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Zusammenfassung

1 Zusammenfassung

Zerebrale kavernose Malformationen (CCMs) sind Gefal3fehlbildungen im Gehirn oder
Ruckenmark und kdnnen sich klinisch aufgrund einer erhdohten Blutungsbereitschaft mit
Kopfschmerzen, Gefuhls- und Sprachstérungen bis hin zu Krampfanféllen &uf3ern. Sie treten
sporadisch oder im Rahmen einer autosomal-dominant erblichen Form auf. Kausale
Sequenzveranderungen sind dabei in den drei Genen CCM1, CCM2 und CCM3 bekannt. Die
Detektionsrate fur pathogene Varianten ist mit bis zu 60 % fir sporadische Falle und mit weit
tber 90 % fur familiare Falle sehr hoch. Wéahrend Genpanel-Analysen sehr verlasslich
Einzelnukleotidveréanderungen, kleine Insertions- und Deletionsvarianten  sowie
Kopienzahlveranderungen detektieren kénnen, werden komplexe Strukturvarianten oder
Veranderungen in nicht-kodierenden Regionen kaum erfasst. Diese riicken jedoch flr die
bisher genetisch unaufgeklarten Falle immer mehr in den Fokus des Interesses. Diese Arbeit
adressiert daher zum einen die ldentifizierung neuer Strukturvarianten und deren funktionale
Interpretation im Kontext der CCM-Erkrankung.

Im Rahmen der vorliegenden Arbeit ist der erstmalige Nachweis einer interchromosomalen
Insertion bei einem CCM-Patienten gelungen. Die unbalancierte Insertion genomischen
Materials von Chromosom 1 in die kodierende Region des CCM2-Gens konnte durch die
Verbindung von bioinformatischen Auswertestrategien der Next Generation Sequencing-
Genpanel-Daten, = molekularzytogenetischen  Analysen  und  einer  molekularen
Bruchpunktkartierung genau charakterisiert werden. Die Identifikation einer weiteren
Strukturvariante, einer Deletion des Transkriptionsstarts von CCM1, verdeutlichte die
Herausforderungen bei der Bewertung von Veranderungen in nicht-kodierenden
Genbereichen. Fur eine eindeutige Klassifikation der Variante wurden daher funktionale
Analysen durchgefiuhrt, die auf einer CRISPR/Cas9-vermittelten Nachbildung der Deletion in
iPSCs und der anschlielenden Differenzierung in Endothelzellen beruhte. Damit konnte
gezeigt werden, dass die Deletion zu einem Verlust der CCM1 mRNA- und
Proteinexpression fuhrt. Zudem wurde in den differenzierten Endothelzellen eine fir die
CCM-Pathogenese charakteristische Deregulation von KLF2, THBS1, NOS3 und HEY2
beobachtet. Schlielich war es auf Basis dieser in vitro-Analysen mdglich, die Variante
entsprechend den ACMG-Richtlinien als wahrscheinlich pathogen zu bewerten und somit die
molekulare CCM-Diagnose zu sichern.

Die Verbindung des CRISPR/Cas9-Systems mit iPSCs st nicht nur fir die
Variantenbewertung von grof3em Nutzen, sondern bietet auch das Potential zum besseren
Verstandnis von Krankheitsmechanismen. Ein weiterer Fokus der vorliegenden Arbeit lag
daher auf der Etablierung und Verwendung iPSC-basierter Zellkulturmodelle fiir die CCM-
Modellierung. Zunachst ist es gelungen, mehrere IPSC-Linien mit einer kompletten
CRISPR/Cas9-vermittelten CCM1-, CCM2- oder CCM3-Inaktivierung zu generieren. Diese
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wurden anschlie@end fir die Differenzierung in hBMEC-&hnliche Zellen und innovative
dreidimensionale vaskulare Organoide verwendet. In diesen Systemen konnte
beispielsweise  eindricklich  eine  tumorahnliche  Proliferation = CCM3-defizienter
Endothelzellen nachvollzogen werden, die nur in Kontakt mit Wildtyp-Zellen auftrat. RNA-
Sequenzierungen in einem CCM1l-basierten Knockout-Modell konnten dariiber hinaus die
Rolle von CCM1 als Endothel-spezifisches Suppressorgen starken. Die im Rahmen der
Arbeit etablierten Systeme werden zukinftig fur weitere Fragestellungen der CCM-
Pathogenese wie der endothelialen Barrierestérung eingesetzt und stellen dartber hinaus
sehr gut geeignete Plattformen fur die effektive Entwicklung dringend bendtigter

therapeutischer Ansétze dar.
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2 Einleitung

2.1 Zerebrale kaverndse Malformationen

.Because brains and spines shouldn’t bleed”, heil3t es in einem Leitspruch der seit 2002
bestehenden Organisation Alliance to Cure Cavernous Malformation, urspriinglich Angioma
Alliance (Alliance to Cure Cavernous Malformation, 2022). Sie ist eine von zahlreichen
internationalen Anstrengungen, die Entwicklung dringend bendtigter neuer Therapieansatze
fur zerebrale kaverndse Malformationen (Cerebral Cavernous Malformations, CCMs)
voranzutreiben. Diese vaskuldren Fehlbildungen des zentralen Nervensystems treten mit
einer Pravalenz von etwa 0,5 % in der allgemeinen Bevdlkerung auf (Otten et al., 1989; Al-
Shahi et al., 2003; Flemming et al., 2017), sodass allein in Deutschland mehr als 400000
Menschen betroffen sind. CCMs sind vor allem durch irreguldr-strukturierte, diinnwandige
und erweiterte Endothelzellkanédle gekennzeichnet, die fokal im vends-kapillaren GefaRbett
des Gehirns oder Rickenmarks auftreten konnen. Makroskopisch erscheinen sie als
maulbeerartige Strukturen mit Ausmafen von bis zu mehreren Zentimetern (Batra et al.,
2009). Als geeignetste Methode zur Visualisierung und Charakterisierung von CCMs gelten
hierbei die T2*-gewichtete Gradienten-Echo- und suszeptibilitatsgewichtete
Magnetresonanztomographie (MRT) (Akers et al., 2017; Spiegler et al., 2018b). In
histopathologischen Untersuchungen von Kavernomen lassen sich oft intraldsionale
Thrombosen und Kalzifikationen nachweisen, die auf einen verlangsamten Blutfluss
innerhalb von CCMs zurtickgefuihrt werden kénnen (Clatterbuck et al., 2001; Batra et al.,
2009). Zudem sind in ihrer Umgebung oftmals Hamosiderinablagerungen zu beobachten, die
als Auswirkung von Blutungsereignissen in das umliegende Gewebe entstehen. Dies ist
Folge einer gestorten Blut-Hirn-Schranke (BHS), welche durch weniger funktionale
interzelluldare  Verbindungen der auskleidenden Endothelzellen gekennzeichnet st
(Clatterbuck et al., 2001). Blutungen koénnen bei betroffenen Patient*innen zu einem
variablen Spektrum an Beschwerden filhren. Dazu zahlen wiederkehrende Kopfschmerzen,
Gefihls- und Sprachstérungen, aber auch Epilepsien und Schlaganfall-&hnliche Symptome
(Batra et al., 2009). Deren individuelle Auspragung hangt hierbei vor allem von der
Lokalisation der Kavernome ab. In weniger eloquenten Arealen verursachen diese haufig
keine klinischen Anzeichen. So sind bis zu ca. 40 % der CCM-Patient*innen asymptomatisch
(Denier et al., 2006). Lasionen im Hirnstamm fihren hingegen oft zu schwerwiegenden
neurologischen Komplikationen. Neben einer supportiven Behandlung ist die chirurgische
Entfernung von Lasionen bisher die einzige therapeutische Option. Die Indikation einer
operativen Resektion wird hierbei abhéngig der Gréfie und Lage der Kavernome gestellt
(Akers et al., 2017).

Seite | 3



Einleitung

Bei der CCM-Erkrankung unterscheidet man zwischen einer sporadischen und einer
autosomal-dominant erblichen Form. Die sporadische Form geht oftmals mit dem Auftreten
einer einzelnen Malformation einher, wahrend Patient*innen mit der familiaren Form meist
durch multiple, bereits im jungen Lebensalter auftretende Kavernome oder eine positive
Familienanamnese auffallen (Labauge et al., 1998). Bei der hereditdren Kavernomatose sind
pathogene Loss-of-Function-Keimbahnvarianten in den drei Genen CCM1 (KRIT1, Online
Mendelian Inheritance in Man [OMIM]: 604214) (Laberge-le Couteulx et al., 1999; Sahoo et
al., 1999), CCM2 (OMIM: 607929) (Liquori et al., 2003; Denier et al., 2004) und CCM3
(PDCD10, OMIM: 609118) (Bergametti et al., 2005) bekannt, die in heterozygotem Status
vorliegen. Das Spektrum identifizierter Veranderungen umfasst vor allem Nonsense-
Varianten, kleine Deletionen und Duplikationen (Indel), Spleivarianten und
Kopienzahlveréanderungen (Copy Number Variations, CNV) (Spiegler et al., 2018b; Ricci et
al.,, 2021). Abhangig vom veréanderten Gen ist hierbei mit einer unvollstandigen Penetranz
von ca. 55-68 % auszugehen (Denier et al.,, 2006; Spiegler et al., 2018b). Die Pravalenz
symptomatischer familiarer Falle wird auf 1:5400-1:6200 geschatzt (Spiegler et al., 2018b).
Patient*innen mit einer pathogenen CCM3-Variante erkranken dabei meist schon in friherem
Alter und weisen ein erhohtes Risiko fur zerebrale Blutungen auf als Trager*innen einer
kausalen CCM1- oder CCM2-Variante (Shenkar et al., 2015).

Die molekulargenetische Diagnostik ist fur Patient*innen mit multiplen Kavernomen oder
einer auffalligen Familienanamnese indiziert. Da innerhalb der CCM-Gene keine sicheren
Bereiche einer gehauften Mutationshaufigkeit ausgemacht werden kénnen, werden im
Rahmen der Diagnostik alle kodierenden Genbereiche einschlielich der angrenzenden
Exon-Intron-Grenzen untersucht. Zur Detektion von Exon-iibergreifenden Deletionen und
Duplikationen wird entweder die Methode der multiplexen ligationsabhéngigen
Sondenamplifikation (Multiplex Ligation-dependent Probe Amplification, MLPA) oder auch
die Next Generation Sequencing (NGS)-basierte CNV-Analyse herangezogen (Much et al.,
2019). Die Detektionsrate fur pathogene Varianten ist mit bis zu 60 % fir sporadische und
mit 87-98 % fur familiare CCM-Falle sehr hoch (Spiegler et al., 2014; Spiegler et al., 2018b).
Der Nachweis einer pathogenen Variante ist insbesondere auch fir weitere
Familienmitglieder von Bedeutung, denen in diesem Fall eine pradiktive Analyse auf die
bekannte Veranderung angeboten werden kann.

Die Entstehung von CCMs kann jedoch nicht ganzlich durch das alleinige Vorliegen einer
heterozygoten pathogenen Keimbahnvariante erklart werden. Stattdessen ist bekannt, dass
erst durch das Auftreten einer zweiten postzygotischen Veranderung entsprechend der
Knudsonschen Zweischrittinaktivierung (Knudson, 1971) die Kavernombildung initiiert wird.
Dies wird durch mehrere Studien an humanen Lasionen unterstitzt (Gault et al., 2005; Akers
et al., 2009; McDonald et al., 2014; Rath et al., 2020). Entsprechend konnte in Patient*innen
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mit pathogener Keimbahnvariante eine immunhistochemische Negativitat fur das
entsprechende CCM-Protein in den Endothelzellen des Kavernoms, nicht jedoch im
umliegenden Gewebe, beobachtet werden (Pagenstecher et al.,, 2009). Analysen in
speziellen Mausmodellen etablierten ferner die heute gangige Auffassung, dass eine klonale
Expansion von Zellen mit kompletter Inaktivierung des jeweiligen CCM-Gens und eine
anschlielende Rekrutierung von Zellen mit erhaltener CCM-Expression zur Bildung und
Progression von Kavernomen beitragen (Abb. 1) (Detter et al., 2018; Malinverno et al.,
2019).
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Abbildung 1 | Modell der Entstehung und Progression von CCMs. In einer Tragerin bzw. einem Trager einer

X

pathogenen, heterozygoten CCM3-Keimbahnvariante wird die CCM-Bildung durch eine zweite somatische
Inaktivierung in einer Endothelzelle initiiert (linker Abschnitt). Nachfolgend erfolgt eine klonale Expansion der
CCM3"-Zelle (mittlerer Abschnitt). Durch die Rekrutierung von heterozygoten Zellen kommt es zum Wachstum
des Kavernoms, welches charakteristischerweise aus einem Mosaik aus CCM37 und CCM3*"- Zellen besteht.
Eine Stérung der endothelialen Barrierefunktion kann schlielich zur Blutung in das umliegende Gewebe fiihren
(rechter Abschnitt). Abbildung stammt aus Skowronek et al. 2021.

