding variants in the unsolved cases
were positioned 300 bp or less apart from a variant in
another unsolved case. 16 of these calls were located
within the limb regulome, but in five of these variants, the
other variant was positioned outside of the limb regulome.

In two cases both variants were positioned within the
limb regulome and within 300 bp: individual 121 and indi-
vidual 122, both showing finger syndactyly, harbored the
overlapping deletions chr22:24552064GGGGGCCGG
GACTGGGGCCGGGACT > G and chr22:24552086ACT
GGGGCCGGGG > A, respectively. The deletions are posi-
tioned in intron 29 of CABINI, in an evolutionarily par-
tially conserved element, that shows increased H3K27ac
marks in human embryonic limb buds. However, both
deletions were inherited from unaffected parents.

@ Springer

Eight of the close variants were double hits (i.e. we
detected rare calls not in just one but two index patients at
four positions of the potential limb regulome). However,
none of these four pairs of index patients showed overlap-
ping phenotypes.

We identified no coding variant of a known limb disease
gene in trans with a conserved, rare noncoding variant of
the same TAD.

In summary, despite extensive efforts, we were not able
to identify any noncoding SNVs that showed convincing
evidence to be causal in congenital limb malformations.

Discussion

In this study, we set out to determine the potential of
GS as a comprehensive diagnostic tool to determine all
kinds of genetic variants associated with congenital limb
malformation.

In our cohort of patients with congenital limb malforma-
tions, GS was able to detect both previously described and
novel causative genetic variants in already established limb
malformation associated genes. In addition, it enabled the
identification of three candidate genes and the independ-
ent verification of the novel disease gene UBA?2 for causing
ectrodactyly (Yamoto et al. 2019). Our approach was able to
detect SNV and structural variants. Finally, GS proved to be
a powerful strategy to identify genomic variants previously
missed by most other approaches, including repeat expan-
sions and complex structural variants. In total, we identified
variants that we consider to be likely pathogenic/disease-
associated in 12 of 69 cases (17.4%). This diagnostic yield
is comparable to the recent landmark study conducted by
the British National Health Service that used GS in cohorts
with other congenital disease entities (Turro et al. 2020). A
clear advantage of GS compared to most other technologies
is the ability to detect copy number neutral variants and to
gain position information on CNVs. In our cohort of only 69,
we were able to detect two complex variants, an inversion
at the FGF8 locus and a translocated triplication including
the SHH gene. Both were missed by standard technologies.
Further research is necessary to clarify their exact patho-
mechanisms. The variants identified in the genes HMGBI,
SEMA3D and ALDHIAZ are all likely to cause loss of func-
tion. The genes were previously associated with vertebrate
limb development in animal studies and the variants either
arose de novo or segregate with the respective phenotype.
However, we could not identify unrelated individuals featur-
ing comparable variants in these candidate genes and similar
phenotypes. Future research is necessary to identify such
to establish the described candidates as disease genes. Our
findings once again highlight the role of GS as an attractive
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one-test-for-all strategy for clinically very heterogeneous
cohorts such as congenital malformation syndromes or intel-
lectual disability (Gilissen et al. 2014; Turro et al. 2020).
The total cost of the various conventional tests currently
used in clinical routine far exceeds that of trio GS.

One of the main challenges of GS data is the medical
interpretation of changes in the noncoding DNA. While most
clinical GS studies tend to ignore noncoding SNVs (Gilissen
et al. 2014) there are recent anecdotal reports of noncoding
variants as the cause of Mendelian disorders (Lettice et al.
2003; Jeong et al. 2008; Albers et al. 2012; Bhatia et al.
2013; Weedon et al. 2014; Bae et al. 2014), although there
is no established systematic approach, yet. Therefore, we
set out to develop a framework to prioritize such noncoding
variants associated with congenital limb malformation. We
used a combinatorial approach of mouse and human epige-
netic data, in vivo validated enhancer sequences, knock-out
mice, and the recent knowledge about 3D genome folding,
and the cis-regulatory architecture of the genome to define
a limb regulome. This limb regulome consists of 0.24% of
the genome and includes all known in vivo-validated limb
enhancer elements. Contrary to our expectation, we could
only identify candidate loci, but no definitely pathogenic
noncoding variants. These findings are in stark contrast to
our recent study where we demonstrated that CNVs affecting
noncoding regulatory elements are a major cause of congeni-
tal limb malformations (Flottmann et al. 2018).

While our results suggest that GS is sensitive to classi-
cal sequence variants, it is noteworthy that the method can-
not detect epigenetic variants. Epimutations (e.g. imprint-
ing defects) are known to cause inheritable human disease.
However, to our knowledge, no epimutation has been linked
to congenital limb malformation yet.

Tools for the analysis of GS data are continuously being
developed further and the precision of algorithms to call
structural variants can certainly be improved. We expect the
diagnostic rate to increase steadily with the accuracy of the
instruments invoked to analyze GS data.
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2.6 Aberrante Phasentrennung und nukleolare Dysfunktion bei
seltenen genetischen Krankheiten

Mensah MA*, Niskanen H*, Magalhaes AP, Basu S, Kircher M, Sczakiel HL, Reiter AMV,
Elsner J, Meinecke P, Biskup S, Chung BHY, Dombrowsky G, Eckmann-Scholz C, Hitz MP,
Hoischen A, Holterhus PM, Hilsemann W, Kahrizi K, Kalscheuer VM, Kan A, Krumbiegel M,
Kurth I, Leubner J, Longardt AC, Moritz JD, Najmabadi H, Skipalova K, Snijders Blok L,
Tzschach A, Wiedersberg E, Zenker M, Garcia-Cabau C, Buschow R, Salvatella X, Kraushar
ML, Mundlos S, Caliebe A, Spielmann M, Horn D, Hnisz D.

Aberrant phase separation and nucleolar dysfunction in rare genetic diseases.

Nature. 2023 Feb;614(7948):564-571. doi: 10.1038/s41586-022-05682-1
*contributed equally

Zwar gehoren genetische Syndrome typischerweise zu den seltenen Erkrankungen, die
Haufigkeiten der einzelnen genetischen Krankheitsentitdten unterscheiden sich jedoch
erheblich. Die Hurden der genetischen Diagnostik sind besonders in der Gruppe der ultra-
seltenen genetischen Syndrome - also solcher Syndrome, von denen nur wenige Dutzend
Fallberichte in der Literatur existieren - hoch. Die phé&notypischen Merkmale dieser
Erkrankungen sind vielen Untersuchern unbekannt und deren molekulargenetische Ursachen
sind haufig unklar. Aufgrund der extremen Seltenheit dieser Erkrankungen ist die Bildung von
Studienkohorten nur eingeschrankt maoglich.

Nachdem wir HMGB1 aufgrund der de novo Frameshift-Mutation
HMGB1(NM_002128.7):c.551_554delAGAA p.(Lys184Argfs*44) bei einem weiblichen Feten
mit komplexer Extremitatenfehlbildung als Kandidatengen identifiziert hatten, wurde bei einem
Kind mit der klinischen Diagnose BPTAS mittels WGS die nahezu identische Mutation
HMGB1(NM_002128.7):c.556_559delGAAG p.(Glul86Argfs*42) detektiert. Lediglich neun
Patienten mit der Diagnose BPTAS waren zu diesem Zeitpunkt in der Literatur beschrieben,
die molekulare Ursache war unbekannt. Durch eine reverse Ph&notypisierung konnten bei
dem oben genannten Fetus und bei einem weiteren Patienten, bei dem ein WES eine
identische de novo Mutation identifiziert hatte, die Diagnose BPTAS vergeben werden. Eine
gezielte Sequenzierung von HMGB1 bei zwei weiteren Patientinnen mit der klinischen
Diagnose BPTAS zeigte erneut denselben Frameshift. Mittels fazialem NGP durch
DeepGestalt konnte dariiber hinaus eine hohe Ubereinstimmung des fazialen Aspekts von

diesen und von in der Literatur beschriebenen BPTAS-Patienten gezeigt werden. So war das
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System zwar nicht fur ein BPTAS trainiert, zeigte aber bei sechs von neun geeigneten
Patientenbildern die Diagnose Blepharophimose-Ptose-und-Epikanthus-inversus-Syndrom,
welche bei Kontrollen (syndromal und unauffallig) nur sehr selten genannt wird. Da die
frameshift-Mutationen bei allen sequenzierten Patienten zu einem Austausch der hoch
konservierten, sauren, C-terminalen Domane von HMGB1 durch eine basische Domé&ne
fuhrten, und bei vier Patienten nachweislich de novo aufgetreten waren (bei einem Patienten
standen die gesunden Eltern nicht zur Testung zur Verfigung), war eine Pathogenitat
anzunehmen.

Allerdings sind Loss-of-Function-Mutationen von HMGB1 (u.a. Deletionen des gesamten
Gens) mit einer syndromalen geistigen Entwicklungsverzdgerung assoziiert, deren skelettale
Merkmale nicht mit einem BPTAS vergleichbar sind. Wir nahmen daher an, dass die BPTAS-
assoziierten Frameshifts mit einem Gain-of-Function-Mechanismus einhergingen.

Bei der C-terminalen, sauren Domane von HMGB1 handelt es sich um eine intrinsisch
ungeordnete Region (intrinsically disordered region, IDR). IDRs spielen eine wichtige Rolle
bei der Bildung von intrazellularen Kompartimenten, die nicht durch eine Lipidmembran
voneinander abgegrenzt sind, sog. biomolekularen Kondensaten. Ein Beispiel fir ein solches
Kompartiment ist der Nukleolus. Wir konnten zeigen, dass die BPTAS-assoziierten HMGB1-
frameshifts zu einer veranderten Phasentrennung im Zellkern fihrten und, dass sich
entsprechend mutiertes HMGB1, dessen Wildtyp-Variante sich Ublicherweise im
Karyoplasma, aber nicht im Nukleolus findet, in die granulare Komponente des Nukleolus
abtrennte.

Eine Analyse von Mutationsdatenbanken und eine funktionelle Aufarbeitung ausgewahlter
Varianten zeigte, dass auch Frameshift-Mutationen anderer Gene zu einem pathogenen IDR-
Austausch fiihrten. Bei dem frameshift-induzierten IDR-Austausch handelt es sich folglich
nicht um einen HMGB1-spezifischen Pathomechanismus, sondern um einen grundsatzlichen
Effekt, der wahrscheinlich die funktionelle Bedeutung zahlreicher pathogener Varianten

erklaren kann.

Die Ergebnisse zeigen, dass ein WGS das Potenzial hat, in Kombination mit einem fazialen
NGP eine reverse Phanotypisierung auch ultra-seltener Syndrome zu ermdglichen, deren
molekulare Ursache aufzuklaren und dabei nicht nur Gen-Syndrom-Assoziationen, sondern

auch Varianten-Syndrom-Assoziationen zu identifizieren.
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Thousands of genetic variants in protein-coding genes have beenlinked to disease.
However, the functional impactof most variants is unknown as they occur within
intrinsically disordered protein regions that have poorly defined functions'>,
Intrinsically disordered regions can mediate phase separation and the formation of
biomolecular condensates, such as the nucleolus*’. This suggests that mutationsin
disordered proteins may alter condensate properties and function®®. Here we show
thatasubsetof disease-associated variants in disordered regions alter phase separation,
cause mispartitioninginto the nucleolus and disrupt nucleolar function. We discover
de novo frameshift variants in HMGBI that cause brachyphalangy, polydactyly and
tibial aplasia syndrome, arare complex malformation syndrome. The frameshifts
replace theintrinsically disordered acidic tail of HMGB1 with an arginine-rich basic
tail. The mutant tail alters HMGB1 phase separation, enhances its partitioninginto

the nucleolus and causes nucleolar dysfunction. We builta catalogue of more than
200,000 variantsin disordered carboxy-terminal tails and identified more than 600
frameshifts that create arginine-rich basic tails in transcription factors and other
proteins. For 12 out of the 13 disease-associated variants tested, the mutation enhanced
partitioning into the nucleolus, and several variants altered rRNA biogenesis. These
dataidentify the cause of a rare complex syndrome and suggest that alarge number
of genetic variants may dysregulate nucleoli and other biomolecular condensates in

humans.

Monogenic and common diseases are frequently associated with muta-
tions in transcriptional regulatory proteins, including DNA-binding
transcription factors. However, the functional impact of the major-
ity of such mutations is unknown, and many complex diseases still
lack a clear underlying genetic component'?*2 We initially set out to
identify the molecular basis of brachyphalangy, polydactyly and tibial
aplasia/hypoplasia syndrome (BPTAS; Online Mendelian Inheritance
inMan database identifier: 609945), an extremely rare complex mal-
formationsyndrome withan as yetunknownmolecular aetiology™ ™.
During the study, five individuals (11-15) were diagnosed with BPTAS.
All five exhibited a distinct skeletal phenotype, including short and
malformed lower limbs characterized by tibia aplasia or hypoplasia,
preaxial polysyndactyly and contractures of large joints (Fig. 1a,b).
In all five individuals, anomalies of the upper limbs were less severe
compared with those of the lower limbs, and included brachydactyly
orbrachyphalangy of fingers withanirregular finger length (Fig.1a,b).

Shortradiusand ulnaand contractures or pterygia of the elbow joints
werepresentin four out of fiveindividuals. All individuals with BPTAS
diagnosed during our study or described in previous reports also pre-
sented with distinct craniofacial, neurological and genitourinary fea-
tures. Phenotypic findings are summarizedin Supplementary Table 1.
Detailed clinical and family histories are provided in Supplementary
Note and Extended DataFig. 1.

De novo HMGBI frameshifts in BPTAS

We performed genome sequencing of [1and detected a potentially path-
ogenic variant: the heterozygous frameshift NM_002128.7(HMGBI):
€.556_559del GAAG;p.(Glul86Argfs*42) in the final exon of HMGBI
(Extended Data. Fig. 2a). HMGBI encodes a highly conserved, low-
specificity DNA binding factor associated with cell signalling®,
cell motility*?, base excision repair>?* and chromatin looping®.