2.2 Strukturvarianten

Die in der molekulargenetischen Diagnostik der CCM-Erkrankung eingesetzte Short-Read-
basierte  Panel-Sequenzierung zielt insbesondere auf die Identifikation von
Einzelnukleotidverdnderungen (Single Nucleotide Variants, SNVs) sowie kleinen Indel-
Varianten ab. Aber auch dem moglichen Auftreten groRerer CNVs, welche einen
substantiellen Anteil der identifizierten pathogenen Varianten in den CCM-Genen
ausmachen (Riant et al., 2013), wird durch die MLPA-Analyse oder NGS-basierte Methoden
Rechnung getragen. Uber die Haufigkeit von anderen und komplexeren SVs ist im CCM-
Kontext hingegen wenig bekannt. Dabei tragen SVs im Allgemeinen nicht nur zur
phanotypischen Variabilitat bei, sondern kénnen auch bei der Krankheitsentstehung eine
bedeutende Rolle spielen (Feuk et al., 2006).

Der Einsatz der Gesamtgenomsequenzierung (Whole Genome Sequencing, WGS) in grofR3

angelegten Populationsstudien hat eine umfangliche Charakterisierung der humanen
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genetischen Variation ermdéglicht. Mit Abschluss des 1000 Genomes Project, welches die
Genome von 2504 Individuen rekonstruierte, konnte gezeigt werden, dass sich ein typisches
humanes Genom in vier bis funf Millionen Stellen vom Referenzgenom unterscheidet (The
1000 Genomes Project Consortium, 2015). Den Grofdteil dieser Variation machen SNVs
sowie kleine Indel-Varianten aus. Es treten jedoch auch gréRere SVs auf, die als strukturelle
und quantitative chromosomale Umlagerungen von mehr als 50 Basenpaaren (bp)
beschrieben werden und sowohl zytogenetisch sichtbare als auch submikroskopische
Sequenzveranderungen umfassen (Spielmann et al., 2018). Auch wenn der Anteil von SVs
an der genetischen Variation deutlich geringer ist als fir SNVs, sind sie aufgrund ihrer Gréf3e
fur den Grof3teil der variierenden Nukleotide zwischen humanen Genomen verantwortlich
(Pang et al., 2010). Dabei konnen sie sowohl als CNVs in Form von Deletionen,
Duplikationen und Insertionen als auch balanciert in Form von Inversionen und
Translokationen vorliegen (Weischenfeldt et al., 2013). Durch die Kombination verschiedener
Sequenziertechnologien und bioinformatischer Algorithmen wurde gezeigt, dass mehr als
27000 solcher SVs im humanen Genom zu finden sind (Chaisson et al., 2019). Deren
Entstehung kann hierbei mechanistisch auf Rekombinations-, Replikations- sowie
Reparaturmechanismen der DNA zuriickgefuihrt werden (Weischenfeldt et al., 2013).

Die Suche nach kausalen chromosomalen Umlagerungen gewinnt bei der Diagnose seltener
Erkrankungen zunehmend an Bedeutung, wobei diese einen Teil des Ph&anomens der
fehlenden Erblichkeit (Missing Heritability) bei genetisch bisher ungelésten Fallen erklaren
kénnen (Maroilley and Tarailo-Graovac, 2019). Tatsachlich ist ein funktional negativer
Einfluss seltener SVs sogar wahrscheinlicher als fiir seltene SNVs (Chiang et al., 2017;
Eichler, 2019). Eine schadliche Auswirkung von SVs kann sich beispielsweise infolge einer
direkten Unterbrechung der Genorganisation oder von Positionseffekten auern, welche die
transkriptionale Regulation von Genen beeinflussen (Feuk et al., 2006; Spielmann et al.,
2018). Im Gegensatz zu Verdnderungen geringer Grofie stellt die Detektion von SVs jedoch
eine grofRe Herausforderung dar. Vor allem die oft eingesetzte Short-Read-basierte Panel-
Sequenzierung stoR3t hierbei an ihre Grenzen. Insbesondere Varianten, die nicht zu einer
Veranderung der Kopienzahl fihren oder sich in nicht-kodierenden Genbereichen befinden,
kénnen hiermit nur sehr schwer oder gar nicht erfasst werden. Neue Sequenziertechnologien
und verbesserte Algorithmen sowie die Integration von Daten verschiedener Plattformen
haben die Identifikation und Charakterisierung von SVs deutlich verbessert (Ho et al., 2020).
Besonders der Einsatz der Long-Read-Sequenzierung (LRS) kann in diesem
Zusammenhang entscheidende Limitationen bisheriger Anséatze Uberwinden (Merker et al.,
2018; Sanchis-Juan et al., 2018; Mitsuhashi and Matsumoto, 2020), da durch lange
Sequenzierreads die gesamte SV Uberspannt und die Kartierung in repetitiven Regionen

verbessert werden kann (De Coster and Van Broeckhoven, 2019).
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2.3 Das CRISPR/Cas9-System zur Genomeditierung

Die Mdoglichkeit Veranderungen genomischen Materials gezielt vornehmen zu kdnnen, hat
die biologische und biomedizinische Forschung grundlegend verdndert. Die
Genomeditierung und im Speziellen das CRISPR/Cas-System stellt insbesondere bei der
Untersuchung von Genfunktionen und der Modellierung von Krankheiten sowie der
Entwicklung von therapeutischen Anséatzen ein wertvolles Werkzeug dar. Bisherige Studien
zu Pathomechanismen der CCM-Erkrankung in Zellkulturmodellen basierten zumeist auf
einer nur transienten Herunterregulation des CCM-Zielgens unter Einsatz der RNA-
Interferenz-Methode (Glading et al., 2007; Stockton et al., 2010; Wistehube et al., 2010; Zhu
et al., 2010; Zhou et al., 2016). Durch komplementare Basenpaarung kann hiermit die
Genexpression inhibiert werden. Eine der in vivo-Situation entsprechende dauerhafte
Ausschaltung des entsprechenden CCM-Gens kann so jedoch nicht ausreichend abgebildet
werden. Stattdessen eignet sich die CRISPR/Cas-Technologie hervorragend dazu, die
Langzeitinaktivierung von CCM-Genen zu studieren, indem stabile biallelische Varianten
eingefuhrt werden kénnen.

Die Generierung von Sequenzveranderungen mit Hilfe programmierbarer Nukleasen basiert
auf der Einfihrung von DNA-Doppelstrangbriichen, die nachfolgend durch zelleigene
Mechanismen repariert werden. Neben Meganukleasen, Zinkfingernukleasen sowie
transkriptionsaktivatordhnlichen  Effektornukleasen zeichnet sich die CRISPR/Cas-
Technologie vor allem durch die deutlich einfachere und flexiblere Verwendung aus
(Chandrasegaran and Carroll, 2016). Die fiir dieses System charakteristische repetitive DNA-
Sequenzen (Clustered Regularly Interspaced Short Palindromic Repeats, CRISPR) und mit
diesen assoziierte Gene (CRISPR-associated, Cas) wurden erstmals in Prokaryoten
entdeckt (Ishino et al., 1987; Mojica et al., 1995). Dort dient es als adaptives Immunsystem
zur Abwehr von eindringender Fremd-DNA (Makarova et al., 2006; Barrangou et al., 2007).
Durch biotechnologische Modifikationen lasst sich das CRISPR/Cas-System sowohl in vitro
als auch in vivo zur prazisen Genomeditierung in vielen verschiedenen Organismen
einsetzen. Weit verbreitet ist hierbei eine Adaption des Typ Il CRISPR/Cas-Systems
(Klasse 2) von Streptococcus pyogenes. Zunachst wird hierbei nach Hybridisierung einer
sequenzspezifischen CRISPR-RNA (crRNA) mit einer transaktivierenden crRNA (tracrRNA)
ein Ribonukleoproteinkomplex (RNP) mit der Cas9-Nuklease gebildet. Vermehrt kommen
hierbei auch einzelne RNA-Molekile zum Einsatz, die als single-guide RNA die
Eigenschaften von crRNA und tracrRNA vereinen (Sander and Joung, 2014). Die Cas9-
Nuklease wird basierend auf einer komplementdren Basenpaarung schlieBlich zu einer
spezifischen Ziel-DNA-Sequenz geleitet. Diese weist normalerweise eine Lange von 20 bp
auf liegt benachbart zu einem protospacer adjacent motif (PAM) der Form 5-NGG bzw.

5-NAG (N=A, T, C oder G). Die zwei Nuklease-Domanen der Cas9 spalten anschlielend
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die DNA, wodurch es zu einem Doppelstrangbruch kommt. Dieser wird innerhalb von Zellen
Uber den Mechanismus der nicht-homologen Endverknipfung (Non-Homologous End-
Joining, NHEJ) oder der homologen Rekombination (Homology-Directed Repair, HDR)
repariert. Im Zuge der NHEJ kann es zur Entstehung von Indel-Varianten kommen, was sich
zum Beispiel bei der Generierung von Gen-Knockouts zu Nutze gemacht wird. Wenn eine
zum Ziellokus homologe Spendermatrize zur Verflgung gestellt wird, ist im Sinne eines HDR
auch die Einfuhrung spezifischer Sequenzen moglich (Sander and Joung, 2014). Durch die
Weiterentwicklung des Systems kann dartber hinaus eine gezielte Baseneditierung
vorgenommen werden. Der Einsatz von Cas9-Nickasen erlaubt hierbei die Konvertierung
einzelner Basen ohne die Erzeugung eines Doppelstrangbruchs. Des Weiteren kann die
CRISPR/Cas-Technologie auch fur die Regulation der Genexpression eingesetzt werden,
indem katalytisch inaktivierte Cas9-Nukleasen verwendet werden. Durch die Kopplung der
Nuklease mit spezifischen Effektoren lassen sich ferner epigenetische Veranderungen
vornehmen (Adli, 2018). Generell gilt, dass sich das Auftreten unerwiinschter Nebeneffekte
an genomischen Stellen, die zu der verwendeten crRNA eine hohe Ahnlichkeit aufweisen,
durch die direkte Einbringung eines RNP-Komplexes in die Zielstruktur aufgrund dessen
kirzeren Halbwertszeit minimieren lasst (Kim et al., 2014).

Das CRISPR/Cas9-System konnte in der eigenen Arbeitsgruppe bereits erfolgreich zur
Editierung der CCM-Gene in immortalisierten humanen Nabelschnurvenenendothelzellen
(Immortalized Human Umbilical Vein Endothelial Cells, CI-huVECs), endothelialen
Vorlauferzellen aus Blut (Blood Outgrowth Endothelial Cells, BOECs) sowie humanen
zerebralen mikrovaskularen Endothelzellen (Human Cerebral Microvascular Endothelial
Cells, hCMECs) eingesetzt werden. Dies erlaubte die ndhere Charakterisierung wichtiger
CCM-assoziierter Dysfunktionen in den entsprechenden Knockout-Endothelzellen, wie
beispielsweise eines klonogenen Uberlebensvorteils, eines gestdrten angiogenen
Verhaltens, der vermehrten Bildung von Aktinstressfasern, einer verringerten Fibronektin-
Expression oder der Akkumulation von Von-Willebrand-Faktor (Schwefel et al., 2019;
Schwefel et al., 2020; Much et al., 2021). Gegentiber primaren und immortalisierten Zellen
gewinnen vor allem Stammzellen zunehmend an Bedeutung bei der in vitro-Modellierung von
Krankheiten. Durch ihre einzigartigen Eigenschaften, sich unbegrenzt vermehren und in alle
drei Keimblatter differenzieren zu koénnen, Uberwinden sie entscheidende Limitationen
bisheriger Zellkultur-Anséatze (Grskovic et al., 2011). Die Verbindung von Stammzellen mit
der CRISPR/Cas9-Technologie birgt dabei ein enormes Potential, nicht nur biologische
Prozesse und Krankheitsmechanismen in komplexeren Modellen wie beispielsweise
dreidimensionalen Organoiden besser zu verstehen, sondern auch innovative therapeutische

Strategien zu entwickeln (Hendriks et al., 2020).
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3 Zusammenfassung und Diskussion

3.1 Identifikation und Charakterisierung von Strukturvarianten als genetische
Ursache der Kavernomatose

3.1.1 Identifikation einer submikroskopischen interchromosomalen Insertion im
CCM2-Gen

Immense technologische Fortschritte im Bereich der Hochdurchsatzsequenzierung haben
die Diagnostik von seltenen Erkrankungen, die zum Grof3teil einen genetischen Hintergrund
besitzen, erheblich verbessert (Nguengang Wakap et al., 2020; VinkSel et al., 2021).
Dennoch bleiben immer noch viele Félle ungeklart. Fur CCM-Patient*innen, bei denen trotz
erflllten Einschlusskriterien keine kausale Sequenzverdnderung in der Standarddiagnostik
detektiert werden konnte, wurden in der Literatur unter anderem ein bisher unbekanntes
Kandidatengen (Liquori et al.,, 2006) und somatische Mosaike (McDonald et al., 2014)
diskutiert. Durch die mittels WGS identifizierte erste grof3e genomische Inversion im CCM2-
Gen (Spiegler et al.,, 2018a) rlckten jedoch auch Strukturvarianten in den Fokus des
Interesses. Auch Genpanel-Analysen kénnen Hinweise auf das Vorliegen von SVs liefern,
wenn die entsprechenden Bruchpunkte innerhalb oder nahe dem kodierenden Genbereich
liegen. So konnte in einem Probanden erstmals eine submikroskopisch vorliegende
interchromosomale Insertion identifiziert werden (Pilz et al., 2020).

Bei dem ménnlichen Indexpatienten, der zum Zeitpunkt der genetischen Analyse 58 Jahre alt
war, wurden in der MRT-Bildgebung zahlreiche Kavernome im Gehirn und Rickenmark
nachgewiesen (Abb. 2 A, B). Vier dieser Lasionen wurden aufgrund von Blutungsereignissen
bereits chirurgisch entfernt. Nach einer Hybridisierungs-basierten Anreicherung der
diagnostischen Zielregionen fielen in der bioinformatischen Analyse der NGS-Daten
zahlreiche fehlerhaft kartierte Sequenzierreads im CCM2-Gen auf. Diese sogenannten Split
Reads konnten bemerkenswerterweise nur mittels Sequence-Pilot-Software (JSI medical
systems), nicht jedoch unter Einsatz der Kartierungs- und Alignierungsinformationen der
MiSeq Reporter-Software (lllumina) detektiert werden. Basierend auf ihrer Kartierung war
eine Einteilung der aberranten Reads in zwei Gruppen moglich. Die Reads der ersten
Gruppe konnten teilweise dem 5'-Bereich des Exons 6 von CCM2 und aul3erdem dem
chromosomalen Bereich 1p11.2 oder 1g21.1 zugeordnet werden. Eine Spezifikation der
Kartierung auf Chromosom 1 war aufgrund bekannter Sequenzhomologien nicht maéglich.
Der zweite Teil der Reads wurde hingegen partiell auf den 3'-Bereich von CCM2 Exon 6 und
zudem auf den Bereich 1pl2 kartiert. Diese Daten lieRen eine Insertion eines
294 Kilobasenpaare (kb) grofen Fragmentes von Chromosom 1 (1pl2-p11.2) in die
proteinkodierende Region von CCM2 auf Chromosom 7 (7p13) vermuten (Abb. 2 C). Dies
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konnte durch Fluoreszenz-in-situ-Hybridisierung (FISH) an Metaphase-Chromosomen von
Blutlymphozyten des Patienten bestétigt werden (Abb. 2 D) (Pilz et al., 2020).

RPI1-111G20

120.4 mb 120.5 mb 120.6 mb RP11-425C16
12045 mb 120.55 mb
H REG4 NOTCH24RH-HHHH——H ; 1
MM nBPF7 4 ADAM30 i
1 7

Abbildung 2 | Identifizierung einer interchromosomalen Insertion bei einem CCM-Patienten mit multiplen
zerebralen und spinalen CCMs. (A) MRT-Analysen zeigen CCMs in der Pons (I) und der Cauda equina (Il) des
Indexpatienten (weil3e Pfeile). (B) Intraoperative Aufnahme der kaverndsen L&sion in der Cauda equina. (C)
Schematische Darstellung der identifizierten Strukturvariante. Genomisches Material von Chromosom 1 lag in
invertierter Orientierung inseriert im Exon 6 von CCM2 auf Chromosom 7 vor. (D) Bestatigung der
interchromosomalen Insertion mittels FISH-Analyse. Die BAC-Sonden RP11-425C16 (1p12; hgl19: 120176963—
120358983) und RP11-111G20 (7p12.3~13; hgl9: 45283437-45448789) wurden verwendet. Es ist eine
Kreuzhybridisierung der verwendeten Sonde RP11-425C16 in 1¢g21.1 bekannt. (Modifizierte) Abbildungen

stammen aus Pilz et al. 2020.

Durch eine MLPA-Analyse konnten zuséatzlich drei Kopien des NOTCH2-Gens
nachgewiesen werden. Dies versicherte, dass der betreffende Bereich auf Chromosom 1 in
veranderter Kopienzahl vorlag. NOTCH2 lag neben den Genen ADAM30, NBPF7 und einem
Teil des REG4-Gens innerhalb des inserierten Fragmentes und ist das einzige dieser Gene
mit einem in der Datenbank OMIM hinterlegten assoziierten Phanotyp. Der Patient zeigte
jedoch weder fur das Alagille- noch das Hajdu-Cheney-Syndrom typische Symptome. Durch
eine Amplifikation der vermuteten Bruchpunkte mit Hilfe spezifischer Primer gelang nicht nur
die Bestatigung der Insertion auf molekularer Ebene, sondern auch die genaue Bestimmung
der Bruchpunkte mittels Sanger-Sequenzierung ([hgl19] chr1:120347265, chrl:120641440

und chr7:45108098-45108101). Diese versicherte zum einen, dass das inserierte Fragment
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in invertierter Orientierung vorlag, und zeigte zum anderen, dass dieses durch eine kleine

Insertion sowie Indel-Variante flankiert war (Abb. 3) (Pilz et al., 2020).

P
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chrl-R1 chri-R2

chri-F2 CCM2-R
TGGAACTTG CTCA>CCAGAG
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Abbildung 3 | Molekulare Charakterisierung der Bruchpunkte mittels Sanger-Sequenzierung. Im mittleren
Abschnitt ist eine schematische Darstellung des Referenz- und des Insertions-Allels gezeigt. Die blauen, roten
und griinen Pfeile reprasentieren die PCR- und Sequenzierungs-Primer (chrl: chrl-F1 + R1 und chrl-F2 + R2;
chr7: CCM2-F + R). Die PCR-Produkte und Chromatogramme des Referenz-Allels auf Chromosom 1 (oberer
Abschnitt; chrl-F1/R1 und chrl-F2/R2) sowie der invertierten Insertion auf Chromosom 7 (unterer Abschnitt;
CCM2-F/chr1-F2 und chrl-R1/CCM2-R) sind dargestellt. C =gesunde Kontrolle; P = Indexpatient;
— = Negativkontrolle; Ex = Exon. Abbildung stammt aus Pilz et al. 2020.

Die SV fihrt durch die Unterbrechung der kodierenden Region von CCM2 sehr
wahrscheinlich nicht zur Synthese eines funktionsfahigen Proteins und wurde daher als
Loss-of-Function-Variante betrachtet. Entsprechend den ACMG (The American College of
Medical Genetics and Genomics)-Richtlinien zur Interpretation von Sequenzvarianten
(Richards et al., 2015) wurde die heterozygot vorliegende interchromosomale Insertion daher
als pathogen bewertet. Die ldentifizierung einer pathogenen Variante ist nicht nur zur
Sicherung der Diagnose einer hereditiren CCM-Erkrankung und optimalen klinischen
Betreuung betroffener Patient*innen wichtig, sondern auch fir die genetische Beratung von
Familienangehérigen von grofRer Bedeutung. Insbesondere stellte sich die Frage, ob die
Variante vererbt wurde oder neu aufgetreten ist (de novo). Weder fir die Elternteile noch fur
andere Familienmitglieder wurden kaverndse L&sionen oder typische CCM-Symptome
beschrieben. Im Fall der identifizierten SV ist das Vorliegen einer de novo-Verénderung
demnach plausibel. Da jedoch bis zu 45 % der Trager*innen einer pathogenen CCM2-
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Variante asymptomatisch sind (Denier et al., 2006), ist ein erblicher Fall nicht
auszuschlieRen. Weil die Elternteile des Indexpatienten bereits verstorben waren und
weitere Familienangehdrige fir eine genetische Untersuchung nicht zur Verfigung standen,
konnte die Herkunft der identifizierten SV nicht abschlieRend geklart werden.

Im Rahmen der vorliegenden Arbeit wurde untersucht, ob weitere kausale genomische
Umlagerungen in anscheinend mutationsnegativen CCM-Patient*innen identifiziert werden
kénnen. Hierzu wurden die NGS-Genpanel-Daten von sieben weiteren am Institut fur
Humangenetik Greifswald untersuchten Proband*innen ohne eine nachgewiesene
pathogene SNV, Indel-Variante oder CNV analysiert. Hierbei wurde zusatzlich die SureCall-
Software (Agilent Technologies) eingesetzt, um auf Translokationsereignisse basierend auf
dem Vorhandensein von aberranten Reads in den NGS-Daten zu prufen. Wahrend die
Software die interchromosomale Insertion des Indexpatienten akkurat detektieren konnte,
wurden fur die weiteren Patient*innen keine chromosomalen Umlagerungen identifiziert (Pilz
et al., 2020). Nichtsdestotrotz bekraftigt die Studie, dass schwer zu detektierende SVs als
Ursache fir bisher genetisch unaufgeklarte Falle bericksichtigt werden sollten. In
Zusammenschau konnte durch die vorliegende Arbeit nicht nur das in der
molekulargenetischen Diagnostik der CCM-Erkrankung zu bedenkende Mutationsspektrum
erweitert, sondern ebenso die Limitationen und Bedeutsamkeit spezieller bioinformatischer
Werkzeuge und Filterkriterien bei der Detektion von SVs in Genpanel-Daten verdeutlicht

werden.

Auch wenn es mit Genpanel- und MLPA-Analysen zwar prinzipiell mdglich ist, SVs bzw.
CNVs zu detektieren, bietet sich bei der Identifikation und néaheren Charakterisierung dieser
vor allem die Long-Read-Sequenzierung als Technologie der dritten Generation an (Miller et
al., 2021). Sie bietet das Potential, die gesamte SV zu tberspannen und deren Kartierung zu
verbessern, sodass sie in einem diagnostischen Kontext gut als ergdnzende Analyse zu
Short-Read-basierten Panel-Ansatzen geeignet ware. In der eigenen Arbeitsgruppe wurde
daher basierend auf einer CRISPR/Cas9-basierten Selektion der genomischen Zielregionen
(Gilpatrick et al., 2020) die LRS aller drei CCM-Gene auf der MinlON-Plattform (Nanopore
Technologies) etabliert (Skowronek et al., 2022 [unter Begutachtung]). Durch die erneute
Analyse bekannter grof3er Deletionen in CCM Patient*innen mittels LRS gelang uns so eine
exakte Bruchpunktkartierung fur die Varianten, bei der Genpanel- und MLPA-Analysen
hingegen sehr limitiert sind. Dies erlaubte nicht nur erstmals die akkurate Bestimmung der
DeletionsgréRen, sondern auch den Entwurf Deletions-spezifischer PCR-Ansétze
(Skowronek et al., 2022 [unter Begutachtung]). Diese besitzen vor allem als gunstige und
schnelle Alternative fir pradiktive Analysen weiterer Familienangehoriger groRe Bedeutung.

Die bisher eingesetzte MLPA-Methode fir die Analyse auf bekannte familiare CNVs ist im
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Vergleich mit hdherem Aufwand und einer geringeren Kosteneffizienz verbunden, wenn es
Zu einer oftmals zeitversetzten Untersuchung vieler Familienmitglieder kommt (Gaetzner et
al., 2007; Singh et al., 2021). Ein weiterer Vorteil der LRS liegt in der Fahigkeit, komplexe
Sequenzveranderungen verlasslich detektieren zu koénnen. Dies ist insbesondere fir
Varianten entscheidend, die auf3erhalb der in der Diagnostik standardmafig analysierten
Regionen liegen oder zu keiner Veranderung der Kopienzahl fihren. Mit unserem LRS-
Ansatz waren wir beispielsweise in der Lage, die zuvor beschriebene interchromosomale
Insertion im CCM2-Gen akkurat nachzuweisen (Skowronek et al., 2022 [unter
Begutachtung]). Insgesamt stellt die LRS fir die CCM-Diagnostik somit eine
vielversprechende second-line-Technologie fiur die Entwicklung glnstiger und schneller
PCR-basierter Ansatze im Rahmen famili&rer Analysen sowie das Screening auf komplexere
SVs bei bisher unaufgeklarten Fallen dar.

3.1.2 Funktionale Bewertung einer Strukturvariante mittels CRISPR/Cas9
Genomeditierung
Der Grofdteil der pathogenen Varianten in den CCM-Genen ist in den kodierenden
Genbereichen lokalisiert, sodass sich die molekulargenetische CCM-Diagnostik
hauptsachlich auf diese Regionen fokussiert. Dabei sind allgemein gesehen nicht-kodierende
Regionen, wie beispielsweise Promotormotive, die 3'- und 5'- untranslatierten Bereiche und
intronische Sequenzen, wichtige funktionelle Bereiche, die bei der Krankheitsentstehung
eine bedeutende Rolle spielen kénnen (French and Edwards, 2020). Auch wenn Fortschritte
im Bereich der Sequenziertechnologien eine effiziente Detektion solcher Veranderungen
ermdglichen, ist die Bewertung von nicht-kodierenden Varianten hinsichtlich ihrer
funktionalen Relevanz jedoch in der Regel schwierig. Dies spiegelt sich beispielsweise darin
wider, dass diese Ofter als ,Variante unklarer klinischer Signifikanz“ (VUS) Kklassifiziert
werden (Ellingford et al.,, 2022). Existierende Richtlinien zur Interpretation von
Sequenzvarianten  konzentrieren sich  hauptsachlich auf die proteinkodierenden
Genbereiche. Die fir eine breite Anwendung konzipierten ACMG-Richtlinien zur
Variantenbewertung klassifizieren Veranderungen hinsichtlich der funktionellen Relevanz als
neutral, wahrscheinlich neutral, wahrscheinlich pathogen, pathogen oder als VUS, wenn zum
Zeitpunkt der Bewertung die vorhandenen Daten fir eine eindeutige Klassifikation nicht
ausreichend sind (Richards et al., 2015). Diese ist jedoch von grol3er Bedeutsamkeit, da eine
Einordnung der Variante als pathogen bzw. wahrscheinlich pathogen mitunter mit
weitreichenden Kklinischen Konsequenzen verknipft ist. Gerade fur nicht-kodierende
Varianten ist es oftmals notwendig, funktionale Analysen flr eine eindeutige Bewertung
durchzufuhren (Ellingford et al., 2022). Zur in vitro-Modellierung solcher Varianten hat sich

hierbei das CRISPR/Cas9-System als sehr nitzlich erwiesen und wurde beispielsweise

Seite | 13



Zusammenfassung und Diskussion

schon in induzierten pluripotenten Stammzellen (Induced Pluripotent Stem Cells, iPSCs)
genutzt, um die Pathogenitat von VUS zu entschlisseln (Garg et al., 2018; Ma et al., 2018).
Im Rahmen dieser Arbeit wurde eine bisher nicht beschriebene Deletion des nicht-
kodierenden Exons 1 im CCM1-Gen identifiziert und initial als VUS nach den ACMG-
Kriterien klassifiziert. Ziel der Arbeit war es, diese Variante mit Hilfe von in vitro
durchgefuhrten funktionalen Untersuchungen akkurat zu bewerten (Pilz et al., 2022a).