A list of affiliations appears at the end of the paper.
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Fig.1|Denovo frameshifts in HMGBI cause BPTAS. a, Photographsof individuals
diagnosed with BPTAS. Top row, hands of I1,12 and I5. Notebrachydactyly,
irregular finger length and hypop lasia of the nails. Bottom row, lower extremities
ofl1,12and 15, presenting with malformed legs, joint contractures, preaxial
polysyndactyly and hypoplasia of the nails. b, Radiogramsof 1,12, 14 and 5.
Top farleft, limb radiograms (at newborn age) of I1showing brachydactyly and
brachyphalangy, tibial aplasia, hypoplastic fibulae and preaxial polysyndactyly.
Top middle left, babygram of12. Note tibial aplasia, hypoplasticand absent
fibulae, hypoplastic pelvic bones and hypoplastic right femur. Top middle
right, lower extremities of 14 (at 6 months) showingasymmetric shortness of
tibiae and fibulae. Topfar right, fetogram of I5 showing tibial aplasia, hypoplastic
and absent fibulae, hypoplastic pelvic bones and contractures of joints.
Bottomrow, hand radiograms of I1, 12 (both at newborn age), 14 (at 6 months)

Sanger sequencing of 11 and his parents confirmed the presence of
the frameshift variant and revealed de novo occurrence (Fig.1c-e and
Extended Data Fig. 2b). Sanger sequencing of HMGBI in12 and 13, and
trio exome sequencing of 14 identified a similar de novo heterozygous
frameshift:NM_002128.7(HMGBI):c.551 554del AGAA;p.(Lys184Argfs*44),
avariant also detected in a previously described female fetus® (15)
(Fig. 1c-e and Extended Data Fig. 2¢,d). Sequencing of cDNA from a
lymphoblastoid cell line derived from peripheral blood cells from 13 con-
firmed the presence of both wild-type and mutant HMGBI transcripts
(Extended Data Fig. 2e). The two frameshift mutations result in almost
identical, positively charged sequences (Fig.1d f).

Altered HMGB1 phase separationin vitro

Toinvestigate the potential pathogenic role of the frameshift variant
in HMGB], we first explored structural and sequence features of the
wild-type and mutant proteins. HMGBLlisa low-specificity DNA-binding
protein that contains two HMG boxes that are responsible for DNA
binding? and a C-terminal acidic tail (Fig. 2a,b). The acidic tail is
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and of 15 (at 21weeks of gestation). Note the shortmiddlephalanges and short
proximal phalanges of the thumbs. ¢, Pathogenic frameshiftvariantsin the
acidic tailofHMGBLin the individuals with BPTAS reportedinthis articleare
highlightedinred. Previouslyreported variantsassociated withdevelopmental
delay areinblack. Note the genotype-phenotype correlation: C-terminal
frameshifts resultin BPTAS, whereas othervariantslead toaneurodevelopmental
phenotype.d, Amino acid sequence of the C terminusof HMGBL inindividuals
withBPTASandinselected vertebrates. Acidicresiduesglutamate and
aspartate areshadedinred, basic residuesarginineand lysine are shadedin
blue.Note the replacement of the conserved acidictail inindividuals with
BPTAS. e, Family pedigrees. Individualswith BPTAS are highlighted with black
boxes, and the genotypes are below the boxes. f, Chargeplots of WT and
mutantHMGBL. 1, individual; L, left; NT, not tested; R, right; WT, wild type.

predicted to beintrinsically disordered and resides within an approxi-
mately 60-amino-acidlong conservedintrinsically disordered region
(IDR), as revealed by AlphaFold2 and PONDR analyses (Fig. 2a,b and
Extended DataFig. 3a). Bothalgorithms predicted aslight propensity
of the C-terminal portion of the IDR toassume a helical conformation
inthe frameshiftmutant HMGBL (Fig. 2a,b and Extended Data Fig. 3b).
This prediction was confirmed by circular dichroism experiments on
synthetic peptides that corresponded tothe C-terminal 80-90 amino
acid region (Extended Data Fig. 3c-e). IDRs of numerous proteins,
including transcriptionfactors, co-activators (for example, Mediator)
and RNA polymerase Il (RNAPII), contribute to phase separation by
mediating multivalent low-affinity interactions®** . Therefore, we
hypothesized thatthe potentially BPTAS-causing frameshift may alter
the phase-separation capacity of HMGBL.

To testthe phase-separation capacity of HMGBL, we purified recombi-
nantHMGBI proteins tagged with enhanced green fluorescent protein
(eGFP) and examined their behaviour in vitro. Wild-type full-length
HMGBI1formed dropletsinthe presence of a crowding agent (10% poly-
ethylene glycol (PEG)), and the number andsize of droplets scaled with
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Fig. 2| ABPTAS-causingframeshift altersHMGB1 phase separation invitro.
a, Graph plotting the intrinsic disorder of HMGB1. Red arrowhead shows the
position of the BPTAS frameshift. The position of the IDRishighlighted with an
orange barand the position of HMGboxes with blue bars. b, Structures of WT
and mutant HMGB1 predicted with AlphaFold2. Colours ranging fromblue to
orangedepictthe per-residue measure oflocal confidence (pLDDT) for the model.
¢, Representative images fromdropletformation assays ofeGFP-HMGB1
variants at the indicated concentrations. The experimentwas repeated three
times, with similar results obtained. d, Quantification of the relative amount
ofcondensed protein at the indicatedconcentrations. Data displayedas the
mean +s.d. e, Relative fluorescence intensity of the bleached area from

the concentration of the protein (Fig. 2c,d and Extended Data Fig.4a-c).
The droplets were spherical, settled on the surface and occasionally
underwentfusion (Supplementary Video 1), which arehallmarks of phase
separation’. By contrast, the frameshift mutant HMGB1 formed amor-
phous condensates that appeared at a lower saturation concentration
(Fig.2c,d) and, after photobleaching, recovered fluorescenceslower than
wild-type HMGB1droplets (Fig. 2e).Similar resultswere observed using
synthetic peptides that corresponded to the C-terminal 80-90 amino
acidregion of wild-type and frameshiftmutant HMGB1 (Extended Data
Fig.4d-g). These results indicate that the frameshiftin HMGBlenhances
condensate formation and alters condensate propertiesin vitro.
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eGFP-HMGBI condensatesbefore and after photobleaching. Data displayed as
the mean +s.d. f, Scheme of co-droplet assays. g, Representative imagesof
eGFP-HMGBI1 proteins mixed with preassembled mCherry-labelled MED1-IDR,
HPla or NPM1droplets.h,i, QuantificationofeGFP (h) and 5’ FAM (i) fluorescence
intensity inmCherry-labelled MEDI-IDR, HP1la. and NPM1dropletsmixed with
full-length mEGFP-HMGBI1 proteins (h) or 5 FAM-HMGBI-IDR peptides (i).
Fold change valuesbetween the meanintensities of WT and mutants (Mut.) are
indicated above the plot. Medianis shown as aline within the boxplot, which
spans fromthe 25th to 75th percentiles. Whiskers depict al.5x interquartile
range. Pvalues are from two-tailed Welch’s t-test. **P<1x10 2,***P <1x10?,
#**p<1x10 *.Scalebars,5pm(c)and10 pm(g).

Mammalian nuclei contain numerous biomolecular condensates,
forexample, the nucleolus, heterochromatin, co-activatorand RNAPII
condensates*>. IDRs play important roles in the partitioning of pro-
teinsinto nuclear condensates*”. We therefore tested whether the
frameshift mutation alters the partitioning of HMGB1 into nuclear
condensates. Using purified marker proteins, we assembled the fol-
lowing model condensates: recombinant mCherry-tagged MED1
IDR droplets as an in vitro model for Mediator co-activator conden-
sates?'¥; mCherry-tagged HP1a droplets as an in vitro model for
heterochromatin®; and mCherry-tagged NPM1 dropletsasaninvitro
model for the granular component of the nucleolus®. Wild-type and
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ofeGFP-HMGBI1 before and after photobleaching. Data displayed as the

mean +5s.d. e, Schematic and sequence representation of HMGBI variants.
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mutant HMGB1 proteins were then added to the droplets (Fig. 2f).
Wild-type eGFP-tagged HMGBI1 partitioned into all three model con-
densates, with the highest partitioning observedin MED1-IDR droplets
(Fig. 2g,h). Themutant HMGBI protein displayed enhanced partition-
inginto NPM1droplets (threefold compared withwild type, P <1x 1075,
Welch's t-test) and to some extentin HP1a droplets (Fig. 2g,h). Mutant
HMGBI1also tended to formdense foci withinthe MED1-IDR, HP1a and
NPM1dropletsover time that appeared sequestered to the surface of
the droplets (Fig. 2g). Enhanced partitioning into NPM1 condensates
and foci formation were also observed using a 5’-carboxyfluorescein
(5’ FAM)-labelled synthetic HMGB1 IDR mutant peptide, tested at

theindicated eGFP-HMGBlvariants. g, Relative fluorescence intensity of
eGFP-HMGBLlvariants before and after photobleaching. Data are displayed as a
line for the mean signal, with the shaded regionrepresenting +s.d., n=number
ofcells examined. h, Representative images from puromycin-staining
experiments with U20S cells ectopically expressing eGFP-HMGB1 proteins.
The puromycin signal was used to trace the cell areato highlight GFP' cells with
adashedline.i,Normalized puromycinintensities displayed asthe mean +s.d.
from three independent biological replicate experiments. ***P<0.0002,

**++p < (0.0001 by one-way ANOVA.j, Quantification of the viability of cells
expressing theindicated HMGB1 proteins. Data displayed as individual points
fromindependentbiological replicates (n=4).Barchartsshowmean +s.d.
***P=0.0005, *P=0.0177 by one-way ANOVA.Scalebars,10 pm (a,c,f) or

20 pm (h).

multiple concentrations (Fig. 2i and Extended Data Fig. 4h-j). These
results reveal that mutant HMGBI1 exhibits enhanced partitioninginto
NPM1 condensates in vitro.

Nucleolar HMGBI1 mispartitioningin vivo

We next sought to investigate the condensate behaviour of mutant
HMGBL in human cells. As primary culturable cells fromindividuals
with BPTAS were not available, we ectopically expressed eGF P-tagged
HMGBLin U20S cells. Wild-type HMGB1 displayed diffusenuclear locali-
zationin live cells (Fig.3a and Extended Data Fig. 5a,b). By contrast,
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mutant HMGBL1 localized to discrete nuclear inclusions (Fig. 3a,
Extended DataFig. 5a,b and Supplementary Video 2). Ectopic expres-
sion of the mutant HMGB1IDR also led to the formation of nuclear
inclusions in live U20S cells (Fig. 3aand Extended Data Fig.5a-c), which
indicated that the replaced IDR of the mutant HMGBLIis responsible for
its altered subnuclearlocalization. Nuclear inclusions were observed
in several other human cell types expressing mutant HMGB1 (Extended
Data Fig. 5d).

Mutant HMGB1nuclear inclusionsfrequently contained cavities and
resembled nucleoli. Nucleoliare phase-separated multiphasic conden-
sates that containan outer granular component enriched in NPM1and
aninner dense fibrillar component enriched in FIB1(ref.*) (Fig.3b). To
gaininitial insights into the nature of the mutant HMGBI nuclear inclu-
sions, we expressed FIB1 tagged with red fluorescent protein (RFP-FIB1)
andeGFP-HMGBLinlive U20S cells. The cavities in the mutant HMGB1
inclusions tended toencapsulate FIB1(Fig. 3¢). Fluorescence recovery
after photobleaching (FRAP) experiments revealed that the HMGB1
shell displayed arrested dynamics around the FIB1 cores (Fig. 3d and
Extended DataFig. Se). These results suggest that the mutant HMGB1
inclusions may be abnormal, arrested nucleoli.

To further probethe identity of mutant HMGB1 nuclear inclusions,
we performed immunofluorescence against various nuclear proteins
known to form condensates. The immunofluorescence analyses
revealedthatmutant HMGBL inclusions were distinct fromRNAPIland
MED1 puncta, nuclear speckles and heterochromatin (Extended Data
Fig. 5f-h). However, they overlapped with NPM1and FIB1 (Extended
Data Fig. 5h). The NPM1signal within the HMGB1inclusionsinversely
correlated withthe HMGB1signal (Pearson’s r =—0.70) (Extended Data
Fig. 5i). Moreover, theamount of diffuse NPM1outside nucleoli corre-
lated with theamount of HMGBLin the inclusions (Pearson’s r = 0.50)
(Extended DataFig. 5j). These results indicate that the mutant HMGB1
inclusions replace the NPM1-enriched granular component of nucleoli.

Targeted mutagenesis experiments revealed that arginine resi-
dues in the mutant HMGBL1 tail drive nucleolar mispartitioning, and
ahydrophobic patch drives nucleolar arrest. Various mutant HMGB1
sequences were expressed in live U20S cells. A HMGBI protein lack-
ing theentire IDR (Del IDR) or the sequence after the frameshift posi-
tion (Del FS) was not enriched in the nucleolus (Fig. 3e,f). Deletion of
arginine residues (Rdel), substitution of arginine residues with ala-
nine residues (R>A), substitution of arginine and lysine residues with
alanine residues (R&K>A), and substitution of arginine residues with
lysineresidues (R>K) withinthe sequence created by the frameshift led
tofailure of themutant proteinto partitioninto the nucleolus (Fig. 3e,f).
Furthermore, deletion of the short hydrophobic patchat the C termi-
nus of the frameshifted sequence (Patchless) did not alter nucleolar
mispartitioning (Fig. 3e,f and Extended DataFig. 5k), butit did rescue
thearrested dynamics of the mutant HMGBl1 nucleoli assessed by FRAP
(Fig. 3e,g). These results demonstrate that nucleolar mispartitioning
of the frameshift mutant HMGB1depends onarginine residues within
thesequence created by the frameshiftand thatthe hydrophobicpatch
contributestonucleolararrest.

Mutant HMGB1 and nucleolar dysfunction

Totestwhether the nucleolar mispartitioning of HMGB1affects nucleo-
lar function, weinvestigatedribosomal RNA (rRNA) productionusing
quantitative PCR with reverse transcription (RT-qPCR)*. The level
of 28S rRNA in U20S cells expressing the frameshift mutant HMGB1
was significantly reduced by about 1.5-fold (P < 0.05, Student’s t-test)
(Extended Data Fig. 6a). Ribosomal dysfunction was subsequently
probed using an assay of nascent translation that measures puro-
mycin incorporation®. U20S cells expressing mutant e GFP-HMGB1
consistently displayed lower levels of puromycin intensity than
non-transfected (that is, GFP") cellsand cells transfected with wild-type
eGFP-HMGBI (Fig.3h,i and Extended Data Fig. 6b,c). Furthermore,
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U20S cells expressing the mutant HMGBI1 exhibited substantially
reduced viability after several days of culture compared with cells
expressing wild-type HMGB1(P < 5 x 107, one-way analysis of variance
(ANOVA)) (Fig. 3j and Extended Data Fig. 6d). The reduced viability
was associated with nucleolar arrest, as transfection of cells with the
Patchless mutant did not compromise viability (Fig. 3j and Extended
DataFig. 6d). The findings of nucleolar mispartitioning, nucleolar
arrestand viability were corroborated using cell lines expressing sta-
bly integrated eGFP-HMGBI transgenes from a PiggyBac transposon
(Extended Data Fig. 6e-j). These results indicate that the presence
of the HMGBL1 frameshift mutantin cells disrupts nucleolar function
and s cytotoxic.