In den NGS-Genpanel-Daten der Indexpatientin mit multiplen Kavernomen waren keine
pathogenen SNVs oder kleine Indel-Varianten identifiziert worden, jedoch eine hohe Anzahl
von aberranten Reads im Intron 1 des CCM1-Gens aufgefallen. Die Sequence-Pilot- und
SureCall-Software sowie schlieRBlich die NGS-basierte CNV-Analyse wiesen auf eine
heterozygote Deletion des Exons 1 von CCM1 hin. Eine spezifische PCR-basierte, die
betreffende Region Uberspannende Amplifikation resultierte schlie3lich in einer Wildtyp-
Bande und einer etwa 400 bp kurzeren Bande fir die Indexpatientin und ihren Vater. Mittels
Sanger-Sequenzierung konnten die exakten Bruchpunkte der 411 bp grofRen Deletion
bestimmt werden, die den Transkriptionsstartpunkt (TSP) aller relevanten CCM1-Transkripte
und mehrere Transkriptionsfaktorbindestellen umfasst (Abb. 4 A, B). Da das Startkodon von
CCM1 jedoch erst in Exon 5 lokalisiert ist, betrifft die Variante nicht die kodierende Region
des Gens. Zudem kann das Auftreten von alternativen TSPs nicht ganzlich ausgeschlossen
werden (Mondéjar et al., 2016). Gemal} den ACMG-Richtlinien wurden fiir die Variante die
Kriterien PM1 und PP4 als zutreffend erachtet, sodass die Deletion initial entsprechend als
VUS bewertet wurde (Pilz et al., 2022a).

— bp c um3 2 - breakpoint

WT _ _5"upstream Y intron1
TCGCGGTCAAGACCTGAGCTTT

Del

W anaatan WA AL AN
(AW YWV

chr7:91,875,487 chr7:91,875,075

Abbildung 4 | Identifikation einer Deletion des Exons 1 von CCML1 bei einer Patientin mit multiplen CCMs.
(A) Die Deletion umfasst den Transkriptionsstartpunkt aller funktionell relevanten CCM1-Transkripte. (B) Eine
PCR-Amplifikation der Deletionsregion resultierte in einer Wildtypbande (WT) und einer 411 bp kirzeren
Deletionsbande (Del) fur die Indexpatientin (11:3) und ihren Vater (1:2). Die Bruchpunkte der Deletion wurden

mittels Sanger-Sequenzierung ermittelt. (Modifizierte) Abbildungen stammen aus Pilz et al. 2022a.

In der vorliegenden Arbeit sollte die CRISPR/Cas9-Technologie in einem iPSC-basierten
Zellkulturmodell fur die funktionale Charakterisierung der Variante verwendet werden. Um
ein far in vitro-Analysen wichtiges Referenzsystem fir die Bestimmung von Messbereichen

und Grenzwerten zu etablieren (Brnich et al., 2019), wurden zunachst erstmals CCM1™"
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iPSC-Zelllinien mit CRISPR/Cas9-vermittelten biallelischen Loss-of-Function-Varianten
generiert. Hierfur wurden AICS-0023 iPSCs der Allen Cell Collection (Coriell Institute for
Medical Research) eingesetzt. Diese weisen eine endogene Fluoreszenzmarkierung des
Tight Junction Protein 1 (ZO-1) mit grin-fluoreszierendem Protein auf. Die Transfektion der
iPSCs erfolgte mit RNP-Komplexen, wobei die Zielsequenz der verwendeten single-guide
RNA im Exon 10 von CCM1 lag. Klonale CCM1” iPSC-Linien wurden dann nach serieller
Verdinnung expandiert. So gelang es, eine Linie mit zwei compound-heterozygoten
Frameshift-Varianten und eine Linie mit einer homozygoten 1 bp-Duplikation zu erzeugen.
Da diese Varianten zu einer Leserasterverschiebung filhren, kommt es sehr wahrscheinlich
nicht zur Synthese eines funktionsfahigen Proteins. In der Tat lieBen sich eine deutlich
reduzierte CCM1 mRNA-Expression sowie der Verlust des CCM1-Proteins mittels Western-
Blot in diesen Zelllinien nachweisen. Aus diesen Linien mittels STEMDiff Endothelial
Differentiation Kit (STEMCELL Technologies) differenzierte endothelzellahnliche Zellen (im
Folgenden als Endothelzellen bezeichnet) exprimierten die typischen Endothelzellmarker
CD31 und VE-Cadherin und zeigten eine fir die CCM-Pathogenese haufig beschriebene
Hochregulierung der Gene KLF2 und KLF4 (Zhou et al, 2016). Damit waren sie
hervorragend als Referenzsystem fiur die Bewertung der identifizierten Deletion geeignet
(Pilz et al.,, 2022a). Daruber hinaus wurde hiermit erstmals ein iPSC-basiertes CCM1
Knockout-Modell der CCM-Erkrankung etabliert. Dessen besondere Bedeutung liegt vor
allem in der Uberwindung entscheidender Limitationen bisheriger CCM-Zellkulturmodelle.
IPSCs sind nicht nur unbegrenzt verfugbar, sondern kénnen durch ihre
Differenzierungsfahigkeit die Entwicklung komplexerer dreidimensionaler und Kokultur-
Systeme vorantreiben, welche die Interaktion von Endothelzellen mit anderen Zelltypen des
zentralen Nervensystems in der CCM-Pathogenese besser abbilden koénnten. Die
Verwendung von iPSC-Zelllinien, die fur CCM-relevante Zellstrukturen wie ZO-1 bereits
endogen fluoreszenzmarkiert sind, eréffnet zudem spannende Anschlussmdglichkeiten im
Rahmen von Live-Cell-Imaging-Studien oder Hochdurchsatztestungen.

Um die identifizierte Deletion in iPSCs nachzubilden, wurden zunéchst in leicht zu
transfizierenden HEK293T-Zellen verschiedene Paare von crRNAs getestet. Diese sollten
einen genomischen Bereich ausschneiden, welcher mdglichst akkurat die Deletion
widerspiegelt (Abb. 5 A). Nachdem AICS-0023 iPSCs mit der optimalen crRNA-Kombination
transfiziert wurden, gelang schlieBlich die Etablierung dreier CCM1%/%l |inien mit einer
biallelischen CRISPR/Cas9-induzierten Deletion (Abb. 5 B). In Ubereinstimmung mit der
Hypothese, dass der Verlust des TSPs pathogen ist, konnte flr die Linien eine stark
reduzierte CCM1-Expression auf RNA- und Protein-Ebene nachgewiesen werden.
Interessanterweise wurde auch eine verringerte Expression des Gens ANKIB1 beobachtet,
dessen TSP in der Nahe der Deletion lokalisiert ist (Abb. 5 A). AnschlieRend konnten die

Seite | 15



Zusammenfassung und Diskussion

CCM1dedel ipSC-Linien erfolgreich in Endothelzellen differenziert werden (Abb. 5 C).
Bemerkenswert ist, dass die Expression des CCM1-Transkripts fur die differenzierten
CCM1del Endothelzellen vollstandig verloren gegangen war, wahrend diese fur die CCM1™"
Zellen zwar deutlich reduziert, jedoch noch vorhanden war (Abb. 5 D). Zusatzlich wurde in
den differenzierten CCM17 und CCM1%/e Endothelzellen mittels Reverse Transkriptase-
guantitativer PCR (RT-gPCR) die Expression der Gene KLF2, THBS1, NOS3 und HEY2
untersucht. Fur diese ist eine Deregulation im Kontext der CCM1-assoziierten
Kavernomatose bekannt (Wilstehube et al., 2010; Zhou et al., 2016; Lopez-Ramirez et al.,
2017; Lopez-Ramirez et al., 2021). Fir THBS1 zeigte sich eine &hnliche Reduktion in
CCM17 und CCM1%'e Zellen (Abb. 5 D). Fir die Gene KLF2, NOS3 und HEY2 konnte
interessanterweise ein zur CCM1-Expression ahnlicher Effekt beobachtet werden, wobei
jeweils eine starkere Deregulation in CCM1%l Zellen auftrat (Abb. 5 D) (Pilz et al., 2022a).
In diversen Tiermodellen konnte gezeigt werden, dass die Degradation von aberranter
MRNA madoglicherweise zu genetischen Kompensationsmechanismen und somit zu
phanotypischen Unterschieden zwischen stabilen Mutanten und transienten Knockdowns
fuhrt (Rossi et al.,, 2015; El-Brolosy et al., 2019). In diesem Zusammenhang scheint die
durch den Prozess der Nonsense-vermittelten mRNA-Degradierung ausgeldste
Hochregulierung homologer Gene im Sinne einer transkriptionalen Adaption eine wichtige
Rolle zu spielen (Rouf et al, 2022). Genetische Kompensationsvorgange konnten
mdoglicherweise auch ein Erklarungsansatz fiir die beobachteten Auspragungsunterschiede
der Genexpressionsderegulation zwischen den CCM17 und CCM1%"d Zellen sein, welcher
auf dem Vorhandensein von aberranter CCM1 mRNA in der CCM1” Kondition, nicht jedoch
in den CCM19%"e Zellen basiert. Wahrend Korrelationen zwischen dem Phanotyp und des
zugrundeliegenden veranderten Gens flir CCM etabliert sind, sind kausale Zusammenhange
zwischen der Identitat der Variante in demselben Gen und der ph&notypischen Auspragung
bisher nicht gezeigt (Snellings et al., 2021). Auch wenn letztlich sowohl CCM1" als auch
CCM19eel differenzierte Endothelzellen CCM-typische Genexpressionsunterschiede zeigten,
bieten die hier etablierten Zelllinien eine gute Voraussetzung fur Untersuchungen in
zuklnftigen Studien, ob und inwiefern sich das Vorhandensein aberranter mRNA auf die
Starke der Deregulation CCM-assoziierter molekularer Mechanismen auswirkt.

SchlieBlich war es auf Basis der beschriebenen funktionalen Analysen mdoglich, die
identifizierte Deletion entsprechend den ACMG-Richtlinien als wahrscheinlich pathogen zu
klassifizieren (Kriterien PS3, PM1 und PP4). Somit konnte die molekulare CCM-Diagnose flr
die Familie gesichert und eine genetische Analyse fir weitere Risikopersonen angeboten
werden. Diese Studie verdeutlicht, dass der Einsatz des CRISPR/Cas9-Systems in iPSCs

sowohl zur Varianteninterpretation in funktionalen Analysen als auch fir zukuinftig

Seite | 16



Zusammenfassung und Diskussion

tiefergehende Untersuchungen der CCM-Pathogenese einen vielversprechenden Ansatz

darstellt.
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Abbildung 5 | Analyse des funktionalen Einflusses der Deletion in einem iPSC-basierten Zellkulturmodell.
(A) Schematische Darstellung der identifizierten Deletion (rot) und der crRNA-Bindungsstellen (orange). Die drei
crRNA-Kombinationen i, ii und iii wurden zur Generierung einer der identifizierten Variante &hnlichen Deletion
verwendet. (B) PCR-Amplifikation der Deletionsregion fur drei AICS-0023 iPSC-Klone mit einer biallelischen
CRISPR/Cas9-induzierten Deletion nach Verwendung der crRNA-Kombination i zur Transfektion. (C) AICS-0023-
abgeleitete CCM1%del Endothelzellen exprimierten die Endothelzellmarker CD31 und VE-Cadherin (MalRstab:
75 um). (D) RT-gPCR-Analyse fiir die Gene CCM1, KLF2, THBS1, NOS3 und HEY?2 fiir differenzierte CCM1**,
CCM1" und CCM19eVeel Endothelzellen. Fur die statistische Analyse wurde eine einfache ANOVA mit multiplem
Vergleichstest verwendet. ** p < 0,01, *** p < 0,001, **** p < 0,0001. Abbildungen und Daten stammen aus Pilz et
al. 2022a.

3.2 CRISPR/Cas9- und iPSC-basierte in vitro-Modellierung der CCM-
Erkrankung

3.2.1 RNA-Sequenzierungen in einem iPSC-basierten CCM1 Knockout-Modell

In weiterfilhrenden Analysen sollte der Differenzierungsprozess CCM1-defizienter iPSCs in
Endothelzellen genutzt werden, um das in der CCM-Forschung noch begrenzte Wissen
dariiber zu erweitern, ob die zweite somatische Inaktivierung eines CCM-Gens unmittelbar
die Entstehung von CCMs auslost oder ob hierbei zusétzliche exogene Faktoren erforderlich
sind. Dazu wurden mittels RNA-Sequenzierung die Expressionsprofile von CCM1” iPSCs
sowie aus diesen abgeleiteten CCM1™ differenzierten frihen mesodermalen Progenitorzellen
und CCM1” differenzierten Endothelzellen mit der entsprechenden Wildtyp-Kondition
verglichen (Abb. 6) (Pilz et al., 2022b [unter Begutachtung]).
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Abbildung 6 | Schematische Darstellung des experimentellen Aufbaus. Es erfolgte eine Differenzierung von
CCM1** und CCM1” AICS-0023 iPSCs in frlhe mesodermale Progenitorzellen (Early Mesoderm Progenitor
Cells, eMPCs) und Endothelzellen (Endothelial-Like Cells, ECs). Genexpressionsunterschiede wurden mittels
RNA-Sequenzierung analysiert. Abbildung stammt aus Pilz et al. 2022b [unter Begutachtung].