ACMG classification of HMGB1 variants

Theclinical andgenetic information of the five individuals with BPTAS
and the functional data were used to classify the HMGBI frameshift
variants as pathogenic. This classification was made in accordance with
the criteria of the American College of Medical Genetics and Genomics
(ACMG)*®. Both frameshifts observedinindividualswith BPTAS resultin
thereplacementofthe highly conserved acidic tail of the protein (ACMG
criterion PM1), and were classified as pathogenic by MutationTaster
(ACMG criterion PP3). Notably, of the 43 nonsynonymous variants in
the HMGB1 tail (1,123 alleles) listed in the gnomAD database (v.2.1.1),
only 4 variants (5 alleles) introduce amino acids other than aspartate
and glutamate (ACMG criterion PM2) (Extended Data Fig. 2f,g). All
previously described pathogenic HMGBI variants are associated with
neurodevelopmental phenotypes without severe skeletal anomalies,
whichare therefore distinct from BPTAS (Fig. 1c and Supplementary
Table 2), including a chromosomal microdeletion encompassing the
HMGBI locus in anindividual (16) diagnosed in our study (Extended
DataFig. 2h-j, Supplementary Note and Supplementary Table 2). The
functional data presented in this study suggest a deleterious effect
(ACMG criterion PS3). In summary, the identification of almost the
same (ACMG criterion PS4) HMGBI frameshift variantsin five (shown
to be de novoin four; ACMG criteria PS2 and PM6) unrelated individu-
als with the same ultrarare diagnosis of BPTAS (ACMG criterion PP4)
argues for the classification of these variants as pathogenic (ACMG
evidence level: 3S+2M+2P; Supplementary Note).

Catalogue of variants in C-terminal IDRs

We then sought to investigate whether replacement of a disordered
C-terminal tail with an arginine-rich basic tail and the consequent nucle-
olar mispartitioning and dysfunction could occurinother diseases. To
thisend, we generated a catalogue of genetic variants in intrinsically
disordered tailsof cellular proteins. First, we annotated 9,303 isoforms
of 5,618 genes thathave a C-terminal IDR consistingofat least 20 amino
acids (Supplementary Table 3). We then identified genetic variants
that occur in the disordered tails of the 5,618 genes annotated in the
1000 Genomes Project, ClinVar, COSMIC and dbSNP databases. These
analysesrevealed 249,464 genetic variantsin C-terminal IDRs, includ-
ing 10,023 truncating variants and 3,888 frameshifts that replace the
C-terminal sequence with 220 amino acids (Fig. 4a, Extended Data
Fig.7a-cand Supplementary Tables 4 and 5). Of the 3,888 frameshifts,
426 wereannotated as pathogenic in ClinVar, 763 were common variants
curated in the1000 Genomes Project and 189 in the dbSNP databases
(Fig. 4b, Extended Data Fig. 7b,c and Supplementary Table 5). The
frameshifts were associated with higher-than-average pathogenicity
(Fig. 4a),and frameshifts were enriched for pathogenicvariants (Fig.4b
and Extended DataFig. 7c). Genes encoding transcription factors were
highly enrichedamongthose that contained C-terminal IDR mutations
(Extended DataFig. 7d). Among the 3,888 frameshiftvariants, 624 were
predicted to result in asequence consisting of at least 15% arginine
residues,of which101were classified as pathogenicin ClinVar (Fig.4b,c
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and Supplementary Fig. 2a-g). Overall, 29 out of 66 genes containing
arginine-rich frameshift variants had a probability of loss-of-function
intolerance (pLI) score of <0.05, which s consistent with a potential
gain-of-function effect of the variants (Extended Data Fig. 7e). The
variantswere associated with various pathogenicconditions,including
neurodevelopmental diseasesand cancer predisposition (Extended
DataFig. 7f-h).Moreover, 98 of the frameshifts also created asequence
resembling the short hydrophobic patch encoded by the HMGB1
frameshift (Fig. 4b), and 128 of the frameshifts occurred in genes that
contained atleast one hydrophobic patchintheir IDR (Fig.4b). Overall,
the catalogue revealed >200,000 variantsin C-terminal IDRs, including
624 frameshifts that replace a C-terminal tail with an arginine-rich basic
tail, of which 101 frameshifts were classified as pathogenic.

Genes containing pathogenic frameshift variants that create an
arginine-rich basic tail wereexpressedin U20S cells. As suchframeshifts
are highly enriched in genes that encode transcription factors, we
selected nine transcription factors (HMGB3, FOXCL, FOXF1, MYOD1,
RAX, RUNX1, SOX2, PHOX2B and FOXL2) and four additional pro-
teins (MENL, SQSTMI, CALR and DVLI) for functional testing (Fig. 4d,
Extended Data Figs. 8 and 9a-d and Supplementary Fig. 3a-d). The
frameshift mutants of 12 out of the 13 proteins formed nuclear inclu-
sions that overlapped the FIB1-RFP-labelled dense fibrillar component
of thenucleolusin live cells (Fig. 4d and Extended DataFig. 9e-i). The
extent of mispartitioning into the nucleolus strongly correlated with
the length of the IDRsequence replaced by the frameshift and the frac-
tion of arginine residues in the sequence created by the frameshifts
(Fig. 4e and Supplementary Fig. 4a,b). For six variant proteins,
cavities enrichedin FIB1-RFP were apparent (Fig.4d and Extended Data
Fig.10a). FRAP experiments showed that condensate properties for 7
out of the 13 variants were affected (Extended Data Figs. 9g and 10b).
Six of the mutant proteins that showed significant nucleolar enrich-
mentwere furtheranalysed. For four out of six, changes in thelevel of
rRNA species in cells expressing the frameshift mutants were detect-
able (Fig. 4f and Extended DataFig.10c,d). These results indicate that
disease-associated frameshifts that generate an arginine-rich basic tail
in C-terminal IDRs can cause nucleolar mispartitioningand dysfunction.

Discussion

We propose that disease-associated and common variants in disor-
dered regions may alter phase separationand partitioning of proteins
into biomolecular condensates. In particular, the results presented
here indicate that frameshift variants that substantially increase the
arginine content of various proteins lead to mispartitioning into the
nucleolus and disruption of nucleolar function. Our data identified
the replacementof the disordered tail with an arginine-rich basic tail
in HMGB1 as the pathomechanism underlying BPTAS, a rare complex
malformation syndrome®. The HMGB1 variant appears to encode a
sequence that combines high arginine content, reminiscent of the
phase-separation grammar of native nucleolar proteins*’, and a hydro-
phobic patch that predominantly contributes to nucleolararrestand
dysfunction (Fig. 3e-j). The frameshift therefore interferes with the
‘moleculargrammar’ of phase separation encoded in HMGBI, and the
resulting mutant protein disrupts condensate features and function of
the nucleolus where it accumulates. The extent to which the minimal
propensity of the HMGB1 mutant sequence to form a helix contributes
to these effects remains to be tested.

We provided evidence thatarginine-rich frameshifts occur in hun-
dreds of proteins, which implies that there is a common mechanism
for hundreds of disease-associated and common genetic variants
with previously unknown functions. The organismal effects of such
frameshifts are probably influenced by tissue-specific expressionand
haplosufficiency (or haploinsufficiency) of the genes in which they
occur. For example, BPTAS is associated with a frameshiftin HMGBI
that is broadly expressed and haploinsufficient (pLIscore of 0.83),
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which is consistent with phenotypic features presenting in multiple
organ systems and partially overlapping with those seen when the
locus is deleted (Supplementary Note). Of note, mispartitioning
into the nucleolus and nucleolar dysfunction have been reported for
poly-(proline:arginine)-dipeptides produced by repeat-expanded
variants of C9orf72linked toamyotrophic lateral sclerosis****2, Aber-
rant phase separationand nucleolar dysfunctionmay therefore occur
inawide range of genetic conditions as ashared underlying molecular
pathomechanism.

Finally, the IDR variant catalogue provides aresource for exploring
further models of how disease-associated variants may alter biomo-
lecular condensates. Forexample, the >10,000 variants that truncate
a C-terminal IDR may inhibit biogenesis of condensates, and several
such variants have been associated with condensate dissolutionin
cultured cells**. Disease-associated alanine repeat expansionsin a
few transcription factors have been shown to alter the composition
of their condensates®, and our catalogue contains >200 frameshift
sequences consisting of at least 25% alanineresidues. Insummary, we
propose thatdisruption of phase separation may frequently occur in
genetic diseases. Further investigation of the underlying molecular
basis may lead to future strategies thatalter phase separation with
therapeutic intent.
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Methods

DNA sequencing, array comparative genomichybridizationand

qPCR

Genome sequencing and exome sequencing were performed using
lllumina technology witha paired-end sequencing approach®.Genome
sequencing datawerefiltered using VarFish. Information onexcluded
variants and filtering strategy are displayed in Extended Data Fig. 2a.
Sanger sequencing and real-time qPCR were performed ona3730 DNA
analyzer (Thermo Fisher Scientific). Sanger sequencing of HMGBI from
gDNA fromindividuals included in this study was performed using
primerslisted inSupplementary Table 6. For cDONA Sanger sequencing
and RT-gPCR of 13, RNA was extracted from a patientand a control
lymphoblastoid cell line using a Direct-zol RNA Miniprep kit (Zymo
Research Europe). RNA was measured on a Nanodrop instrument
(Thermo Fisher Scientific), and 1 ug of RNA was transcribed to cDNA
using a RevertAid H Minus First Strand cDNA Synthesis kit (Thermo
Fisher Scientific). Raw data of RT-qPCRs were analysed usingthe 27*"
methodnormalized to GAPDH. For cDNA Sanger sequencing, the prim-
ersused for amplification and sequencing are listed in Supplementary
Table 6. For RT-gPCRof cDNA fromindividualsincluded inthis study,
HMGB1 and GAPDH primers are listed in Supplementary Table 6. Chro-
mosomal microarray analysis was performed using a 4 x 180 k oligo-
nucleotideslide from Agilent on a DNA microarray scanner (Agilent).
Chromosomal microarrayanalysis results were confirmed by RT-qPCR.
All procedures were performed using the manufacturers’ protocols.
All variants were annotated according to genome build hgl9 and the
HMGBI transcript NM_002128.7.

Patientconsent

Parental consent was obtained for all clinical and molecular studies of
this article and for the publication of the relevant causative variants
and of clinical photographs. Patient consent did not cover therelease
of personal sequence information other than the causative pathogenic
variants. Therefore, whole-genome sequencing and exome sequencing
datacannotbemade publicly available. All studies and investigations
were performed according to the declaration of Helsinki principles
of medical research involving human participants, and the study was
approvedby the ethics committee of the Charité-Universititsmedizin
Berlin (EA2/087/15).

Patientrecruitment and clinical protocol

Individuals were recruited during routine patient care at five depart-
ments of genetics (Berlin, Kiel, Nuremberg, Schwerin, Hong Kong).
Fetuses from spontaneous abortions were not systematically screened
for BPTAS. No statisticalmethods were used to predetermine sample
sizes. Investigators were not blinded and no randomizationwas used.

Computer-aidedfacial phenotyping

Facial frontal images were analysed using the Face2Gene suite
(v.20.1.4, https://www.face2gene.com). Face2Gene Clinic was used
for computer-aided facial phenotyping**. We created a composite mask
using Face2Gene Research. If severalimages of the same patient were
available, theimage depicting theindividual at the oldest age was used
for facial analysis by Face2Gene Clinic. Sevenimagesofunrelated indi-
viduals diagnosed with BPTAS were taken from the literature (of those
reported inref. ®, only the father was included) **. Inaddition, 11 and 12
ofthe current study were included in the analysis. Each selected BPTAS
image was used twice for Face2Gene Research analysis to reach more
thanthetenimages necessary for composite mask creation (Extended
Data Fig. 1s).

AlphaFold predictions for proteinstructures
AlphaFold predictions were computed using an in-house imple-
mentation of AlphaFold* using v.2.0.0 from 16 July 2021. The preset

parameter was set to --preset=caspl4 to use allgenetic databases and
eightensembles, matching the CASP14 prediction pipeline. Templates
wererestricted to those available before the CASP14 predictions using
the parameter --max_template_date=2020-05-14.Models wererendered
using UCSF ChimeraX (v.1.5)***, colouring the structure with the pLDDT
score. Multiple sequence analysis depth plots and per-model pLDDT
sequence plotsweremadeusing customscriptsbased on ColabFoldnote-
book AlphaFold2 with MMseqs2 (ref. **). Predictions of Mus musculus,
Rattusnorvegicusand Danio rerio HMGB1(A) protein structures, shown
in Extended Data Fig. 4a, are from the AlphaFold Protein Structure
Database®.

Generation of DNA constructs for protein purificationand
expressioninhuman cells

To generate plasmids for recombinant protein expression, HMGB1
cDNA sequences containing the wild-type or NM_002128.7(HMGBI):
¢.551 554delAGAA;p.(Lys184Argfs*44) variant were ordered from Twist
Bioscience. Full-length cDNAs and the regions encodingIDR sequences
wereclonedintoamonomericeGFP (meGFP)-pET45backbonebyGibson
assembly using NEBuilder HiFi DNA Assembly MasterMix (NEB);
primers are listed in Supplementary Table 6. For the generation of
pET45-mCherry-NPM1 and pET45-mCherry-HPla, NPMI and HPIA
open-reading frames were amplified frommouse cDNA using primers
flanked with Gibson overhangs (sequences listed in Supplementary
Table 6). The resulting amplicons were gel purified and cloned into
pET45-mCherry (Addgene, 145279) linearized with Ascl and Hindlll
restriction enzymes. For the generation of pET28-mCherry-MED1-IDR,
mCherry was subcloned into the pET28-meGFP-MED1-IDR vector as
previously described®* using Ncol and BsrGl restriction sites.

To express monomeric e GFP-HMGBI1 variants in mammalian cells,
eGFP-HMGBI1 sequences were subcloned from pET45-meGFP vec-
torsinto a pRKS-meGFP vector digested with Agel and Xbal (Addgene,
18696); primers used are listed below. To express wild-type and
frameshift variants of FOXC1, FOXF1, HMGB3, MYOD1, RAX, RUNX1,
PHOX2B, CALR, SOX2, SQSTM1, FOXL2, MEN1 and DVL1, the follow-
ing cDNA sequences were ordered from Twist Bioscience: NM_00145
3.3(FOXCI):c.599_617del;p.(GIn200Argfs*109), variantrs1057519478;
NM_001451.3(FOXFI):c.691_698del;p.(Ala231Argfs*61), variant
692054; NM_005342.4(HMGB3):c.480_481dup;p.(Lys161llefs*S5),
variant rs431825172; NM_002478.5(MYODI1):c.557dup;p.(Arg-
188Profs*90), variant rs1179926739; NM_013435.3(RAX):c.664del;
p(Ser222Argfs*63), variant rs1603388837; NM_001754.5(RUNX1):
¢.1088_1094del;p.(Gly363Alafs*229), variant 1013621; NM_004343 .4
(CALR):c.1157_1158dup;p.(Asp387Argfs*44), variant COSV104394382;
NM_003924.4(PHOX2B):c.618del;p.(Ser207Alafs*102), variant 658418;
NM_023067.4(FOXL2):c.982del;p.(Ala328Profs*28), variant 369937;
NM_003106.4(S0X2):c.828del;p(Met276llefs*95) variant 986766;
NM_003900.5(SQSTMI):c.810del;p.(Val271Serfs*41) variant 967349;
NM_001370259.2(MENI):c.1382_1389dup;p.(Ala464Argfs*98) variant
428075; NM_004421.2(DVL1):c.1505_1517del;p.(His502Profs*143). For
genotype-phenotype correlations see Supplementary Note.

cDNAs were amplified with primerslistedin Supplementary Table 6
andcloned into a pRKS-meGFP-HMGB1vector using Gibsonassembly
after removing the HMGBI sequence with BsrGl and Xbal restriction
enzymes. Totest the contribution of arginine and lysine residuesof the
mutant HMGBI sequence, cDNA sequences were ordered from Twist
Bioscience, in whichall arginine and lysine residues after Lys185were
replaced withalanine (R&K>A variant), all arginine residues after Lys185
weredeleted (Rdel variant) or replaced withalanine or lysine (R>Aand
R>K, respectively, variants). cDNAs were amplified using the primers
listed belowand clonedinto a pRKS-meGFP-HMGBI1 vector asdescribed
above. Tocreate truncated versionsof HMGBL, inwhich the IDR (amino
acidsafter Asn134), orthe sequence after the frameshift position (del FS)
or the hydrophobic patch of the mutant sequence (amino acids after
Lys209) is deleted, cDNA was amplified from pRK5-meGFP-HMGB1

83



using the primers listed in Supplementary Table 6 and cloned back toa
vector digested with BsrGland Xbal as described above. All constructs
were sequence-verified.Plasmids are available from Addgene (https://
www.addgene.org/Denes_Hnisz/).

Protein purification and peptide synthesis
Protein expression of mCherry constructs was performedas previously
described®*, but with modifications to mCherry-MED1-IDR expres-
sion, which was performed inthe presence of400 pg mi™ kanamycin.
Protein expression of meGFP-HMGBI constructs was performed in
Rosetta (DE3)pLysScells (Sigma-Aldrich)in the presence of 25 ug ml™
chloramphenicol and 100 pg mi™ ampicillin. Allbacterial pellets were
storedat -80 °C. Pellets were resuspended in 20 ml of ice-cold buffer A
(50 mM Tris pH 7.5, 500 mM NaCl, 20 mM imidazole and complete
protease inhibitors(Sigma-Aldrich, 11697498001)), and cells were lysed
usingaQsonicaQ700 sonicator. Lysate was cleared by centrifugation
at15,500g for30 min at4 °C, and proteins were purified using an Akta
avant 25 chromatography system and a complete His-Tag purifica-
tion column (Merck, 6781543001). Columns were pre-equilibrated in
buffer A, loaded with cleared lysate and washed with 15 column volumes
of buffer A. Fusion proteins were eluted in 10 column volumes of elu-
tionbuffer (5O mM Tris pH7.5,500 mM NaCland 250 mM imidazole).
Protein preparations were diluted in storage buffer (50 mM Tris pH 7.5,
125mMNaCl,1mMDTT and 10% glycerol) and concentrated using 3000
MWCO Amicon Ultra centrifugal filters (Merck, UFC803024) and stored
at-80 °C. After His-Tag column purification, meGFP-HMGB1protein
preparations were further purified using Superdex 200 10/300 GL
columns (GE28-9909-44) and concentrated and stored as noted above.
Elution profiles are shown in Extended Data Fig. 4a. We note that the
mutant protein elutes at lower elution volumes, which indicates that
itmay formsoluble oligomers and that the potential to form soluble
oligomers may be associated with the slight propensity of the mutant
IDRto forma helix (Extended Data Fig.3c,d). Immunoreactivity of puri-
fied meGFP-HMGB1 proteins were evaluated by western blotting. Equal
amounts of protein were diluted in NuPAGELDSbuffer (ThermoFisher
Scientific, NPO007) with NuPAGE sample-reducingagent and heated
at 70 °C for 10 min. Samples were run using NuPAGE 4-12% Bis-Tris
proteingels (Invitrogen, NP0321PK2) and transferred to a nitrocel-
lulose membrane with an iBlot2 device. The membrane was blocked
with 5% non-fatmilk TBST for 1 h and incubated 1 h with anti-HMGB1
(Sigma-Aldrich, H9664) or anti-eGFP (Invitrogen, A-11122) antibodies
diluted 1:1,000 in 5% non-fat milk TBST. Membranes were washed five
times with TBST, incubated with HRP-conjugated donkey anti-rabbit
antibody (1:2,000, Jackson Immuno Research, 711-035-152) for 1h,
washed five timesin TBST and visualized using SuperSignal West Dura
Extended Duration substrate (Thermo Scientific, 34075). The identity
of the fusion protein products was confirmed by mass spectrometry.
Synthetic peptides withamino-terminal 5’ FAM-labelling for in vitro
droplet formation assays (Fig. 2i and Extended Data Fig. 4d-i) and
circular dichroism (CD) spectroscopy experiments (Extended Data
Fig. 3¢,d) were ordered for wild-type and mutant HMGB1 C-terminal
sequences (Asp135 onwards) from ProteoGenix. The synthetic peptides
had >90% purity.

CDexperiments

The synthetic peptides were dissolved in 20 mM sodium phosphate
buffer,pH 7.4. The samples were centrifuged for 10 minat15,000 r.p.m.
toremove undissolvedsolid. The supernatant was extensively dialysed
against 20 mM sodium phosphate buffer, pH 7.4, to remove traces of
impurities from peptide synthesis. The protein concentration was
determined by amino acid analysis. CD spectra were acquired on
10.6 pM samples in a Jasco 815 UV spectrophotopolarimeter at 278 K
with al mm optical path cuvette. Each spectrumiis the result of 20
cumulative scans acquired ata scanning speed of 50 nm minwitha
datapitch of 0.2 nm (Extended DataFig. 4c,d).

Reference CD spectrain Extended Data Fig. 4e are included from
the Protein Circular Dichroism Data Bank*’. The following reference
proteins were used: myoglobin (blue)*, with a DSSP «-helix of 73.9%;
outer membrane protein g (OmpG, purple)®, with a DSSP B-strand
of 67.6%; and translocated actin recruiting phosphoprotein (Tarp,
green)*, with a DSSP loop of 71.0%.

Invitrodroplet formation experiments

Fordroplet formationexperimentsin Fig. 2c-e, proteins were diluted
to desired concentrations in storage buffer, further diluted 1:1in 20%
PEG-8000 and mixed well with pipetting. Next, 10 pl of solution was
immediately transferred ona chambered coverslip (Ibidi, 80826-96).
Droplets were imaged using a LSM880 confocal microscope (Zeiss)
withax63,1.40 oil DIC objective. Images were acquired slightly above
the solution interface; for FRAP experiments, images were acquired
directly on the solution interface. Time series for FRAP experiments
were acquired using 60 cycles of 2 sintervals, during which the e GFP
signal was bleached using a 488 nm laser with 95% intensity after the
secondinterval. FRAP was performed for at least ten droplets for both
wild-type and mutant HMGB1 using 10 pM concentration. Recovery
curves werefitted to a power-law model. For droplet assays using pre-
assembled mCherry-HP1a, mCherry-MED1-IDRand mCherry-NPM1
condensates (Fig. 2g-i), mCherry-labelled proteins were diluted to
20 puM concentrationinstorage buffer, diluted 1:1in20% PEG-8000 and
droplets were allowed to form for 1 h at room temperature, shielded
from light. Next, eGFP-HMGBI proteins or 5 FAM-labelled synthetic
IDR peptides were added to the desired concentration, thoroughly
mixed and solutions were left to equilibrate for 45 min atroom tem-
perature,shielded fromlight. Droplets were imaged as described above.
To test the contribution of RNA for the condensation propensity of
HMGBI IDR peptides, total RNA from V6.5 mouse embryonic stem
cells was isolated using a Direct-zol RNA Miniprep kit and added in
indicated concentrations into peptide dilutions. RNA-peptide dilutions
were thoroughly mixed with pipetting, crowding agent wasadded and
imaging was performed as described above.

Cell culture

U20S, HCT116 and HEK293T cells were cultured in DMEM with
GlutaMAX (Thermo Fisher Scientific, 31966-021) supplemented with
10% FBS and 100 U mI™ penicillin-streptomycin (Gibco). MCF7 cells
were cultured in RPMI-1640 supplemented with20% FBSand 100 U mI™
penicillin-streptomycin (Gibco). Humaninduced pluripotent stem
(iPS) cells ZIP13K2 (ref. **), weregrown inm TeSR Plus (Stem Cell Technol-
ogies, 100-0276) on platescoated with1:100 diluted Matrigel (Corning,
354234) inKnockOut DMEM (Thermo Fisher Scientific,10829-018) and
supplemented with 10 uMof the Rhokinase inhibitor Y-27632 (Abcam,
ab120129) once detached during passaging. Cells were cultured at
37°C with 5% CO, ina humidified incubator. All cell lines were tested
negative for mycoplasma contamination. For live-cell imaging and
immunofluorescence, cells were seeded on chambered coverslips
(Ibidi, 80826-96).0nthe nextday, cells were transfected using FuGENE
HD (Promega) according to the manufacturer’s instructions. Human
iPS cells were transfected using Lipofectamine 3000 according to
themanufacturer’sinstructions. For viability experiments, cells were
cultured on 6-well plates. Transfection series were repeated at least
twice for each experiment.

RT-qPCR after expression of frameshift variants in U20S cells
Cells were grownon 6-well plates, transfected with FuGENEHD accord-
ingtomanufacturer’sinstructions, and eGFP* cellswere sorted by FACS
48 hafter transfections and lysed in TRIzol reagent (Thermo Fisher
Scientific). Experiments were performed in at least three biological
replicates. RNA was extracted and cDNA synthesis was performed as
described above, except that 125 ng of RNA was used. Primers are listed
inSupplementary Table 6.
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Live-cellimaging

Cells were imaged 24 h after transfections using a LSM880 confocal
microscope (Zeiss) equippedwith anincubation chamber with 5% CO,
anda heated stageat37 °C.Images were acquired using ax63,1.40 0il DIC
objective. To visualize cell nuclei, cells were incubated with 0.2 ug ml™
Hoechst (Thermo Scientific, 33342) at least 10 minbefore imaging. To
visualize nucleoliin living cells, we expressed RFP-fibrillarin fusion
proteins by transfecting cells with pTagRFP-C1-fibrillarin plasmid
(Addgene,70649) together with plasmids foreGFP-HMGB1and other
transcription factor variants.

FRAP experiments were performed for nucleolar regions in cells
expressing wild-type or mutant eGFP-HMGBI, guided by the RFP-
fibrillarin fluorescence channel. Time series for FRAP experiments
were acquired using 20 cycles of 2 s intervals, during which the eGFP
signal was bleached using a 488 nm laser with 85% intensity after the
second interval. FRAP experiments with designed variants of HMGB1
andother frameshiftvariants were performedas described above, but
using 85-100% laser intensities for bleaching with identical settings
foreachwild type-mutant comparison.Fluorescenceintensities were
acquired from around ten regions of interest from separate nuclei,
quantified using ZEN Black 2.3 software and reported as relative values
to the pre-bleachingtime point.

Time-lapse imaging of mutant HMGBI1 expressing U20S cells was
performed onaScreenstar microplate (Greiner bio-one, 65586 6) with
Zeiss Celldiscoverer 7.Images were acquired fully automated with a
Plan-ApoChromat =20 objective, NA = 0.7 and 1x tubelense (Optovar)
using 15 minintervals and acamerabinning of 1 x 1 pixelin 8-bitmode
(Supplementary Video 2).

Immunofluorescence

For fixed-cellimmunofluorescence, cells were fixed 24 h after transfec-
tionswith 4% PFAin PBS for 10 min. After two washeswith PBS, cells were
permeabilized by incubating 30 min with 0.5% Triton X-100 at room
temperature, washed three times with PBS and blocked for1 hwith
blocking buffer (1% BSA, 0.1% Triton X-100 in PBS) atroom temperature.
Samples were incubated with primary antibodies diluted in block-
ing buffer (1:500 rabbit anti-HP1a, Cell Signaling, 2616S; 1:500 rabbit
anti-MED1, Abcam, ab64965;1:500 rabbitanti-RNAPII, ab26721;1:250
mouse anti-NPM1, Thermo Fisher Scientific, 32-5200; 1:100 mouse
anti-FIB1,Santa Cruz, sc-374022;1:200 mouse anti-SC35, Sigma-Aldrich,
$4045) overnight in 4 °Cwith gentle agitation. After four washes with
blocking buffer, samples were incubated with secondary antibodies
(1:1,000dilutions of Alexa Fluor 647 donkey anti-mouse or anti-rabbit
antibodies,Jackson Immuno Research, 715-605-150 and 711-605-152) for
1hatroomtemperature. Samples were washed two timeswith blocking
buffer, incubated for 3 min with 0.25 pg ml™ DAPI(Invitrogen, D1306)
in PBS and washed five times with PBS.