Die differentiell exprimierten Gene wahrend des Differenzierungsvorgangs von CCM1** und
CCM1" iPSCs zu Endothelzellen konnten erwartungsgemal® vor allem Angiogenese-
assoziierten Prozessen zugeordnet werden. GroRere Unterschiede waren hierbei zwischen
der CCM17- und CCM1**-Kondition nicht festzustellen. Beim direkten horizontalen Genotyp-
Vergleich stellte sich interessanterweise heraus, dass die CCM1-Defizienz nahezu keine
Auswirkung auf das Genexpressionsprofil in iPSCs hatte (Abb. 7 A). Auch in den friihen
mesodermalen Progenitorzellen konnten nur minimale Genexpressionsunterschiede
verzeichnet werden (Abb. 7 B). Erst in den differenzierten Endothelzellen zeigte sich eine
starke Deregulation bekannter Signalwege. Dazu gehdrten zum Beispiel Prozesse, welche
die Angio- und Vaskulogenese betreffen, aber auch die Deregulation der Zellmotilitat
(Abb. 7 C-E).

Die Daten bekraftigen weiterhin die oft beschriebene Expressionsanderung von KLF2 und
KLF4 als Marker der CCM-Pathogenese unabhangig des verwendeten Systems. In unserem
Modell wurde ein Expressionsanstieg von ca. 20-fach (KLF2) bzw. 11-fach (KLF4) in den
differenzierten Endothelzellen beobachtet (Pilz et al., 2022b [unter Begutachtung]). Auch
andere bekannte Effekte der CCM1-Inaktivierung in Endothelzellen konnten in unserem
System nachvollzogen werden, wie die Hochregulierung von THBD und die
Herunterregulierung von THBS1 (Abb. 7 D). Zusammenfassend lassen die Daten die
folgenden Schlussfolgerungen zu: (1) CCM1 scheint fur die endotheliale Differenzierung
entbehrlich, jedoch fir den Erhalt der endothelialen Quieszenz essentiell zu sein und (2)
CCM1 spielt keine entscheidende Rolle in iPSCs oder frihen mesodermalen

Progenitorzellen. Es erscheint somit plausibel, dass CCM1” Vorlauferzellen existieren,
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welche erst in einer spezifischen Mikroumgebung und beim Eintritt in die endotheliale Linie
ein Knockout-spezifisches Genexpressionsmuster etablieren. Die Daten lassen vermuten,
dass dies nur durch exogene Faktoren wie Zytokine oder Wachstumsfaktoren ermdglicht

wird, welche fur die endotheliale Differenzierung verwendet werden.
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Abbildung 7 | Genexpressionsunterschiede in CCM1”" iPSCs (A), differenzierten frithen mesodermalen
Progenitorzellen (B) und differenzierten Endothelzellen (C-E) im Vergleich zur CCM1**-Kondition.
(A-C) Dargestellt sind jeweils die Volcano-Plots herunter- und hochregulierter Gene. Hierbei ist jeweils die
logarithmierte relative Expressionsanderung (log2 Fold Change, log2FC) in Bezug zum negativen logl0
adjustierten p-Wert (-log10 [padj]) abgebildet. Signifikant deregulierte Gene wurden als padj < 0,05 und |log2FC| > 1
definiert und sind rot markiert. (D) Heatmap differenziell exprimierter Gene in differenzierten CCM17
Endothelzellen. Es sind die regularisierten log-transformierten Readanzahlen (Value) fir CCM17 (KO) und
CCM1** (WT) Zellen gezeigt. (E) Anreicherungsanalyse fiir Genontologie-Kategorien (GO Biological Process
Enrichment Analysis) fur differenziell exprimierte Gene in differenzierten CCM17 Endothelzellen, dargestellt
mittels ShinyGO 0.76-Software. CCM1 wurde aus dieser Analyse ausgeschlossen, um eine systematische
Verzerrung zu vermeiden. FDR = Falscherkennungsrate (False Discovery Rate). (Modifizierte) Abbildungen und

Daten stammen aus Pilz et al. 2022b [unter Begutachtung].

Die Annahme, dass sich die nachgeschalteten Effekte einer CCM1-Inaktivierung erst in

einem bestimmten Mikromilieu manifestieren und somit auch exogene Faktoren zur CCM-
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Formation beitragen, wird durch weitere Studien unterstitzt. So wurde beispielsweise
gezeigt, dass phanotypische Effekte einer Ccm2-lnaktivierung in Mausen erst in
Entwicklungsstadien mit aktiver Angiogenese auftreten (Boulday et al., 2011) oder die
Inhibierung der fir die Angiogenese und endotheliale Differenzierung wichtigen VEGF-
Signalwirkung zu einer reduzierten Anzahl von L&sionen im Ccml-Mausmodell fuhrt
(Distefano and Glading, 2020). Bei der Suche nach neuen therapeutischen Ansétzen sollten
daher nicht nur die Folgen der CCM-Defizienz, sondern auch die unterstiitzenden Faktoren

der endothelialen Dysfunktion adressiert werden.

3.2.2 Einsatz differenzierter Endothelzellen und vaskularer Organoide bei der
Untersuchung von tumorahnlichen Mechanismen der CCM-Pathogenese

In humanen CCM-L&sionen lasst sich ein Mosaikverband von Zellen mit erhaltener und
vollstandig verlorener CCM-Expression beobachten (Rath et al., 2020). Dies steht im
Einklang mit den hochrangig publizierten Analysen in Konfetti-Mausmodellen, welche
eindrlcklich zeigen konnten, dass eine klonale Expansion von Endothelzellen mit einer
vollstandigen CCM3-Inaktivierung zur Kavernomformation beitragt (Detter et al., 2018;
Malinverno et al.,, 2019). Im Rahmen dieser Arbeit konnten wir in der Greifswalder
Arbeitsgruppe ahnliche Beobachtungen fur CI-huVECs machen, wobei CCM3-defiziente
Zellen jedoch erst in Kokultur mit Wildtyp-Zellen stark erhohte Proliferationsraten zeigten
(Rath et al., 2022). Diese abnormale Proliferation schien abh&ngig von direkten Zell-Zell-
Kontakten mit Wildtyp-Zellen zu sein, da sich zum einen die Proliferationsraten in Monokultur
nicht unterschieden und sich zum anderen konditioniertes Medium nicht auf die proliferative
Aktivitat der Zellen auswirkte. RNA-Sequenzierungen gaben weiterhin einen interessanten
Einblick in die noch unzureichend verstandene, aber fur die CCM-Formation essenzielle
Interaktion von Knockout- und Wildtyp-Zellen. Beispielsweise konnte aufgedeckt werden,
dass Gene, die in Monokultur nach CCM3-Inaktivierung herunterreguliert sind, durch die
Kokultur in Knockout-Zellen wieder hochreguliert wurden. Dartiber hinaus konnte eine
Deregulation von Chemokin- bzw. Zytokin-assoziierten Signalwegen in Wildtyp-Zellen unter
Kokulturbedingungen beobachtet werden (Rath et al., 2022). Dies steht im Einklang mit
anderen kirzlich publizierten Analysen, die eine wichtige Rolle von immunassoziierten
Faktoren fur die CCM-Pathogenese beschreiben (Yau et al., 2022).

IPSC-basierte Zellkultursysteme, welche im Rahmen der Promotionsarbeit etabliert wurden,
konnten wesentlich zur Absicherung der Hypothese, dass CCM3-defiziente Endothelzellen
im Mosaikverband mit Wildtyp-Zellen ein tumoréhnliches Verhalten zeigen, beitragen.
Einerseits konnten humane mikrovaskulare endothelzellahnliche Zellen des Gehirns (Human
Brain Microvascular Endothelial Cells, hBMECSs) aus iPSCs mit Hilfe des Protokolls von Neal
und Kolleg*innen differenziert werden (Neal et al., 2019). Fir iPSC-abgeleitete hBMECs
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wurde in der Literatur beschrieben, dass sie typische Merkmale der humanen BHS wie die
Bildung von Tight Junctions oder die Transportfunktion gut abbilden kénnen (Minami et al.,
2015; Kurosawa et al., 2018; Neal et al., 2019). Zudem wurde zur weiteren Absicherung
unserer Beobachtungen an der Generierung von komplexen vaskuldren Organoidkulturen
nach dem anspruchsvollen Protokoll von Wimmer und Kolleg*innen mitgewirkt (Wimmer et
al., 2019) (Abb. 8 A). Nach der Aggregation von iPSC-Kulturen in speziellen Zellkulturplatten,
welche die Adhasion an das Zellkulturmaterial hemmen, folgte hierbei die Induktion der
mesodermalen und vaskularen Differenzierung. Nachdem die Zellaggregate in eine Matrigel-
Kollagen I-Matrix eingebettet wurden, wurde die Sprossung Gefal3-ahnlicher Strukturen
eingeleitet. Die entstandenen vaskularen Netzwerke konnten dann aus der Matrix extrahiert
werden und zu vollstandigen vaskularen Organoiden mit einer Grof3e von etwa 1 mm
kultiviert werden (Abb. 8 A). Durch den Nachweis der Expression von CD31 und PDGFRf
konnte das Vorhandensein von Endothelzellen und Perizyten veranschaulicht werden
(Abb. 8 B). Konfokalmikroskopische Aufnahmen ermdéglichten zudem genauere Einblicke in
die Gefal3struktur, welche die Assoziation von Endothelzellen und Perizyten in den
Netzwerken illustrierten (Abb. 8 B).

A

mesoderm vascular vessel organoid vascular
aggregates aggregates sprouting assembly organoid

B CD31 PDGFRp CD31 / PDGFRB DAPI/20-1/

CD31/ PDGFRB

Abbildung 8 | Differenzierung von iPSCs zu vaskuldaren Organoiden. (A) Beispielhafte morphologische
Aufnahmen im Zeitverlauf des Differenzierungsprozesses. Die schwarzen Pfeile reprasentieren die beginnende
Kapselung der Organoide nach Extraktion der vaskuldren Netzwerke aus einer Matrigel-Kollagen I-Matrix.
MaRstab: | — 50 pum, Il — 200 pum, II/IV/V — 500 pum. (B) Immunfluoreszenzfarbungen differenzierter Organoide fir
die Marker CD31 und PDGFR. Maf3stab: linke Sektionen — 200 um, rechte Sektion — 10 um. Abbildungen bisher
nicht verdffentlicht.

Sowohl in Kokulturen von differenzierten hBMEC-ahnlichen Zellen als auch in vaskuléren
Mosaik-Organoiden, bei denen Kokulturen aus CCM3” und CCM3** iPSCs als
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Ausgangspunkt der Differenzierung dienten, konnte die deutlich gesteigerte Proliferation
CCM3-defizienter Zellen nachvollzogen werden (Abb. 9) (Rath et al., 2022). Der Einsatz von
fluoreszenzmarkierten iPSCs ermdglichte hierbei nicht nur eine effiziente Auswertestrategie,
sondern erlaubte auch Einblicke in die zellularen Prozesse. So konnte festgestellt werden,
dass CCM3-defiziente Zellen nicht gebindelt, sondern in einem Mosaikverband mit Wildtyp-

Zellen vorliegen (Abb. 9 B, D), was auch den Beobachtungen in humanen CCM-L&sionen

entspricht.
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Abbildung 9 | IPSC-abgeleitete CCM3”- Endothelzellen zeigten ein tumorahnliches proliferatives Verhalten
in Kokultur mit Wildtyp-Zellen und in vaskularen Mosaikorganoiden. (A) Schematische Darstellung der
Differenzierung von iPSCs in hBMEC-&hnliche Zellen nach Neal und Kolleg*innen (Neal et al., 2019). (B) CCM3
AICS-0036 (MEGFP-Markierung, Plasma, griin), CCM3** AICS-0036 (mEGFP-Markierung, Plasma, griin) und
CCM3** AICS-0054 (mTagRFPT-Markierung, Membran, rot) iPSCs wurden in hBMEC-ahnliche Zellen
differenziert, in einem 1:9-Verhéltnis gemischt und fir mehrere Tage kultiviert (MaRstab: 200 um). (C) CCM3"
hBMEC-ahnliche Zellen zeigten eine abnorme Proliferation in Kokultur mit CCM3** hBMEC-ahnlichen Zellen
(n =4 pro Genotyp). Ein Einstichproben-t-Test wurde zur statistischen Analyse verwendet. * p<0,05, ** p<0,01.
(D) Die abnorme Proliferation von CCM3” Zellen wurde auch in vaskuldren Mosaikorganoiden beobachtet
(Maf3stab: 300 um). (E) Statistische Analyse von 75 Wildtyp/Wildtyp und 77 Knockout/Wildtyp Mosaikorganoiden,
die in drei unabhangigen biologischen Replikaten differenziert worden sind. Es wurde ein zweiseitiger t-Test zur
statistischen Analyse verwendet. **** p <0,0001. Abbildungen und Daten stammen aus Rath et al. 2022.

Auch weitere Studien illustrierten, dass tumorahnliche Mechanismen in der CCM-
Pathogenese eine Rolle zu spielen scheinen. Erst kirzlich wurde zum Beispiel ein Drei-
Schritt-Mechanismus bei schnell wachsenden, klinisch symptomatischen CCMs postuliert,
wonach zusétzlich zur kompletten Inaktivierung eines CCM-Proteins auch Gain-of-Function-

Varianten im PIK3CA-Gen eine Rolle spielen (Ren et al., 2021). Das Zusammenspiel von
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,vaskularem Suppressor® (CCM) und ,vaskularem Onkogen® (PK3CA) erinnert hierbei an
charakteristische Prozesse der Tumorgenese. Ahnlich wie der mTORC1-Inhibitor Rapamycin
war mit Ponatinib auch schon der Einsatz einer fir Krebstherapien eingesetzten Substanz
bei der Blockierung der CCM-Initiation und -Progression im Mausmodell erfolgreich (Choi et
al., 2018). Ein breites Spektrum an Nebenwirkungen limitiert jedoch die Verwendung solcher
Agenzien flr die Therapie von CCM-Patient*innen, weswegen die Identifikation neuer
Kandidatenstoffe nach wie vor eines der priméren Ziele der CCM-Forschung ist.

Dieses Ziel wurde auch in unserer Studie unter Einsatz des Cl-huVEC-Kokulturansatzes
verfolgt. Hierbei konnte das Molekul NSC59984 als Kandidatensubstanz identifiziert werden,
welche keinen groReren Einfluss auf die Zellmorphologie oder die Lebensfahigkeit der Zellen
hatte und die starke Proliferation von Knockout-Zellen in Kokultur konzentrationsabhangig
inhibieren konnte (Rath et al., 2022). Auch wenn in diesem Fall ebenfalls Nebeneffekte der
Substanz derzeit ihren Einsatz in der CCM-Therapie limitieren, tragen die Resultate als
konzeptioneller Beweis der mdglichen Inhibition der abnormalen Expansion CCM3-
defizienter Endothelzellen zur Aufdeckung neuer Therapieansatze bei. Unsere Arbeiten
legen nahe, dass hierbei insbesondere neue humane CRISPR/Cas9- und iPSC-basierte in
vitro-Modelle hervorragend als Erstansatz in Hochdurchsatzstudien geeignet sind und damit

die Entdeckung neuer Therapieansatze erheblich beschleunigen kdénnen.

3.2.3 CCM-Zellkulturmodelle — ein Ausblick

Im Rahmen einer Beschreibung und Bewertung der derzeit zur Verfigung stehenden
Zellkulturmodelle der CCM-Erkrankung, bei der in dieser Arbeit mitgewirkt wurde, wurde die
besondere Eignung CRISPR/Cas9-basierter in vitro-Modelle bei der Abbildung von Aspekten
der endothelialen Barrierestorung und der klonalen Expansion von Endothelzellen mit CCM-
Defizienz dargelegt (Skowronek et al., 2021). Neben einem auch in dieser Arbeit naher
charakterisierten deutlichen Uberlebensvorteil von CCM-defizienten Endothelzellen ist auch
eine moglichst in vivo-relevante Modellierung der gestdrten endothelialen Barriere von
grol3er Bedeutung, da diese zur erhdhten Blutungsneigung der CCMs beitragt. Eine
dysfunktionale endotheliale Barriere aul3ert sich in Zellkulturmodellen unter anderem in
gestorten Adh&renzkontakten und einer verstarkten Bildung von Aktinstressfasern. In
dreidimensionalen Modellen fuhren gestdrte Zell-Zell-Verbindungen nach Inaktivierung der
CCM-Gene beispielsweise zu einer fehlorganisierten Spharoidformation (Skowronek et al.,
2021). Um die endotheliale Barrierestérung zukinftig genauer qualitativ und quantitativ
charakterisieren zu kdénnen, konnte unter Einsatz der innovativen OrganoPlate-Technologie
(Mimetas) im Rahmen dieser Arbeit ein dreidimensionales System etabliert werden, mit dem
die Durchlassigkeit der endothelialen Barriere im CCM-Kontext effektiv untersucht werden

kann. So war bereits die Kultivierung von endothelialen Kanédlen aus HUVE-Zellen gegen
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eine Kollagen I-Matrix in der OrganoPlate 3-lane (Abb. 10 A) erfolgreich. Durch das Einleiten
von fluoreszierenden Dextran-Molekillen kann mittels Fluoreszenzmikroskopie beurteilt
werden, ob diese in den Kandalen zurlckgehalten werden oder aus diesen austreten
(Abb. 10 B). Somit lasst sich das Ausmal’ der Barrieredurchlassigkeit gut beobachten. Die
OrganoPlate-Technologie wurde unter anderem schon erfolgreich verwendet, um eine
funktionale BHS durch die Kokultivierung von Endothelzellen, Perizyten und Astrozyten
nachzubilden (Wevers et al.,, 2018). Dies stellt auch fir die Modellierung der CCM-
Erkrankung ein hoch relevantes System dar und kann in zukinftigen Studien durch den
Einsatz von iPSCs auf spezifische Fragestellungen der gestorten BHS effizient eingesetzt

werden.

OrganoPlate 3-lane 70 kDa FITC-Dextran 150 kDa TRITC-Dextran
medium medium
inlet outlet

gel
channel

10 min

..................................

endothelial tubule

collagen-1 gel

Abbildung 10 | Visualisierung der Barriereintegritait von HUVECs in der OrganoPlate 3-lane. (A)
Schematische Darstellung des Plattensystems. (B) Einleitung von fluoreszierendem FITC- bzw. TRITC-Dextran
mit unterschiedlichen Molekulargewichten (mittlere und rechte Sektionen) in einen endothelialen Kanal aus
HUVECs (linke Sektionen). Ein Austritt der Molekile aus dem Kanal war im untersuchten Zeitverlauf nicht zu

beobachten. Abbildungen bisher nicht verdéffentlicht.

Insgesamt er6ffnen die im Rahmen dieser Arbeit etablierten klonalen iPSC-Linien mit einer
vollstandigen CRISPR/Cas9-vermittelten CCM1-, CCM2- oder CCM3-Inaktivierung und einer
spezifischen endogenen Fluoreszenzmarkierung fir CCM-relevante Zellstrukturen
spannende experimentelle Anschlussmdglichkeiten. So kénnen nicht nur faszinierende neue
Einblicke in die Prozesse der CCM-Pathogenese erlangt, sondern auch die Entwicklung
dringend bendétigter Therapieanséatze durch Hochdurchsatztestungen mit einer effektiven

Auslesestrategie vorangetrieben werden.
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First interchromosomal insertion in
a patient with cerebral and spinal
cavernous malformations

Robin A. Pilz!, Konrad Schwefel*, Anja Weise?, Thomas Liehr?, Philipp Demmer®,
Andreas Spuler®, Stefanie Spiegler!, Eberhard Gilberg?, Christian A. Hibner?, Ute Felbor &
Matthias Rath'”

Autosomal dominant cerebral cavernous malformations (CCM) are leaky vascular lesions that can cause
epileptic seizures and stroke-like symptoms. Germline mutations in either CCM1, CCM2 or CCM3 are
found in the majority of patients with multiple CCMs or a positive family history. Recently, the first copy
number neutral inversion in CCM2 has been identified by whole genome sequencing in an apparently
mutation-negative CCM family. We here asked the question whether further structural genomic
rearrangements can be detected within NGS gene panel data of unsolved CCM cases. Hybrid capture
N@GS data of eight index patients without a pathogenic single nucleotide, indel or copy number variant
were analyzed using two bioinformatics pipelines. In a 58-year-old male with multiple CCMs in his brain
and spinal cord, we identified a 294 kb insertion within the coding sequence of CCM2. Fine mapping of
the breakpoints, molecular cytogeneticstudies, and multiplex ligation-dependent probe amplification
verified that the structural variation was an inverted unbalanced insertion that originated from1p12-
p11.2. As this rearrangement disrupts exon 6 of CCM2 on 7p13, it was classified as pathogenic. Our
study demonstrates that efforts to detect structural variations in known disease genes increase the
diagnostic sensitivity of genetic analyses for well-defined Mendelian disorders.

Cerebral cavernous malformations (CCM; MIM: 116860, 603284, 603285) are irregular clusters of enlarged and
thin-walled vessels that can present as sporadic or autosomal dominant cerebrovascular disease. Aside from epi-
leptic seizures and headaches, CCM patients may present with stroke-like symptoms due to chronic or acute
bleeding events'. Pathogenic germline variants have been identified in CCM1 (also known as KRIT1}*?, CCM2**,
and CCM3 (PDCD10)°. The mutational spectrum primarily includes nonsense, frameshift, splice, and copy num-
ber variants (CNVs). 282 unique CCM1, 84 CCM2 and 75 CCM3 variants are classified as disease-causing in the
Human Gene Mutation Database (HGMD Professional 2019.3)”. Depending on the inclusion criteria for genetic
analyses, mutation detection rates of 87 to 98% have been reported for familial CCM cases and up to 60% for
sporadic ones® L. The mutation detection rate in the latter group could even be higher if patients with associated
developmental venous anomalies or a history of radiotherapy to the brain were excluded>'?, Although pathogenic
variants in a yet unknown CCM4 candidate gene have been discussed for unresolved cases'®, we recently were
able to identify the first copy number neutral inversion in CCM2 in an apparently mutation-negative CCM family
by whole genome sequencing (WGS)™.

Disease-causing structural variants (SVs) may explain a part of the “missing heritability” in rare diseases'".
SVsare defined as structural and quantitative chromosomal rearrangements that compromise cytogenetically vis-
ible and submicroscopic variants'®!”. They contribute to phenotypic variation but can also cause human disease'”.
In fact, rare SVs are even more likely to be deleterious than rare single nucleotide variants (SNVs)!®°. Deletions,
duplications, insertions, translocations, and inversions may directly disrupt the organization of a disease gene or
affect its transcriptional regulation by positional effects'sV. Using a multi-platform WGS approach, Chaisson and
colleagues have demonstrated in 2019 that more than 27,000 SVs (=50 bp) can be found per human genome?.
Incontrast, an individual human genome harbors approximately 4,000,000 to 5,000,000 SNVs and up to 800,000
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Figure 1. Multiple cerebral and spinal cavernomas in a sporadic CCM patient. (a) Pedigree of the CCM index
case from pedigree 1 (III:1, arrow). (b) Repetitive magnetic resonance imaging (MRI) of the index patient’s
brain and spinal cord showing progression of CCM disease with two cavernous malformations in the pons

(I, IT), intramedullary lesions in the cervical (III, IV) and thoracic spinal cord (V) as well asa CCM in the
cauda equina (VI). MRI images were acquired between 2005 and 2019. White arrowheads indicate CCMs. (c)
Intraoperative photograph of the cauda equina cavernous malformation.

indels, which are defined as insertions or deletions with a length of up to 49 bp'®. However, the identification of
SVs remains much more challenging than SNV or indel calling in a diagnostic setting. While deletions and dupli-
cations of exonic sequences can be reliably detected with gPCR, multiplex ligation-dependent probe amplification
or NGS-based CNV detection algorithms, copy number neutral SVs or deletions and duplications in non-coding
regions of known disease-associated genes may escape targeted genetic approaches.

In this study, we have analyzed the hybrid capture NGS gene panel data of eight genetically unresolved CCM
index patients for the presence of SVs in CCM1, CCM2 or CCM3. An interchromosomal insertion which led to
an interruption of exon 6 of the CCM2 gene was identified in a sporadic CCM patient.

Results

Clinical findings. The male index patient I11:1 (pedigree 1, Fig. 1a) was referred to genetic counselling at the
age of 58 years because of multiple symptomatic CCMs. Magnetic resonance imaging (MRI) documented at least
nine cavernous lesions with surrounding hemosiderin deposits in his brain and spinal cord (Fig. 1b). One brain-
stem cavernoma and three CCMs in his thoracic, cervical, and lumbar spine had already been resected because
of acute bleeding events at the age of 44, 50, and 58, respectively (Fig. 1¢, Supplementary Video S1). The index
patient also reported an atrial septal defect and a traumatic L1 vertebral body fracture at the age of 55 years which
had been treated with balloon kyphoplasty. On physical examination, he presented a partial loss of vibration and
fine touch sensation below the level of T10 and impaired sensation of temperature on the contralateral side. In
addition, he had an ataxic gait with right foot drop. The index patient’s father (II:2) died of gastric cancer when
he was 72 years old. Cavernous lesions or neurological symptoms that would be suggestive for CCM had not
been documented for him. The mother of the index patient (II:3) passed away at the age of 90 years with no signs
of CCM either. Both children (IV:1 and 1V:2) are healthy, and there were no other relatives who had CCMs or
reported epileptic seizures, stroke-like symptoms or chronic headaches.