Proteinsynthesislabelling by puromycylation

U20S cells were seeded on 24-well plates (15,000 cells per well) on
sterilized 13 mmglass coverslips pretreated with 0.2% gelatin. The next
day, cells were transfected with meGFP-HMGBI full-length wild-type
or mutant constructs using FUGENE HD according to the manufac-
turer'sinstructions. After 24 h, pulse labelling of nascent peptide chains
actively translated by the ribosome was performed by replacing the
medium supplemented with 20 uM puromycin (Sigma Aldrich, P8833)
for15minat 37°C, 5% CO,. Cells were then washed three times with
cold PBS, followed by fixation with 4% formaldehyde (Roth, P087.5)
atroom temperature, with shaking, for 20 min. Fixative wasremoved,
and cells were washed two times with PBS, followed by incubation in
blocking solution (1x PBS, 5% v/v normal donkey serum, 1% w/v BSA,
0.1% w/v glycine and lysine) with shaking for 45 min at room tem-
perature. Anti-puromycin (1:1,000, mouse, Sigma Aldrich, MABE343,
RRID:AB_2566826) and anti-GFP (1:2,000, chicken, Abcam, ab13970,

RRID:AB_300798) primary antibodies were applied in blockingsolution
supplemented with 0.4% Triton-X-100 and incubated overnight with
shaking at4 °C. Cells were thenwashed three times with PBSfor Smin
atroomtemperature,followed by secondary antibodies (1:250,Jackson
ImmunoResearch, 488-anti-chicken, 703-545-155, RRID:AB_2340375;
647-anti-mouse, 715-605-151, RRID:AB_2340863) incubated inblocking
solution with 0.4% Triton-X-100shaking for 2 h at room temperature.
After three PBS washes, cells were incubated in DAPI (1:2,500) in PBS
for 30 minwith shakingatroomtemperature, and washed with PBS an
additional two times. Coverslips were removed from wells and sealed on
poly-L-lysinesslides (Thermo, J2800AMNZ) with ProLong Gold Antifade
Mountant (Invitrogen, P36930). The experiment was performed in
independent biological triplicates, withtwo tofourtechnical replicate
coverslips per conditions per experiment.

Coverslips were imaged using a Zeiss Celldiscoverer 7 running Zen
Bluev.3.2(Zeiss). Allimages were acquired ina fully automated fashion
with a Plan-ApoChromat x20 objective, NA= 0.95 and a x2 tube lens
(Optovar),and camerabinning 2 x 2 pixels in 8-bit mode. The resulting
lateral resolution (xy) is 0.227 um pixel . Allimages were acquired in
tile regions of typically 20 x 20 individual tiles, resulting in 400 indi-
vidualimages per coverslip. Focus stabilization was achieved with an
automated combined hardware and software focusing strategy at each
second position (Fig. 3h,i and Extended DataFig. 6b,c).

Viability experiments

Forviability experiments, cells were collected 24 h after transfections
ordoxycyclineinductions and sorted for eGFP* cells usinga FACS Ariall
flow cytometer (BD Biosciences) with BD FACS Diva v.6.1.3. software.
The FACS gating strategy is shown in Supplementary Fig. 6. One
thousand cells per well were seeded on white microwell plates and
were cultured for an additional 48 h. Viability was measured using a
CellTiter-Glo 2.0 Cell Viability assay (Promega, G9242) according to
the manufacturer’sinstructions. Measurements were doneinthree to
five technical replicate wells and performed in four to five independ-
entbiological replicates. Forimaging cells at the end of viability assay,
40,000 sorted cells were seeded per well on 24-well plates and imaged
48 h later with aNikon Eclipse Ti2 microscope with ax10 objective.

Generation of doxycycline-inducible meGFP-HMGBI transgenic
celllines

APiggyBAC transposon systemwas used to integrate meGFP-HMGB1
wild-type and mutant sequences into U20S cells. To generate the
doxycycline-inducible expression cassette, meGFP-HMGBI cDNA was
amplified from pRKS-meGFP-HMGB1plasmids (primers listed in Sup-
plementary Table 6), and Gibson assembly clonedinto the backbone of
a Caspex expression vector (Addgene, 97421) digested with Ncol and
BsrGlrestrictionenzymes. Generated plasmids were transfected with
aPiggyBAC transposase expression vector (SBI, PB210PA-1)into U20S
cells with FUGENE HD reagentaccording to the manufacturer’s instruc-
tions using a molar ratio of 6:1 with me GFP-HMGB1 and transposase
expression plasmids. Transfected cells were kept under puromycin
(2 pg ml™) selection for 4 days, after which all untransfected control
cells had died. Bulk populations of surviving cells were induced by
adding2 pg ml™ doxycycline (Sigma) and imaged 24 hafter doxycycline
treatments (Extended Data Fig. 6e-j). GFP* cells were sorted by FACS
for viability experiments, which were performed as described above.
Single-cell clones of me GFP-HMGB1 mutant-expressing U20S cells
was used for time-lapse imaging (Supplementary Video 2).

Image analysis

For the detection of droplet regions for phase diagrams, we used
the ZEN blue 3.2 Image Analysis and Intellesis software packages to
analyse at least five images for each experimental condition. Image
segmentationwas performed using the Intellesis Trainable segmenta-
tionalgorithm, which was trained on five representative images from
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theimage series to classify each pixelinto thedroplet area and image
background. Regions of interest were automatically detected for the
entire image series, and mean signal intensities for theeGFP or 5 FAM
channel and object areas for droplets and background are reported.
InFig.2d, the phase-shifted fraction was calculated as the total area of
detected dropletsdivided by thetotal area.

Data for dual-colour in vitro condensation experiments were
acquired from 15-20 image fields for each condition (corresponding
toFig.2g-iand Extended Data Fig.4i,j) using ZEN Blue 3.2. For Extended
DataFig.4j,k, droplets were first detected using triangle thresholding
forlight regions in the meGFP or 5' FAM channel. For data analyses
inFig. 2h,i, droplets were detected using Otsu thresholding for light
regions in the mCherry channel. Mean fluorescence intensity within
dropletregions, areaand diameter were thenmeasured onboth chan-
nelsand plotted as described.

Toquantify nuclearenrichment of eGFP-HMGB1, Hoechst stain was
usedtoidentify nucleias the regions of interest using the ZEN Blue 3.2
zones of influence method. Images were automatically segmented with
Otsu thresholding, parameters of which were adjusted on the basis
of five representative images from the image series. The cytoplasmic
region was defined as a ring surrounding the nucleus with a distance
of 9 and a width of 29 pixels. Mean and standard deviation values for
eGFPfluorescenceintensity were recorded for nuclearand cytoplasmic
regions,and nuclear enrichment, calculated as aratiobetween the two,
was plotted in Extended Data Fig. 5a. Cells with no expression (eGFP
fluorescence intensity below 5) were excluded from the analysis.

To quantify the correlation between eGFP-HMGBI fluorescence
and NPM1 staining intensities inside and outside nucleoli, images
fromaround 120 cells per condition were analysed using ZENBlue 3.2
software. Images were first segmented to nuclear regions of interest
with Otsu thresholding on the basis of DAPI channelintensity. Nuclei
were further segmented to nucleolar regions of interestand regions
outside the nucleoli, based on NPM1 staining intensity, using fixed
thresholdsthat detected nucleoliin cells with highand low NPMlinten-
sities. Parameters were empirically setwith tenrepresentativeimages
for each experimental set. Mean signal intensities for e GFP and NPM1
staining were recorded for each region of interestand reported as an
average for each detected nucleus.

To quantify nucleolar enrichment of wild-type and frameshift
variant proteins (Extended Data Fig. 9e), nuclear regions of interest
were defined with Hoechst staining as outlined above and nucleolar
regions with RFP-FIBL intensity using twofixed thresholds that detect
nucleoliin cells with high and low RFP-FIB1 expression. Mean signal
intensities for eGFP were recorded, and nucleolar enrichment was
plotted as log,(mean signalintensity for regions within nucleoli/mean
intensity outside nucleoli). When imaging human iPS cells, nuclear
regions of interest were eroded by 8 pixels to avoid signals at the nuclear
periphery.

Data wrangling was performed in base R, and plots were generated
using the ggplot2 package.

Image analysis for puromycylation experiments was performed
using Zen Blue software v.3.4. DAPI was used to localize each cell. In
brief, DAPlimages were smoothed, an Otsu threshold was applied to
binarize images and watershedding was used to separate neighbour-
ing objects. The resulting nuclei masks were filtered to fit an area of
75-900 um’ and a circularity (sqrt(4 x area/mt x FeretMax2)) of 0.6-1.
The resulting primary objects were dilated with a total of 17 pixels,
3.9 um. Puromycin and GFP signal intensities were quantified per cell.
Puromycin intensity in each GFP~ cell was normalized by the mean
puromycinintensity in GFP™ cellsinthe sameimage, for wild-typeand
mutantconditions, and plotted using Rand GraphPad Prism, followed
by comparisons for significant differences(one-way ANOVA) between
condition means from biological replicates. A total of 37,979 single
cells for mutant and 39,528 for wild-type conditions were identified
and analysed (Fig. 3h,iand Extended Data Fig. 6b,c).

C-terminal IDR identification

Prediction of IDRs was performed using metapredict (v.1.51)*, a
deep-learning-based predictor for consensus disordered sequences.
The threshold score was set to 0.5, the minimum IDR length was set
to 20 amino acids and the analysis was restricted to only GENCODE
canonical or GENCODE basic isoforms. To complete the IDR cata-
logue, sequences from MobiDB** were added to the database. Protein
coordinates for eachIDR and Interpro domainwere used to definethe
C-terminal IDR. Using a combination of customscripts, the C-terminal
IDR of each isoformwas defined as any IDR that started 20 aminoacids
downstream of the start of the protein, tofilterall disordered proteins.
The region where the start of the IDR was downstream of the start of
the most C-terminal domain was mapped.

Variantidentification and characterization

The resulting C-terminal IDR coordinates were then converted to
genomiccoordinatesusingthe Rpackage ensembldb* and the ensembl
v.104 human annotation(v.2.22.0). The annotation version can affect
the canonicalisoformsthat are selected for analysis,so the downstream
analysis waslocked to this version on Ensemblannotation. The resulting
BED file was then used tofilter ClinVar*’, COSMIC*, dbSNP**and 1000
Genomes® to the designated genomic coordinates of the C-terminal
IDR regions using BEDtools (v.2.30.0.). Theresulting VCF file was fil-
tered for protein-coding variant consequencesusing Ensembl Variant
EffectPredictor (VEP, v.104)). The filtered VCF was then used to conduct
downstream analysis using OpenCRAVAT“*to annotate the variants for
ClinVarannotation using the ClinVar and ClinGen® plugins, genomic
frequencies using the 1000 Genome plugin, and CADD score®*** using
the CADD plugin (v.1.6). The CADD score is a metric for the predicted
effect of the varianton protein function (Fig.4a). The same VCF file was
alsousedtoretrieve frameshift variant sequences using the Frameshift
VEP plugin from pVACtools (v.3.1.0.)*°and Downstreamplugin for the
stop gained sequences.

Sequences were then characterized using acombinationof custom
scripts toobtain protein sequence feature parameters based onlocal-
CIDER (v.0.1.18.)* and biopython (v.1.79.)* packages. All scatter and
violin plots were made using the R package ggplot2. The fraction of
amino acids was defined as the sum of the countof amino acids over the
sequence length. The acidic fraction wasdefined as the sum of aspartic
acid and glutamic acid. The basic fraction was defined as the sum of
arginine, lysine and histidine. The RK fraction was defined as the sum
ofarginine, lysine,and the aromatic fraction as phenylalanine, tyrosine
and tryptophan. Hydrophobic patches were identified using custom
regex expression (r'((CAVILMFYW]..?)<6,>’) using hydrophobic amino
acids as the dictionary, allowing 1 or 2amino acid gap and 6 residue
minimum match. Nucleolar signal prediction was caried using NoD
program (v.1.0.0.) withthe command line with default settings®. Char-
acterizationof nonsense-mediated mRNA decay of variants was done
usinga customscript.Inbrief, wild-type exonboundaries were retrieved
from GENECODE and mapped to the wild-type coding sequence. An
NMD sensitive zone was established for each wild-type sequence
with the following rules: >100 bp downstream of starting codon and
<51bp of the second tolast exonboundary. Variants withonly one exon
were marked ‘NMD _escaping’, then the stop codon coordinate of the
variant was compared with the NMD sensitive zone coordinates and
variants of which the stop codon did not overlap with the NMD sensi-
tive zone were also markedas ‘NMD_escaping’. All other variants were
leftempty.

Combineddisorderedand pLDDT score plots were plotted with the
metapredictmeta.graph_disorder function and pLDDT scores param-
eter set to ‘true’, using v.2 of the metapredict network and v.7 of the
pLDDT score prediction network.

Circos visualization of the variant catalogue was done using Circos
implementation in R, and Granges package in R (Fig. 4a).
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Enrichment analysis of pathogenic variants was done using hyper-
geometric nonaccumulative test with N set as the full number of vari-
antsin the catalogue and M set as the full set of pathogenic variants
(N =249,468 and M=1,805). Reported Pvalues correspond to the
calculated hypergeometric P value and fold change as the number
of pathogenic variants/expected number of pathogenic variants
(Fig. 4b).

Sequence feature correlation matrices in Fig.4e and Supplemen-
tary Fig. 4 were calculated using the cor package in Rusing Pearson
parametric correlation testand plotted using the corrplot package
inR. The Pvalue cut-off was set to 0.01. The fraction of mutated IDRs
was defined as 1 - (frameshift position - IDR start)/IDR length. The
SQSTMI wild-type sequence was excluded from correlation analysis
because the wild-type isoform ENSTO0000510187.5in our catalogue
was replaced with isoform ENSTO0000389805.9 (NM_003900.5) in
the imaging experiments owing tolow transcript support level (TSL:5)
for ENSTO0000510187.

Gene Ontology enrichment analysis (Extended DataFig. 7d) forthe
varianttype ‘stop gained’, frameshift’ and‘ARG-rich FS’ was done using
gProfiler’. Multiple testing correction for P values was done using the
g:SCS method from g:Profiler.

Scores for the predicted disorder plotted in Fig. 2a and Extended
Data Fig. 9a,c were obtained using PONDR (http://www.pondr.com).
Charge plots in Fig. 1f and Extended Data Fig. 9b,d were prepared
using EMBOSS Charge tool (https://www.bioinformatics.nl/cgi-bin/
emboss/charge) with a window size of 8. Isoelectric points (pl) for
post-frameshift sequenceswere calculated using Expasy compute pl
tool (https://web.expasy.org/compute_pi/).

The DVLI variant NM_004421.2(DVL1):c.1505_1517del was not part
of the catalogue because the frameshift sequence from the canoni-
cal isoform used in ensembl v.104 did not fulfil all selection criteria.
Instead, this variant was identified through a literature search that
revealed Robinow syndrome-associated frameshift variants in the
DVI1gene thatoccurina C-terminal IDR that generates arginine-rich
sequences’”,

Reporting summary
Furtherinformationon researchdesignis availableinthe Nature Port-
folio Reporting Summary linked to thisarticle.

Data availability

CDspectrahave beendepositedat the Protein Circular Dichroism Data
Bankundertheaccessionidentifiers CD0006401000, CD0006401001,
CD0006404000, CD0006404001. Genome and exome-wide sum-
mary statistics of 11,14 and I5, and direct sequencing results of HMGB1
of 11-14 and array comparative genomic hybridization and gPCR
results of the HMGBI1 locus of 16 are made available in this manuscript
(Extended DataFig. 2). Patient consent did not cover the public release
of personal sequence information other than the causative patho-
genic variants. Therefore, the pathogenic variants are disclosed in
this article, but individual-level whole-genome sequencing (WGS)
and exome sequencing data cannot be made publicly available for
reasons of data protection and patient privacy and are available only
upon reasonable request from the corresponding authors. Access to
individual-level sequencing datais subject tothe policiesand approval
of the data protection officer of the institution that stores the patient
data. WGS and Sanger sequencing dataof1are stored at the Institute
of Human Genetics, University Hospitals Schleswig-Holstein. WGS
data of 14 is stored at the Center for Genomics and Transcriptomics
(CeGaT) Tuibingen. WGS data of IS, and Sanger Sequencing data of 12-15,
and gPCR and array comparative genomic hybridization data of 16
are stored at the Institute of Medical Genetics and Human Genetics,
Charité-UniversitatsmedizinBerlin. The respective servers are physi-
cally located in Germany.

Code availability

Custom code is available at GitHub: https://github.com/hniszlab/
HMGBL 2022; https://github.com/alexpmagalhaes/IDR-variant-catalog.
Custom code andrawdata for this study have been deposited at Zenodo
(https://doi.org/10.5281/zenodo.7311150).
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3. Diskussion

Meine hier vorliegenden Arbeiten untersuchen den diagnostischen Nutzen des fazialen NGP
am Beispiel von DeepGestalt und des NGS (insbesondere des WGS) am Beispiel von Féallen
mit angeborenen Extremitatenfehlbildungen.

3.1 Einsatzfahigkeit von DeepGestalt

Es zeigte sich, dass Systeme zum fazialen NGP grundsatzlich einen zusétzlichen
diagnostischen Nutzen haben und tatsachlich helfen kdnnen, mehrere der Hirden der
klassischen Phanotypisierung zu senken (Danyel et al. 2019; Hsieh et al. 2019; Jean Tori
Pantel et al. 2020; Mensah et al. 2023).

So war DeepGestalt auch bei Patienten mit vergleichsweise milder fazialer Gestalt (z.B. beim
Loeys-Dietz-Syndrom) in der Lage, die korrekte Verdachtsdiagnose zu benennen.

Es war allerdings aufféllig, dass die Sensitivitat des Systems bei derartigen Erkrankungen mit
milden fazialen Zeichen geringer war. Diese deutliche Varianz der syndromspezifischen
Sensitivitdt von DeepGestalt zeigt, wie wichtig es ist, die Leistungsfahigkeit des Systems an
verschiedenen Kohorten zu testen. Die Varianz macht auRerdem deutlich, dass Vorsicht bei
der klinischen Verwendung von DeepGestalt als ein Testsystem von einheitlicher Qualitat fur
alle moglichen Syndrome geboten ist, als welches es angeboten wird. Zeigt sie doch an, dass
dasselbe System eine hervorragende Genauigkeit bei einem Syndrom und eine schlechte
Spezifitat und Sensitivitét bei einem anderen Syndrom aufweisen kann. Dies gilt auch fur
andere faziale NGP-Systeme (Mensah et al. 2022).

DeepGestalt konnte zum Untersuchungszeitpunkt mindestens 238 verschiedene Diagnosen
vorschlagen. Damit hat es schon jetzt das Potenzial, einen Arzt auf ihm unbekannte
Diagnosen hinzuweisen. Selbst wenn nicht alle vom INSERM in Orphanet gelisteten
Erkrankungen eine genetische Ursache und eine typische Fazies aufweisen, bedeutet dies
aber auch, dass DeepGestalt sein Potenzial noch nicht ausgeschopft hat. Kiinftige Versionen
und vergleichbare Anwendungen missen dazu fiir weitere Diagnosen trainiert werden. Es ist
davon auszugehen, dass dies gelingen wird und die Zahl der von DeepGestalt und
vergleichbaren Anwendungen unterstitzten Syndrome zunimmt. W&hrend des

Untersuchungszeitraums war dies bereits zu beobachten. Um Systeme der fazialen
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Phanotypisierung fur die Erkennung eines Syndroms zu trainieren, bedarf es einer bestimmten
Anzahl an Bildern von Patienten dieses Syndroms. Es wurde vermutet, dass die Zahl an
Bildern, die fur die Konstruktion eines bestmdoglichen Klassifikators in DeepGestalt notwendig
ist, noch nicht fur alle bereits unterstitzten Syndrome erreicht wurde (Pantel et al. 2018). D.h.,
mit der zu erwartenden zunehmenden GrofRe des Trainingsdatensatzes dirfte auch die

Genauigkeit des Systems zunehmen.

Die Untersuchungen der Fazies des DONSON-assoziierten Kleinwuchses und von BPTAS
mittels DeepGestalt zeigen nicht nur, dass es zur diagnostischen Entscheidungsunterstiitzung
dienen, sondern auch, dass es bei bisher undefinierten Syndrome verwendet werden und die
Technologie zur Definition solcher Syndrome beitragen kann. So konnte gezeigt werden, dass
die Vermutung zutrifft, dass es einen charakteristischen fazialen Aspekt des DONSON-
assoziierten Kleinwuchses gibt. Interessanterweise gaben die Daten, wenn auch in
geringerem Male, ebenfalls einen Hinweis auf ein typisches Gesicht der Fanconi-Anamie,
dessen Existenz immer wieder vermutet wird (Avila et al. 2014). Mit einem nur relativ schwach
positiven MCC ist sie auch nach der mit DeepGestalt durchgefiihrten Bildklassifikation nicht
abschliel3end zu klaren. Zusatzlich zu der fehlenden onkologischen und hamatologischen
Symptomatik und den spezifischen Skelettanomalien zeigen diese Ergebnisse der fazialen
Phéanotypisierung allerdings, dass es sich bei dem DONSON-assoziierten Kleinwuchs um eine
andere (mdoglicherweise eigensténdige) Krankheitsentitdt und nicht um einen Subtyp der FA
handelt.

Jungste klinische und funktionelle Daten geben einen Hinweis auf diese Entitdt. DONSON ist
ein essentielles Initiator-Protein fur die Replisom-Bildung in Wirbeltieren und spielt damit eine
wichtige Rolle bei der DNA-Replikation (Hashimoto et al. 2023). Das macht es auch zu einem
den Zellzyklus steuernden Gen. Es ist wenig tberraschend, dass Defekte solcher Gene zu
Wachstumsstorungen fuhren. Entsprechende, einander &hnelnde Phéanotypen einer Gruppe
von Genen, die an der Steuerung der DNA-Replikation beteiligt sind, wurden unter dem Begriff
Meier-Gorlin-Syndrom (MGS) zusammengefasst. (Nielsen-Dandoroff, Ruegg, and Bicknell
2023)

Nach Verdffentlichung meiner hier aufgefiihrten Arbeiten wurde der Phanotyp auch einiger
Trager biallelischer DONSON-Varianten als MGS klassifiziert (Knapp et al. 2020). Zu
beachten ist allerdings, dass diese Zuordnung nicht fur alle Familien mit DONSON-Mutationen
getroffen werden konnte. Einige hatten auch eine klinische Diagnose eines Seckel-ahnlichen
Syndroms (Seckel-like syndrome, SLS) bzw. eines femoral-fazialen Syndroms (FFS). (Karaca

et al. 2019). MGS st allerdings durchaus phanotypisch variabel und nur unvollstandig
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penetrant. Die Trias aus Kleinwuchs, Mikrozephalie und Patelladefekten gilt allerdings als
charakteristisch. Es fallt auf, dass diese deutlich mit dem klinischen Bild eines SLS bzw. FFS
Uberlappt. Besonders interessant ist, dass fiur das MGS eine typische Fazies beschrieben
wurde, die absteigende Lidachsen, eine volle Unterlippe und eine prominente Nase zeigt.
(Nielsen-Dandoroff, Ruegg, and Bicknell 2023)

Dies steht im Einklang mit den hier vorliegenden Arbeiten. Es wirft allerdings die Frage auf,
ob MISSLA (bzw. die Formen des DONSON-assoziierten mikrozephalen Kleinwuchses) sich
als eine Unterform von MGS von anderen Entitaten aus dem MGS-Spektrum mittels
Computer-gestutzter fazialer Phanotypisierung unterscheiden lasst. Kiinftige Untersuchungen
z.B. mit DeepGestalt an entsprechenden Bildkohorten sind fir die Beantwortung dieser Frage

notwendig.

Die relativ kleine KohortengroRe der hier aufgefiihrten Arbeiten kann zu einer Uberanpassung
(Overfitting) des Modells auf die Daten geftihrt haben. Eine solche wiirde in falschlich hohen
Testmetriken resultieren. Ein Overfitting kann auch bei der verwendeten Kreuzvalidierung
nicht ganzlich ausgeschlossen werden. Allerdings sprechen die geringen MCCs, die bei einer
Zufallsverteilung der Bilder von MISSLA. FA, SLOS und zwei Kontrollgruppen auf die funf
Klassen auftraten, gegen eine Uberanpassung des Modells. Kiinftige, groRere Datenséatze

werden das Risiko eines Overfittings weiter minimieren.

Da DeepGestalt sich allein auf die phanotypische faziale Information stitzt, ist es
grundsatzlich in der Lage, auch solche Syndrome vorzuschlagen, die zwar definiert sind,
deren (genetische) Ursache aber ungeklart ist. So kann es z.B. bereits das Dubowitz-Syndrom
vorschlagen. Dies gibt fazialen NGP-Systemen wie DeepGestalt einen nicht unerheblichen
zusatzlichen Nutzen gegenlber sequenzdatenbasierten diagnostischen

Entscheidungsunterstiitzungssystemen.

Die hier aufgefihrten Arbeiten zur Untersuchung der Sensitivitdt von DeepGestalt waren
retrospektiv angelegt. Das bedeutet, dass bei allen zur Evaluation der diagnostischen
Genauigkeit eingeschlossenen Fallen vor Studieneinschluss bereits auf klassischem Wege
(klinisch und/oder molekulargenetisch) eine Diagnose gestellt wurde und DeepGestalt auch
fur das Erkennen dieser trainiert worden ist. Dessen eingedenk sind auch die fiur bestimmte
Syndrome teils beachtlich hohen Sensitivitaten kritisch zu bewerten. Schlielilich bedeutet jede
Sensitivitat unter 100% dennoch, dass einige Falle, die diagnostisch geklart werden kdénnen
und von DeepGestalt unterstiitzt werden, von dem System nicht geldst wurden. Darlber

hinaus kann die so gemessene durchschnittliche Sensitivitdit von DeepGestalt nicht
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unmittelbar auf den klinischen Alltag tbertragen werden, denn nicht alle Patienten, die sich in
der klinischen Genetik vorstellen, haben ein von DeepGestalt unterstiitztes Syndrom.

Marwaha et al. haben eine prospektive Studie zum diagnostischen Nutzen von DeepGestalt
durchgefuhrt (A. Marwaha et al. 2021). Fir die Gruppe der Syndrome, die von DeepGestalt
unterstitzt werden, berichten sie mit 82% eine zu den in den vorliegenden Arbeiten
vergleichbare Top-10-Sensitivitdt. Bemerkenswert ist insbesondere die berichtete Top-10-
Sensitivitat von 57% in der gesamten prospektiven Kohorte. Dies lasst vermuten, dass die
Mehrzahl der Patienten, die sich in der klinischen Genetik vorstellen, ein von DeepGestalt zum

Untersuchungszeitpunkt bereits unterstiitztes Syndrom aufwies.

DeepGestalt wurde fiir die Zuordnung einer Liste moglicher Verdachtsdiagnosen zu dem Bild
eines Patienten entwickelt. Der beabsichtigte Zweck bestand nicht in der Unterscheidung von
Fotos, die Patienten mit einem fazial dysmorphen Syndrom zeigen, von solchen Aufnahmen,
die fazial unaufféllige Personen zeigen. Dennoch wird es dazu bei der klinischen
Entscheidungsunterstiitzung verwendet (z.B. wenn eruiert wird, ob einem Patienten weitere
genetische Tests angeboten werden sollen). Und tatséchlich erzielte DeepGestalt im Mittel
hohere Gestalt Scores bei Fotos von Patienten mit genetischen Syndromen als bei Bildern
von fazial unauffalligen Kontrollprobanden. Allerdings ist die erreichte Trennschérfe nur gering
(AUROC: 0.72) und die Hohe eines erzielten DeepGestalt Scores als Mal3 fur das tatséchliche
Vorliegen eines Syndroms bei der klinischen Entscheidungsunterstiitzung nur eingeschrankt

geeignet.