Identification of an interchromosomal insertion.  Gene panel sequencing of CCM1, CCM2, and CCM3
for index patient III:1 (Fig. 1) and routine bioinformatics analyses identified no pathogenic SNV, indel or CNV.
However, a high number of split reads in CCM2 was noticed in NGS gene panel data of this proband. These devi-
ant reads could be grouped into two clusters based on their mapping. Reads of the first group mapped with one
part to the 5" half of exon 6 of CCM2, which is located on 7p13, and with the other part to 1p11.2 or 1q21.1. Due
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Figure 2. Identification of an unbalanced interchromosomal insertion in CCM2. (a) Read alignment of the
hybrid capture NGS data of [11:1. Shown is a part of exon 6 of the CCM2 gene. The coverage plot indicated
significantly reduced read depths at positions [hg19] chr7:45,108,098-45,108,101 but no reads were found that
covered a deletion of 4bp. (b) Schematic depiction of the identified interchromosomal insertion. Material from
1p12-p11.2 was found as an inverted insertion in exon 6 of the CCM2 gene on 7p13. (¢) Verification of the
chromosomal rearrangement [46,XY.ish ins(7;1)(p13;1p11}(RP11-425C16+4,RP11-111G2 +)] by fluorescence
in situ hybridization. There is a known crosshybridization of the applied probe RP11-425C16 in 1q21.1, which
does not need to be considered further taking into account all other data presented here. (d) MLPA analysis of
the centromere region of chromosome 1 indicated three copies of the NOTCH2 gene (1p12) which is part of the
inserted fragment.

to known sequence homologies, aberrant mapping on chromosome 1 could not be further specified. Split reads of
the second group partially mapped to the 3" half of CCM2 exon 6 but also to 1p12. Notably, detection of deviant
reads required the SeqNext module of the Sequence Pilot tool for mapping and alignment. Using the mapping
and alignment information of the MiSeq Reporter Software resulted in significantly reduced read depth at posi-
tions [hg19] chr7:45,108,098-45,108,101. However, split reads were filtered out by SeqNext and no variant was
called since there were no reads that covered a heterozygous deletion of these four nucleotides (Fig. 2a).

Based on the NGS data of index patient II1:1, we suspected an interchromosomal insertion from 1p12-p11.2
into the coding region of CCM2 on 7p13 (Tig. 2b). This rearrangement was finally made visible by fluorescence
in situ hybridization (FISH) on metaphase chromosomes from cultured blood lymphocytes of the index patient
(Fig. 2¢). The inserted fragment covers a genomic region of 294 kb that contains the complete NOTCH2 (MIM:
600275), ADAM30 (604779), and NBPF7 (613997) genes as well as parts of REG4 (609846). MLPA analysis with
a centromere kit further indicated the presence of three copies of NOTCH2 which is the only gene in the inserted
fragment with an associated phenotype (Fig. 2d). Loss-of-function mutations and pathogenic missense variants
in this gene have been reported in patients with Alagille (MIM: 610205) and Hajdu-Cheney syndrome (102500).
However, the index patient did not meet the clinical diagnostic criteria of either syndrome.

Fine mapping of the breakpoints. We next amplified the breakpoints of the interchromosomal inser-
tion for its precise molecular characterization. Sanger sequencing allowed us to fine map the breakpoints to
[hg19] chr1:120,347,265, chr1:120,641,440, and chr7:45,108,098-45,108,101, respectively. It also verified that the
fragment of 1p12-p11.2 was inserted in an inverted orientation on 7p13 and flanked by a small insertion and
a deletion-insertion variant in which the four base pairs with reduced sequencing depths were replaced by six
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Figure 3. Fine mapping of the breakpoints by Sanger sequencing. Scheme of the normal and inverted insertion
alleles (middle panel). PCR and sequencing primers (chrl: chrl-F14 R1 and chrl-I'2 4 R2; ¢chr7: CCM2-I' +R)
are depicted as blue, red, and green arrows, respectively. PCR products and chromatograms of the normal allele
on chrl {chr1-F1/R1 and chr1-F2/R2) are depicted in the upper panel. PCR products and chromatograms of
the inverted insertion on chr7 (CCM2-F/chr1-F2 and chr1-R1/CCM2-R) are depicted in the lower panel. Fine
mapping also revealed an additional small insertion and an indel variant at the breakpoints. C — healthy control;
P— index patient; - — negative control; Ex — exon.

nucleotides of unknown origin (Fig. 3). While the breakpoint on 1p11.2 locates within a long interspersed nuclear
element (LINE), no repeat elements were found in close proximity to the breakpoints on 1p12 or 7p13. As the
heterozygous SV interrupts exon 6 of the CCM2 gene, it was classified as pathogenic for CCM. In summary, the
resulls of our molecular, cylogenelic, and molecular cylogenetic studies demonstrated Lhal index patient [TT:1 is a
heterozygous carrier of a submicroscopic, unbalanced, interchromosomal, and inverted insertion.

Screening for SVs in mutation-negative CCM patients.  We finally wanted to know if $Vs can also be
identified in the hybrid capture NG§ data of seven additional CCM patients without any pathogenic SNV, indel
or CNV in CCM1, CCM2 or CCM3 thal had been analyzed between 2017 and 2019 (Supplementary Table S1).
Therefore, we chose the Agilent SureCall tool, which allowed us to search for translocation events based on the
presence of split reads in their NGS data. The index patient [1I:1 from family 1 was used as a positive control. The
tool precisely re-identified his SV but did not detect any further chromosomal rearrangements in the other CCM
cases. Furthermore, no split reads were found by visual inspection of their NGS data.

Discussion
In this study, we have identified the first interchromosemal insertion, sometimes also referred to as interchro-
mosomal insertional translocation (IT), in a CCM patient. Notably, current genetic analysis cannot clarify the
molecular basis of CCM diseasc in 2 to 13% of familial cases and up to 40% of sporadic CCM patients'. Besides
phenccopies, somatic mosaicism and pathogenic variants in an unknown CCM4 gene or non-coding regions
of CCM1, CCM2 or CCM3 have been discussed as possible explanations for these patients? =%, However, the
identification of an interchromosomal insertion in one of eight unsolved CCM cases and the copy number neu-
tral inversion in CCM2, thal we have reported reu:nllyl"], demonstrale that Vs also need o be considered. Tt is
remarkable that both rearrangements identified so far have been detected in CCM2 which is the largest of the
three CCM genes. However, future studies will have te show whether CCM2 is more susceptible to the occurrence
of 8Vs or whether further genomic rearrangements can be detected in CCMI and CCM3 with more sensitive
techniques.

1Ts and other $Vs have a higher prevalence than previously thought***_ FISH confirmation and parental
follow-up studies of CNV's that had been identified by clinical array comparative genomic hybridization (aCGH)
analysis revealed that ITs can be found in approximately 1 of 500 patients relerred to aCGI analysis™. This
observation suggests that their prevalence might also be underestimated in patients with CCM or other inher-
ited disorders for whom aCGH is not part of standard genetic analyses. Sophisticated bioinformatics algorithms
have been developed to identify SVs from short-read NGS data based on inconsistent paired-end mapping, the

SCIENTIFICREPORTS | (2020} 10:6306 | https:{jdoi.org/10.1038/s41598-020-63337-5

Seite | 39



Originalarbeiten

www.nature.com/scientificreports/

presence of split reads or changes in read depth?®?”. While CNVs can be efficiently detected with NGS-based
approaches, inversions and I'Ts that do not cause gain or loss in the number of CCM1I, CCM2 or CCM3 alleles
might be regularly missed with targeted gene panel sequencing. Furthermore, the analytical sensitivity of the
available bicinformatics tools is still incomplete. Notably, only one of the two tools that were used for mapping
and alignment in our current study allowed us to detect aberrant reads in the NGS data analysis for the index
patient from pedigree 1.

The search for chromosomal rearrangements is becoming more and more important in genetic research
projects that try to solve undiagnosed cases with rare diseases. While the detection of I'Ts within the coding
region of a gene seems to be relatively straightforward with special bioinformatics tools and filter criteria, inser-
tions into intronic, promotor or cis-regulatory regions that can also impair gene regulation'* can hardly ever be
detected with PCR- or hybrid capture-based target enrichment strategies and short-read sequencing. Recently,
short-read WGS and a new bioinformatics pipeline revealed disease-causing SVs in 16 out of 477 patients of
the Undiagnosed Diseases Network (UDN)?*. However, third-generation sequencing technologies will probably
further improve the diagnostic sensitivity for the identification of chromosomal rearrangements as the prob-
ability of spanning the whole SV and the mappability in repetitive regions are higher for long reads?*. Ina
cohort of 1,324 undiagnosed probands with rare diseases from the NIHR BioResource research study, three cases
with a complex pathogenic SV were identified by short-read WGS and a duplication-inversion-duplication event
of unknown clinical significance was resolved in another proband by long-read sequencing®. Whole genome
long-read sequencing also identified a heterozygous ~2.2 kb deletion in PRKARIA which is aknown disease gene
for autosomal dominant Carney complex in a patient with multiple tumours for whom initial targeted PRKARIA
sequencing and short-read WGS had not revealed any pathogenic variant®. Several other examples illustrate
that long-read sequencing enables effective SV calling and could help to solve undiagnosed cases®. Therefore,
long-read WGS is a promising next step for the yet unsolved CCM cases of our cohort. These have already been
checked for CNVs in CCM1, CCM2, and CCM3 but third-generation sequencing technologies would allow the
detection of CNVs and copy number neutral §Vs in a genome-wide approach. Nevertheless, the combination of
multiple sequencing technologies might be still necessary to achieve sufficient insertion and inversion detection
sensitivities?’.

The identification of a pathogenic SNV, indel, CNV or SV is essential for genetic counselling of CCM families
and always raises the question whether it is an inherited or a de novo variant. As both parents of the index patient
from pedigree 1 died without CCMs, epileptic seizures or stroke-like symptoms, one might speculate that his
SV is a de novo mutation. In line with this hypothesis, a recent analysis of the Genome Aggregation Database
(gnomAD) Consortium suggested a de novo mutation rate of 0.35 SV's per generation (95% confidence interval:
0.18-0.52)%°. Given that a significant number of SVs might have been missed with short-read WGS, this projec-
tion likely underestimates the real number of de novo SVs per genome. However, we can also not exclude a eryptic
inherited case in pedigree 1 since the penetrance of CCM is incomplete and up to 45% of CCM2 mutation carriers
remain asymptomatic’. Indeed, Nowakowska and colleagues demonstrated that a significant number of appar-
ently de novo, interstitial CNVs that had been found in patients with multiple congenital anomalies or mental
retardation were actually the result of an unbalanced transmission of a derivative chromosome from one parent
with a balanced insertional translocation®., Furthermore, the transmission from an obviously unaffected parent
that carries the same unbalanced rearrangement as its affected child has also been reported®. Unfortunately,
DNA samples of the index patient’s parents were not available and there were no other affected family members
to address the origin of the chromosomal rearrangement or to demonstrate co-segregation of the SV and CCM
disease.

In conclusion, our study adds the first interchromosomal insertion to the CCM mutation spectrum and sug-
gests that hard-to-detect SVs might account for more CCM cases than previously thought. Together with other
literature reports of copy number neutral chromosomal rearrangements in known disease genes'*%, our results
support the hypothesis that efforts to detect SVs might be more promising than the search for novel candidate
genes for well-defined Mendelian disorders.

Methods

Study population and ethical considerations. Genomic DNA was isolated from peripheral blood
Iymphocytes of all study participants with written informed consent using the NucleoSpin Blood L Kit accord-
ing to the manufacturer’s instructions (Macherey-Nagel, Diiren, Germany). A Qubit 2.0 Fluorometer (Thermo
Fisher Scientific, Waltham, USA) was used to measure DNA concentrations before NGS target enrichment. DNA
purity was determined on a NanoPhotometer instrument (Implen, Miinchen, Germany). All procedures per-
formed in this study involving human participants were in accordance with the 1964 Helsinki declaration and
its later amendments. The study protocol was approved by the local ethics committee of the University Medicine
Greifswald (BB 047/14) and written informed consent was obtained from index patient III:1 to publish the med-
ical information and images that are presented here.

Target enrichment, next-generation sequencing, and bioinformatics analyses. All exons
(+£20bp) of CCMI (Locus Reference Genomic sequence: LRG_650t1), CCM2 (LRG_664t2), and CCM3
(LRG_651t1) were defined as target regions for NGS gene panel analysis. A Nextera Rapid Capture Custom
Enrichment Kit (Panel ID: 113402; Illumina, San Diego, USA) or an Agilent SureSelect custom library (Panel
1D: 3152261, Agilent Technologies, Santa Clara, USA) and a SureSelect Reagent Kit (Agilent Technologies) were
used for target enrichment and library preparation according to the manufacturers’ instructions, respectively.
Pre- and post-capture libraries were analyzed on a 2100 Bioanalyzer instrument (Agilent Technologies). Indexed
libraries were pooled and sequenced on a MiSeq instrument ([llumina) as 2 x 150 bp paired-read runs. The MiSeq
Reporter Software (Illumina) was used for demultiplexing and FASTQ file generation. Mapping and alignment
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were independently performed for each sample with the MiSeq Reporter Software and the SeqNext module of
the Sequence Pilot software (JSI medical systems, Ettenheim, Germany). The SeqNext module was also used in a
read depth-based approach to identify CNVs in CCM1, CCM2, and CCM3 as described previously””. BAM files
that had been generated with the MiSeq Reporter Software were further analyzed for translocation events with
the SureCall 4.1.1.5 software (Agilent Technologies), and aligned reads were grouped by the mate chromosome
in the Integrative Genomics Viewer™.