Die Fahigkeit von DeepGestalt, Bilder von Menschen mit einer syndromalen Erkrankung von
Bildern von Menschen ohne eine syndromale Erkrankung zu unterscheiden, war gemessen
an der Sensitivitat in anderen retrospektiven Studien mitunter gro3er als in den hier
aufgefuhrten Arbeiten (Liehr et al. 2018; Vorravanpreecha et al. 2018; Carli et al. 2019;
Srisraluang and Rojnueangnit 2021). Dies kann unterschiedliche Ursachen haben (z.B.

grol3ere Kohorten, fehlendes Matching der Kontrollen).

Die groldte Schwéche von DeepGestalt ist, dass es auch Fotos von gesunden Probanden
Syndrome zuordnet und eine Klasse “unauffalliges Gesicht” fehlt, um den Anwender darauf
aufmerksam zu machen. Meine vorliegenden Arbeiten zeigen, dass die HoOhe des
GestaltScores kein akkurates Mafld ist, um das Vorhandensein bzw. Nicht-Vorhandensein
einer vorgeschlagenen Diagnose abzuschatzen. Fiur den klinischen Einsatz von DeepGestalt
ist insbesondere interessant, dass die Wahrscheinlichkeiten, mit denen DeepGestalt
bestimmte Syndrome vorschlagt, stark variabel sind. Zwar wurden die meisten Diagnosen nur

selten vorgeschlagen, doch bestimmte Syndrome erscheinen in den Vorschlagslisten (Top30)
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von weit mehr als der Halfte der untersuchten Bilder und zwar sowohl bei Fotos von
unauffalligen Kontrollprobanden als auch bei Fotos von Patienten mit einem genetischen
Syndrom.

So wird z.B. das Angelman-Syndrom sehr haufig vorgeschlagen, hat also eine geringe
Spezifitat. Dies bedeutet in der klinischen Routine, dass der Verdacht auf ein Vorliegen eines
Angelman-Syndroms auch dann gering ist, wenn es in der Ergebnisliste genannt wird.

Der Vorschlag beispielsweise eines Crouzon-Syndroms durch DeepGestalt hingegen ist
spezifisch. Es taucht nur auferst selten in den Ergebnislisten von unauffalligen Kontrollen
oder Kontrollen mit einer anderen Diagnose auf.

Fur die Syndrome, fur welche in den vorliegenden Arbeiten eine geringe Spezifitdt von
DeepGestalt gefunden wurde, haben auch andere Gruppen geringe Spezifitaten ermittelt
(Vorravanpreecha et al. 2018; A. Marwaha et al. 2021). Es handelt sich folglich nicht um

Artefakte, die sich aus der Zusammensetzung der Bildkohorte ergeben.

Die ermittelten Spezifitaten sollten daher beim Einsatz des Systems unbedingt bericksichtigt
werden, winschenswert ware, wenn diese gemeinsam mit den Ergebnissen angezeigt
wuirden. Bei Patienten einer definierten Kohorte (wie hier am Beispiel von BPTAS) kdnnte die
Ubereinstimmende Nennung von Verdachtsdiagnosen, welche das System normalerweise nur
selten vorschlagt, dann auch einfacher als MaR fiir einen gemeinsamen fazialen Phénotyp

genutzt werden.

Bei einigen Syndromen ist es méglich, dass DeepGestalt flr deren Erkennung eine geringe
Spezifitat aufweist, weil ein charakteristischer fazialer Aspekt, der bei deren Diagnosestellung
hilfreich sein kénnte, gar nicht existiert. So ist fir das Klinefelter-Syndrom (Karyotyp 47,XXY)
keine typische Fazies bekannt (Bird and Hurren 2016) und ein relativ geringer Bartwuchs, der
als faziales Zeichen auftreten kann, wird von DeepGestalt grundséatzlich nicht beriicksichtigt
(Gurovich et al. 2019). Dennoch wurde das System zur Erkennung des Syndroms trainiert und
es bestand zumindest in den untersuchten Versionen eine Klasse fur das Klinefelter-Syndrom.
Ich vermute, dass dies geschah, weil fur das Klinefelter-Syndrom, dessen Haufigkeit auf 1:500
bis 1:1000 unter der mé&nnlichen Bevolkerung geschétzt wird (Los and Ford 2023), eine relativ
grol3e Bildkohorte bei der Erstellung von DeepGestalt zur Verfliigung stand. Dies unterstreicht
die Notwendigkeit, nicht nur informatische, sondern auch spezifisch medizinische
Fachkenntnisse bei der Entwicklung derartiger Software einzubringen. Kinftige
Untersuchungen des Nutzens von DeepGestalt und vergleichbarer Anwendungen sollten
auch eine systematische Prifung der Eignung der unterstitzten Syndrome fiir eine Computer-

gestltzte faziale Phanotypisierung umfassen.
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Frihere Arbeiten lieRen vermuten, dass der ethnische Hintergrund eines Patienten die
diagnostische Genauigkeit von ersten Versionen von DeepGestalt beeinflusst (Lumaka et al.
2017). Ein solcher Effekt fand sich bei den vorliegenden Arbeiten nicht, was im Einklang mit
anderen jingeren Arbeiten an neueren Versionen von DeepGestalt steht (Vorravanpreecha
et al. 2018; Mishima et al. 2019). Es ist nicht auszuschlie3en, dass dies auf einen inzwischen
erweiterten Trainingsdatensatz zuriickzufihren ist, aufgrund dessen das System nun auch in

ethnisch diversen Populationen akkurat arbeitet.

Die Ergebnisse zeigen, dass DeepGestalt eine relevante Zahl an Diagnosen kennt, eine
beachtliche Sensitivitat und fur die meisten Syndrome, die es unterstitzt, auch eine gute
Spezifitat aufweist. Die Werte sind hoch genug fur den erganzenden Einsatz als
diagnostisches Entscheidungsunterstitzungssystem fur den Einsatz in der klinischen Genetik
oder auch in péadiatrischen Abteilungen. Auf keinen Fall eignet sich das System flr den

primaren Einsatz durch Laien.

3.2 Zusatzlicher diagnostischer Nutzen des NGS

Auch das NGS zeigte einen zusatzlichen diagnostischen Nutzen fir die klinische Routine in
der Humangenetik. WES- oder WGS-Ansatze konnen im Gegensatz zur gezielten
Sequenzierung einzelner Gene bzw. zur Paneldiagnostik ausgewahlter Gene nach
klassischer Phéanotypisierung auch dann eingesetzt werden, wenn ein Patient zwar auffallig

erscheint, aber nur unspezifische oder untypische Symptome zeigt.

Dies zeigte sich z.B. bei dem Patienten, bei welchem eine HOXD13-Repeat-Expansion vorlag
(Individual 9 in der hier vorliegenden Studie Uber die Genomsequenzierung) (Elsner et al.
2021). Die HOXD13-assoziierte Synpolydaktylie ist klinisch auf3erst variabel und unvollstandig
penetrant. Hauptmerkmale sind eine Syndaktylie der Finger 3 und 4 (die von einer zentralen
Polydaktylie begleitet sein kann) sowie eine postaxiale Polydaktylie des Ful3es. (Guo et al.
2021; Gottschalk et al. 2023)

Die Handfehlbildungen des oben genannten Patienten wiesen beidseits verkirzte proximale
Phalangealknochen des 4. Fingers auf, welche nur bei wenigen Fallen der HOXD13-
assoziierten Synpolydaktylie (dann mit deutlicher Repeatexpansion) auftreten. Eine gezielte
HOXD13-Analyse war daher nicht erfolgt.
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Auch wenn eine vorliegende Erkrankung dem Untersucher unbekannt ist, kann ein
exomweites bzw. genomweites NGS zur molekularen Klarung der Diagnose beitragen, wie
sich an den hier aufgefiihrten Beispielen des DONSON-assoziierten MISSLA-Syndroms und
des BPTAS nachvollziehen l&asst.

WES und WGS koénnen neue Krankheitsgene identifizieren, bzw. helfen diese zu validieren.
Mit SEMA3D, ALDH1A2, und HMGB1 konnten in einer relativ kleinen Kohorte von 69 Fallen
mittels WGS drei Kandidatengene identifiziert werden. Mit UBA2 sogar ein Kandidat als
Krankheitsgen validiert werden.

Frameshift-Mutationen in HMGBL1 lieBen sich mit vier weiteren Patienten als Ursache des
BPTAS validieren (Mensah et al. 2023). Dies war nur moglich, weil die in den vorliegenden
Arbeiten analysierten Patienten fiir den Studieneinschluss ein klar definiertes phéanotypisches
Spektrum, namlich Fehlbildungen der Extremitaten, aufweisen mussten. Es ist daher zu
vermuten, dass auch mit relativ kleinen Kohorten von Patienten mit ahnlich klar definierten
Fehlbildungen anderer Organsysteme (z.B. Nierenfehlbildungen oder Herzfehler) neue
Krankheitsgene identifiziert werden kénnen.

Biallelische pathogene Mutationen von ALDH1A2 wurden inzwischen mit einem komplexen
Syndrom assoziiert, das mit Zwerchfellhernien und kardiovaskuldren Fehlbildungen
einhergeht; welches u.a. aber auch bestimmte skelettale Fehlbildungen wie fehlende Rippen
und bemerkenswerter Weise eine Syndaktylie sowohl der Hande als auch Fiif3e verursachen
kann (Beecroft et al. 2021). Ob die isolierte zentrale Syndaktylie der Hande und Ful3e, welche
in der hier vorliegenden Arbeit bei zwei Patienten mit einer monoallelischen frameshift-
Variante von ALDH1A2 (Vater und Tochter der Familie 17 (Elsner et al. 2021)) vorlag, als ein
Zeichen der Anlagetragerschaft gedeutet werden kann, missen kinftige Arbeiten zeigen. Die
Identifikation weiterer heterozygoter ALDH1A2-Mutationstrager mit Syndaktylien der oberen

und unteren Extremitat, die nicht mit Familie 17 verwandt sind, kbnnte dazu beitragen

Mit 17,4 % fiel die diagnostische Rate des WGS moderat aus. Dabei ist allerdings unbedingt
zu beachten, dass die Studie prospektiv an nur solchen Patienten mit unauffalliger
Routinediagnostik durchgefiihrt wurde. D.h., dass das WGS einen zusétzlichen
diagnostischen Nutzen bietet, der sich in der GroéRenordnung einer grofRen Studie des
britischen National Health Service (NHS) zum Potenzial des WGS bewegte (Turro et al. 2020).
In diesem Zusammenhang ist besonders interessant, dass es uns gelang, verschiedene
Typen krankheitsrelevanter Mutationen mit einem einzigen Testverfahren nachzuweisen

(Substitutionen, Indels, Repeatexpansionen, komplexe strukturelle Veranderungen).
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Von besonderer Bedeutung ist dabei die in einer Familie (Familie 10 (Elsner et al. 2021)) mit
Ektrodaktylie detektierte Inversion am SHFM3 Locus. Diese umfasste nur 105 kb und war
damit zu klein fur die Detektion im Rahmen einer klassischen, mikroskopischen
Chromosomenanalyse. Da eine Inversion kopienzahlneutral ist, hatte auch eine Mikroarray-
basierte aCGH diese nicht entdecken kdnnen. Auch eine Detektion der Inversion mittel WES
ist fraglich, da der proximale Bruchpunkt im intergenischen Bereich zwischen den Genen
BTRC und POLL und der distale Bruchpunkt in Intron 5 von FBXW4 liegt. Beide Bruchpunkte
sind folglich nicht durch ein Exom abgedeckt, so dass die Inversion nicht mittels auffalliger
read-pairs hatte gecallt werden kénnen. Ein Calling im Rahmen eines WES Uber eine
veranderte Coverage der Gene POLL und DPCD, welche die Inversion am SHFM3 Locus
umfasst, ist aufgrund der oben genannten Kopienzahlneutralitét einer Inversion ebenfalls nicht
mdoglich. WGS war folglich der einzige unvoreingenommene Test, der die Detektion einer

solchen Inversion ermdglichte.

Dies zeigt, dass short-read paired-end WGS eine bedeutende Hirde der gezielten
genetischen Testung nach klassischer Phanotypisierung senken kann: Relevante Mutationen
werden mit geringerer Wahrscheinlichkeit aufgrund des gewahlten Testverfahrens tibersehen.
Die Moglichkeit, WGS als eine “One-test-for-all-Strategie” anzuwenden, birgt auch das

Potenzial zur Reduktion von Dauer und Kosten in der genetischen Labordiagnostik.

Die grof3e Zahl auch mittels WGS ungeltster Falle von Extremitatenfehlbildungen zeigt
allerdings auch eindriicklich, dass das funktionelle Verstdndnis des Genoms und die
gegenwartigen Teststrategien noch nicht zur umfassenden Klarung der molekulargenetischen
Ursachen erblicher Erkrankungen ausreichen. Varianten in den 98,5% des Genoms, die nicht
fur Proteine kodieren, sind mit Sicherheit auch fir die Entstehung erblicher Erkrankungen

relevant.

Wir konnten solche Varianten auch identifizieren, nicht aber in dem Mal3e interpretieren, wie
es fir eine Priorisierung und Diagnosestellung notwendig ware. Short-read paired-end WGS
erfasst trotz seines Potenzials nicht alle mdglicherweise relevanten Veranderungen des
Erbguts, lange repetitive Sequenzen und ein moglicher Mosaikstatus werden nur
unzureichend erfasst, zur Detektion epigenetischer Veranderungen braucht es
Spezialtechniken (Zhao et al. 2021; King et al. 2017; Yan et al. 2016). Auch dies kdnnte einen

Teil der in der vorliegenden Arbeit ungeldsten Falle erklaren.

Die Ergebnisse zeigen, dass sich das WGS zur Steigerung der diagnostischen Rate und

Effizienz der Labordiagnostik in der klinischen Humangenetik eignet. Weitere
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Grundlagenforschung ist nétig, um eine Interpretierbarkeit nicht-kodierender, insbesondere

intergenischer Varianten zu ermoglichen.

3.3 Integration von fazialem NGP in NGS-Datenauswertung

Meine hier vorliegenden Arbeiten zeigen, dass zur Steigerung der diagnostischen Rate und
sicherlich auch zur Senkung der Dauer bis zur Diagnosestellung die Integration von Systemen
zum fazialen NGP in konventionelle Algorithmen zur NGS-Datenanalyse beitragen kann. In
der PEDIA-Studie konnten wir zeigen, dass ein faziales NGP allein zwar eine geringere
Sensitivitat als eine HPO-Term-gestitzte Exomanalyse aufweist, dass die Kombination beider

Verfahren allerdings mit der héchsten Sensitivitat einhergeht.

Die Top-10-Sensitivitat lag in der Studie, die retrospektiv an einer Kohorte von Patienten mit
konventionell gestellter Diagnose durchgefiihrt wurde, bei 99%. Es konnte also mit einem
Verfahren der reversen Phanotypisierung eine vergleichbare Sensitivitat wie bei gezielter
genetischer Testung nach konventioneller Phanotypisierung erreicht werden. Allerdings muss
beachtet werden, dass dieser Wert nur fir Syndrome gilt, die zum Untersuchungszeitpunkt
von DeepGestalt unterstutzt wurden, denn das Vorhandensein eines solchen Syndroms war
ein Einschlusskriterium. Mit einer Zunahme der Zahl der unterstitzten Syndrome ist allerdings

zu rechnen und sie zeigte sich auch schon im Laufe der hier vorgestellten Arbeiten.

Der PEDIA Algorithmus wurde an kiinstlich konstruierten Exomdaten (Einfiigen von einer bzw.
zwei pathogenen Mutationen in je ein Gen bei Exomdaten von gesunden Probanden) trainiert
und getestet. Es ist zwar anzunehmen, dass dies eine realistische Simulation echter klinischer
Exomdaten darstellt, kinftige Arbeiten werden die Ndutzlichkeit von PEDIA jedoch an

unsimulierten Daten bestatigen missen.

Bemerkenswert war, dass der ethnische Hintergrund der verwendeten Exomdaten die
Genauigkeit von PEDIA nicht beeinflusste. Das war nicht unbedingt zu erwarten, denn das
humane Referenzgenom basiert stark auf den Informationen von Probanden europaischer
Herkunft und die genetische Diversitat zu und in anderen menschlichen Populationen ist grof3,
so dass bei Exomdaten von Probanden afrikanischer oder asiatischer Herkunft solche
Varianten, die als selten gelten, haufiger zu finden sind, als z.B. bei Européern.(Popejoy and
Fullerton 2016; Wong et al. 2020)

97


https://paperpile.com/c/KczVzI/2TxR+9uRl
https://paperpile.com/c/KczVzI/2TxR+9uRl

Welche Rolle die Bildqualitat, also Faktoren wie Beleuchtung, Kontrast oder Auflésung, aber
auch das Tragen einer Brille, der Haarschnitt, oder die Perspektive der Aufnahme, auf die
Genauigkeit von DeepGestalt haben, ist bisher nicht untersucht worden. Dass diese Variablen
einen Einfluss haben, ist anzunehmen, da die Genauigkeit anderer Anwendungen, die mittels
der Techniken des maschinellen Lernens eine Auswertung von Bilddaten durchfiihren, in
Abhangigkeit von diesen Parametern schwankt. Dartiberhinaus wurden in der PEDIA-Studie
schlechtere DeepGestalt Scores bei schlechterer Bildqualitat bemerkt. Eine systematische
Untersuchung moglicher Stérparameter, die in der Aufnahmequalitat begriindet liegen, steht
allerdings weiterhin aus. Selbst wenn eine schlechte Bildqualitat ein System zur fazialen
Phanotypisierung erheblich stort, sollte es allerdings moglich sein, qualitativ hochwertige
Portraitaufnehmen eines Patienten in der genetischen Routinesprechstunde anzufertigen, da
diese dort traditionell zum Zwecke der medizinischen Dokumentation angefertigt werden und
die meisten humangenetischen Ambulanzen und Praxen daher Uber die dafir nétige

Ausstattung verfiigen.

Darin zeigt sich auch die grof3e Starke eines Systems wie DeepGestalt, das mit gewdhnlichen
zweidimensionalen digitalen Bilddaten, wie sie von handelsiblichen Digitalkameras erstellt
werden konnen, und nicht mit den Daten von 3D-Kameras arbeitet. DeepGestalt erlaubt es,
mehrere Bilder eines Patienten auszuwerten. Hier kdnnten z.B. bei der Auswertung eines Falls
Bilder derselben Person in verschiedenen Altersstufen verwendet werden, ob dies einen
Effekt auf die Genauigkeit der Syndromvorschlage hat, muss ebenfalls noch systematisch
untersucht werden. Entsprechend der Trio-basierten Analyse von NGS-Daten kénnte auch
eine vergleichende Analyse von Bildern von Indexpatienten und Eltern (oder anderen
Verwandten, z.B. im Sinne einer Segregationsanalyse von betroffenen bzw. nicht-betroffenen
Geschwistern) von Systemen wie DeepGestalt durchgefiihrt werden, um die
Syndromvorschlage zu filtern oder integrierte phanotypische und Sequenzdaten wie beim
PEDIA-Ansatz zu priorisieren. Besonders fur die Gruppe der ultra-seltenen Erkrankungen, von
denen nur wenige Dutzend Félle in der Fachliteratur beschrieben sind, sind die Kohorten, die
fur das Training von DeepGestalt (und folglich auch PEDIA und anderen derivaten
Algorithmen) verwendet werden kdnnen, sehr klein. Das Beispiel BPTAS zeigt, wie Systeme
zur fazialen Phanotypisierung auch bei der Testung auf derartige Syndrome verwendet

werden kénnen (Mensah et al. 2023).

Ansatze wie PEDIA koénnen nur dann fur die Nutzung der fazialen Information zur
Variantenpriorisierung trainiert werden, wenn die genetische Ursache eines erblichen
Syndroms geklart ist. In diesem Punkt sind sie der gezielten genetischen Testung nach

konventioneller Phanotypisierung nicht Gberlegen. Allerdings ermdglichen es Ansatze wie
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PEDIA grundsatzlich eine genetische Spezialdiagnostik auch in klinischen Umgebungen
anzubieten, in welchen der Umfang an syndromologischem Wissen gering ist, z.B. besonders
seltene Syndrome nicht bekannt sind. Dazu z&hlen insbesondere péadiatrische Stationen und

Priméarversorger.

3.4 Mdgliche Kkinftige Strategien zur Steigerung der
diagnostischen Rate seltener genetischer Erkrankungen

NGS und faziales NGP und nicht zuletzt die Kombination von beidem haben in den
vorliegenden Arbeiten ihr Vermogen zur Steigerung der diagnostischen Rate in der klinischen
Genetik gezeigt. Insbesondere drei der Hiurden des klassischen Ansatzes einer gezielten
genetischen Testung nach klinischer Phanotypisierung bleiben aber auch fir diese neuen
Verfahren, welche eine reverse Phanotypisierung nutzen, bestehen. Sie sind nur begrenzt
einsetzbar, (i) wenn ein Syndrom nicht definiert, (ii) wenn die molekulargenetische Ursache
eines Syndroms unklar und (iii) wenn das gewéhlte (NGS-)Testverfahren fur die Erfassung

der Art einer tatsachlich vorliegenden Mutation nicht geeignet ist.

Darlber hinaus kann ein faziales NGP seiner Natur nach nur der automatisierten Erfassung
phanotypischer Parameter des Gesichts dienen, aber nicht alle erblichen Erkrankungen
zeigen eine typische dysmorphe faziale Gestalt. Zur weiteren Verbesserung der hier
vorgestellten Ansatze missen kinftige Verfahren daher auch Patienten mit unklaren
Diagnosen und vergleichbaren Phanotypen einander zuordnen kdnnen. Ein nachfolgender
Vergleich der Erbinformationen der Patienten konnte dann zur Identifikation neuer
Krankheitsgene fihren. Der kirzlich vorgestellte, auf DeepGestalt basierende,
GestaltMatcher kdnnte dazu dienen (Hsieh et al. 2022).

Der PEDIA-Algorithmus priorisiert Exomdaten. Um bei der automatisierten Analyse auch
Strukturvarianten besser erfassen und priorisieren zu kénnen, braucht es kiinftige Systeme,
die auf Genomdaten oder gar Daten aus verschiedenen Quellen (z.B. zuséatzlich klassische

Karyotypisierung und aCGH) trainiert wurden.
Fehlbildungen und anatomische Varianten, welche nicht das Gesicht betreffen, die fiir die

Diagnose eines bestimmten erblichen Syndroms aber wegweisend sein konnen, kdnnen

prinzipiell auch auf Bildern erfasst und fir ein NGP genutzt werden. So kdnnten kinftige

99


https://paperpile.com/c/KczVzI/01uX

Algorithmen z.B. Rontgenaufnahmen von Extremitatenfehlbildungen analysieren (Gottschalk
et al. 2023).
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4. Zusammenfassung

Da es sehr viele seltene Erkrankungen gibt (das INSERM listet z.B. mehr als 9000), ist ihre
kumulative Gesamtprévalenz hoch. Ein Grof3teil hat genetische Ursachen und Schéatzungen
gehen von mehreren Millionen betroffenen EU-Birgern aus. Verschiedene Initiativen z.B.
EJP-RD und Translate-NAMSE wollen die Versorgung von Menschen mit seltenen
Erkrankungen verbessern. Dazu bedarf es allerdings der Entwicklung und Testung neuer
diagnostischer Verfahren in der klinischen Genetik. NGS ist eine solche Technologie, die
verspricht, die genetische Diagnostik zu revolutionieren, indem Patienten dadurch eine
umfassende, schnelle und relativ kostengiinstige genetische Testung erhalten kénnen.

Auch unspezifische, seltene oder primar unklare Symptome kdnnen so pathogenen
Mutationen zugeordnet werden (reverse Phanotypisierung). Dazu wurden spezielle Software
und Leitlinien (ACMG/AMP-Kriterien) entwickelt, die phanotypische, populationsgenetische,
evolutiondre und molekulargenetische Informationen fir eine genetische Diagnosestellung
zusammenfihren. Insbesondere die Erfassung des Phanotyps in computerlesbarer Form ist
dabei allerdings schwierig. So kann die HPO, der weltweite Standard zur computerlesbaren
Beschreibung phanotypischer Merkmale, diese zwar durch explizite, pradefinierte Begriffe
erfassen. Allerdings lassen sich viele genetische Syndrome an einem charakteristischen
Gesicht erkennen und zur exakten Beschreibung der fazialen Gestalt ist die HPO gerade nicht
geeignet. Maschinelles Sehen kdnnte fir eine solche faziale Phanotypisierung verwendet
werden (faziales NGP). So wurde z.B. DeepGestalt, ein tiefes neuronales Netzwerk,
entwickelt, das gewohnlichen Portraitfotos von Patienten mit seltenen, fazial-dysmorphen
genetischen Erkrankungen automatisiert eine Liste von Verdachtsdiagnosen zuordnet und
auch nutzerspezifisch zur Erkennung ausgewdahlter Syndrome trainiert werden kann.

Diese Arbeit untersucht, wie NGS und faziales NGP die Diagnostik seltener, erblicher
Erkrankungen steigern kénnen.

Bei zwei Geschwistern, deren Skelettfehlbildungen und andere Merkmale an eine FA
erinnerten und bei denen die Routinediagnostik unauffallig war, konnte ein WES biallelische
Mutationen in DONSON identifizieren, mit welchem verschiedene Formen des FA-&hnlichen
mikrozephalen Kleinwuchses assoziiert worden sind. Die Geschwister waren unterschiedlich
stark betroffen, d.h., dass die reverse Phanotypisierung nach WES nicht nur eine Diagnostik
ermdglichte, sondern auch zeigte, dass es sich bei den mit DONSON-assoziierten
Erkrankungen um ein Spektrum nur eines Phanotyps, MISSLA, handelt. MISSLA hat einen
fazialen Aspekt, der sich mit DeepGestalt von einer FA unterscheiden lie3. Es ist daher

sinnvoll, die neue Entitat MISSLA nicht als einen weiteren Subtyp der FA zu definieren.
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WES und andere NGS-Daten sind sehr grol3 und die Filterung und Priorisierung der
detektierten Varianten war, auch bei den MISSLA-Geschwistern, sehr aufwendig. Die von
DeepGestalt ausgegebenen, gewichteten Listen an Verdachtsdiagnosen lieRen sich
allerdings bei 679 Patienten mit einer seltenen, molekulargenetisch bestéatigten Diagnose
erfolgreich nutzen, um die Priorisierung von Exomdaten zu verbessern. Es fiel allerdings bei
einer Kohorte von 646 Fotos auch auf, dass DeepGestalt Fotos von Patienten mit einem
kraniofazial dysmorphen Syndrom nicht sicher von unauffalligen Kontrollbildern unterscheiden
kann und nur 238 verschiedene Diagnosen vorschlagen konnte.

Als umfassender, einem WES Uberlegener Test, der sich flr eine weit groRere Zahl an
Diagnosen eignet, kommt ein WGS in Frage. Bei 12 von 69 Patienten mit in der
Routinediagnostik ungeklarten Extremitatenfehlbildungen konnte das WGS relevante
Varianten identifizieren, darunter Varianten in einem aktuell beschriebenen Krankheitsgen
(UBA2) und drei neuen Kandidatengenen. Eines davon (HMGB1) konnte nachfolgend mit Hilfe
von vier weiteren Patienten validiert und mit BPTAS assoziiert werden. Bemerkenswert war,
dass sich verschiedenste Mutationstypen mit einem einzigen Testverfahren nachweisen
lieBen. Eine nichtkodierende pathogene Mutation im intergenischen Bereich konnte nicht
identifiziert werden.

Systeme zum fazialen NGP wie DeepGestalt konnen eine erhebliche Sensitivitat erreichen
und helfen, die Diagnostik bei Menschen mit seltenen genetischen Erkrankungen zu
verbessern. Die Spezifitat von DeepGestalt ist allerdings nur moderat, so dass ein Einsatz nur
durch Experten sinnvoll ist. NGS bietet insbesondere in der Form des WGS das Potenzial, die
verschiedenen in der genetischen Diagnostik etablierten Verfahren zu vereinheitlichen, die
diagnostische Rate zu steigern und die Zeit bis zur Diagnosestellung zu verkirzen. Besonders
hilfreich ist daflirr eine Kombination von fazialem NGP und NGS. Zukiinftige Systeme werden
fur das NGP anderer Korperregionen als des Gesichts benétigt und das NGS muss zur
akkuraten Erfassung von epigenetischen und strukturellen Varianten in der klinischen Routine
weiterentwickelt werden. Fur die vollstandige Interpretation von WGS-Daten ist kiinftig vor
allem ein genaueres molekulargenetisches Verstdndnis des nicht-kodierenden Teils des

Genoms notwendig.
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