Sanger sequencing and multiplex ligation-dependent probe amplification. Specific primer
pairs were designed to amplify the suspected breakpoints of a novel interchromosomal insertion identified in
CCM?2. Primer sequences are available upon request. PCR products were purified with the ExoSAP-IT Cleanup
Reagent (Thermo Fisher Scientific). Sanger sequencing was performed on a SeqStudio Genetic Analyzer (Thermo
Fisher Scientific) following established protocols. The SALSA MLPA P181-B1 Centromere mix 1 (MRC-Holland,
Amsterdam, The Netherlands) was used according to the manufacturer’s instructions to determine copy num-
ber variations of a part of the NOTCH2 gene (MIM: 600275) which is located on chromosome 1p12 (hgl9:
120,454,176-120,612,317).

Chromosome analysis and molecular cytogenetic studies. Karyotyping was performed following
standard procedures on metaphases obtained from PHA stimulated blood lymphocytes. Fluorescence in sifu
hybridization (FISH) was used to confirm the interchromosomal insertion using standard protocols. The fol-
lowing BAC clones were used: RP11-425C16 in 1p12 (hgl9: 120,176,963-120,358,983) and RP11-111G20 in
7p12.3~13 (hgl9: 45,283,437-45,448,789).

Ethical approval.  All procedures performed in this study involving human participants were in accord-
ance with the ethical standards of the institutional and/or national research committee (University Medicine
Greifswald; BB 047/14) and with the 1964 Helsinki declaration and its later amendments or comparable ethical
standards.

Data availability
All relevant data generated or analysed during this study are included in this published article and its
supplementary information files.
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a novel CCML1 transcription start
site deletion
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Tumer Reference Center, University of Bonn, Bonn, Germany

Cerebral cavernous malformations are clusters of aberrant vessels that can lead
to severe neurclogical complications. Pathogenic loss-of-function variants in
the CCM1, CCM2, or CCM3 gene are associated with the autosomal dominant
form of the disease. While interpretation of variants in protein-coding regions of
the genes is relatively straightforward, functional analyses are often required to
evaluate the impact of non-coding variants. Because of multiple alternatively
spliced transcripts and different transcription start points, interpretation of
variants in the 5" untranslated and upstream regions of CCM1 is particularly
challenging. Here, we identified a novel deletion of the non-coding exon 1 of
CCMIin a proband with multiple CCMs which was initially classified as a variant
of unknown clinical significance. Using CRISPR/Cas2 genome editing in human
iPSCs, we show that the deletion leads to loss of CCM1 protein and deregulation
of KLF2, THBSI, NOS3, and HEYZ2 expression in iPSC-derived endothelial cells.
Based on these results, the variant could be reclassified as likely pathogenic.
Taken together, variants in regulatory regions need to be considered in genetic
CCM analyses. Our study also demonstrates that modeling variants of unknown
clinical significance in an iPSC-based system can help to come to a final
diagnosis.

KEYWORDS

cerebral cavernous malformation, CRISPR/Cas9, induced pluripotent stem cells,
transcription start site, variant of unknown clinical significance
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Introduction

Cerebral cavernous malformation (CCM) is a neurovascular
disorder. Based on prospective, population-based studies in
(Al-Shahi et al, 2003;
Flemming et al, 2017) as well as a retrospective analysis of

Scottish and American residents

autopsies (Otten et al., 1989), it affects approximately one in
200 people. In CCM patients, mulberry-like vascular lesions can
be visualized with appropriate magnetic resonance imaging
(MRD) analyses in the brain or spinal cord (Akers et al.,
2017). These lesions are characterized by irregular-structured
and thin-walled endothelial channels that have an increased
tendency to bleed. While many CCMs remain asymptomatic,
hemorrhage from CCMs can lead to severe neurological deficits.
Symptoms range from sensory and speech disturbances to
selzures and stroke-like events even in young patients (Batra
et al, 2009; Spiegler et al, 2014). Surgical excision and
symptomatic treatment remain the only therapy options for
patients to date.

Besides sporadic CCMs, 6%-7% of cases are due to
autosomal dominant inherited heterozygous loss-of-function
germline variants in the CCMI (KRIT1; OMIM: *604214),
CCM2 (*607929), or CCM3 gene (PDCD10; *609118) (Spiegler
et al., 2018b). Pathogenic variants in the CCM1 gene are the most
common cause of familial CCM disease (Spiegler et al., 2014).
The diverse functions of CCM1 include Rap1- and HEG1-related
stabilization of endothelial cell junctions (Glading et al,, 2007;
Gingras et al., 2012), regulation of DELTA-NOTCH, TGF-p and
BMP6 signaling (Wiistehube et al., 2010; Maddaluno et al,, 2013)
as well as intracellular reactive oxygen species homeostasis
(Goitre et al., 2010). Loss of CCM1 is also associated with
altered KLF2/KLF4 (Zhou et al, 2016), THBSL (Lopez-
Ramirez et al., 2017), NOS3 (Lopez-Ramirez et al., 2021), and
HEY2 (Wistehube et al, 2010) protein or mRNA expression.
Since CCM! was first described as a disease gene in 1999
(Laberge-le Couteulx et al, 1999; Sahoo et al, 1999),
hundreds of CCMI listed in
international databases. Most of the known pathogenic

mutations have been
variants are located in the coding region of the gene, with
missense and frameshift variants accounting for the largest
proportion. Variants in the non-coding region mainly alter
the splicing process (Spiegler et al., 2018b; Ricci et al, 2021).
Very little is known about variants in non-coding regions that
potentially affect CCM1 gene expression or protein function.
From a general point of view, however, the 5" and 3’ untranslated
regions (UTRs) as well as promoter, enhancer or silencer motifs
play an important role in disease development (Damjanovich
et al,, 2011; French and Edwards, 2020; Whiffin et al, 2020;
Wright et al, 2021). Although potentially disease-causing,
predicting the functional impact of non-coding variants is
much more difficult than of protein-coding variants. As a
result of clinical DNA sequencing, “variants of unknown
clinical significance” (VUS) are detected in a significant
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proportion of patients (Rehm et al, 2015). Remarkably, a
classification as VUS is more likely for variants outside the
cading region, with ~40% of coding variants versus ~60% of
all UTR variants classified as VUS in ClinVar (Ellingford et al.,
2022).

With the guidelines published in 2015, the American College
of Medical Genetics and Genomics (ACMG) and the Association
for Molecular Pathology (AMP) established a standardized
criteria-based system for interpreting sequence variants
(Richards et al, 2015). Because the criteria have been
designed for a broad application, further general and disease-
specific modifications and refinements have emerged (Harrison
et al, 2019). Apart from splicing variants, existing guidelines
mainly focus on coding regions which makes it very challenging
to apply the criteria to variants in UTRs of genes. Although
genome interaction studies, quantitative trait locus mapping, and
computational predictions can be useful for interpreting non-
coding variants (Zhang and Lupski, 2015), functional assays may
be necessary for a reliable assessment of the pathogenicity in
many cases. The CRISPR/Cas9 technology is a powerful tool to
engineer such variants in model organisms. Genome editing has
also recently been applied to decipher VUS pathogenicity in
human induced pluripotent stem cell (iPSC)-based models (Garg
et al,, 2018; Ma et al., 2018).

Here, we describe the accurate classification of a novel non-
coding deletion in the CCMI gene following after CRISPR/
Cas9 editing in human iPSCs.

Materials and methods

Genetic analyses and ethical
considerations

Genetic analyses were performed with written informed
consent according to the German Gene Diagnostics Act and
with approval of the local ethics committee of the University
Medicine Greifswald (No. BB 047/14). The NucleoSpin Blood L
Kit (Macherey-Nagel, Diren, Germany) was used to isolate
genomic DNA. Next-generation sequencing (NGS) gene panel
analysis with the target region defined as all exons (+20bp) of
CCM1I (Locus Reference Genomic sequence: LRG_650t1), CCM2Z
(LRG_664t1,t2), and CCM3 (LRG_651t1) was performed using a
hybridization capture-based approach. For target enrichment
and library preparation, an Agilent SureSelect®™" custom
enrichment kit (Panel ID: 3152261, Agilent Technologies,
Santa Clara, United States) was used. The indexed library was
sequenced on a MiSeq instrument ([lumina, San Diego,
United States) with 2 x 150 bp paired-read runs. FASTQ file
generation was dore by the MiSeq Reporter Software (Illumina).
Read mapping, alignment, and variant calling was performed by
the SeqNext module of the Sequence Pilot v5.1.0 software (JSI
Medical Systems, Ettenheim, Germany) that was also used for
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copy number variation (CNV) analyses in a read depth-based
approach as described before (Much et al,, 2019). To examine for
translocation events, the generated FASTQ files were analyzed
with the SureCall 4.2.1.10 software (Agilent Technologies).
Polymerase chain reaction (PCR) was used to confirm the
deletion of the CCMI exon 1. PCR products were separated
by agarose gel electrophoresis. The band of interest was excised,
purified with the Zymoclean Gel DNA Recovery Kit (Zymo
Research, Irvine, United States), and analyzed by Sanger
sequencing to determine the exact breakpoints of the deletion.
All medical information and images presented here are published
with written informed consent.

Cell culture and reagents

HEK293T cells were cultured at 37°C and 5% CO; in Ix
Dulbecco’s Modified Eagle medium (DMEM) with high glucose
(Thermo Fisher Scientific, Waltham, United States) and 10% fetal
bovine serum (FBS; Thermo Fisher Scientific). AICS-0023 iPSCs
(Allen Cell Collection, Coriell Institute, United States) were
cultured at 37°C and 5% CO, in Essential 8 Flex medium
(Thermo Fisher Scientific) on plates coated with growth factor
reduced matrigel (Corning, New York, United States) and
0.5 mM
(Thermo Fisher Scientific). Cell cultures were routinely
checked by PCR
Oligonucleotides Integrated  DNA
Technologies and antibodies used in this study are listed in
Supplementary Tables S1, 82.

passaged  with ethylenediaminetetraacetic  acid

for mycoplasma contamination

purchased  from

CRISPR/Cas9 editing, single-cell cloning,
and karyotyping

To mimic the deletion identified in the index case, two
crRNA:tracrRNA:Cas9 ribonucleoprotein  (RNP) complexes
were combined with Lipofectamine reagent in Opti-MEM I
reduced serum medium (Thermo Fisher Scientific} for co-
transfection of HEK293T or AICS-0023 cells. HEK293T cells
were reverse transfected with RNP complexes as described before
(Schwefel et al., 2020). For the AICS-0023 iPSC line, the crRNA:
tractRNA  duplexes were complexed with Cas® protein
(Integrated DNA Technologies, Coralville, United States) in
Opti-MEM I and formation of transfection complexes was
in Opti-MEM I with Lipofectamine Stem
Transfection Reagent (Thermo Fisher Scientific). After
detaching with StemPro Accutase (Thermo Fisher Scientific),
130,000 cells were reverse transfected in Essential 8 medium
(Thermo Fisher Scientific) supplemented with 10 uyM Rho-
associated protein kinase (ROCK) inhibitor Y-27632
(STEMCELL Technologies, Vancouver, Canada) on growth
factor reduced matrigel-coated 24-well plates. After 1 day, the

performed
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medium was replaced with Essential 8 Flex medium without
ROCK inhibitor. Clonal CCM1*® HEK293T and AICS-0023
iPSC lines were established by seeding genome-edited cells at a
density of statistically 0.5 cells/well on 96-well plates in Ix
DMEM and 10% FBS or on growth factor reduced matrigel-
coated 96-well plates in Essential 8 Flex medium supplemented
with CloneR (STEMCELL Technologies), respectively. Genomic
DNA of clonally expanded cell lines was isolated with
QuickExtract DNA Extraction Solution (Lucigen, Middleton,
United States).
sequencing.

For generating control CCM1~~ AICS-0023 iPSC lines with
frameshift variants in the coding region of CCMI, iPSCs were
transfected with a single guide RNA (sgRNA ):Cas9 RNP complex
with a final RNP concentration of 30 nM. Genome editing
efficiency was estimated after T7 endonuclease I (T7EID)

Genotypes were determined by Sanger

digestion of annealed PCR amplicons as described before
(Schwefel et al, 2020). After single-cell cloning, Sanger
sequencing was used to determine the genotypes of the lines
and to evaluate sequence changes at off-target sites predicted
with the CHOPCHOP tool (Labun et al, 2019). Following
standard procedures, chromosome analyses for CCMI™~
AICS-0023 iPSC clones were performed by GTG (G-bands by
trypsin using Giemsa) staining of metaphase chromosomes.

RT-gPCR, RT-PCR, and western blot

The Direct-zol RNA MiniPrep Plus Kit (Zymo Research) was
used for purification of extracted RNA. Reverse transcription
(RT) into cDNA was performed using the First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific). Transcript levels of
CCM1, ANKIBI, KLF2, KLF4, THBS!, NOS3, and HEY2 were
quantified with SYBR Green-based quantitative PCR (qPCR)
analyses performed on a Roche Light Cycler 480 instrument
(Roche, Basel, Switzerland) or on a QuantStudio 7 Flex Real-
Time PCR System (Applied Bioystems, Waltham, United States).
RPLPO served as an endogenous control. In RT-PCR, 10 ng of
transcribed cDNA were amplified in 28 (RPLPU) or 33 cycles
(CCM1 and ANKIBI). The GraphPad prism software was used
for data analysis (GraphPad Software, San Diego, United States).

For western blot analyses, total protein extracted with RIPA
Lysis and Extraction Buffer (Thermo Fisher Scientific) was
separated on a 10% TGX Stain-Free FastCast sodium dodecyl
sulfate-polyacrylamide gel (Bio-Rad, Hercules, United States)
and subsequently transferred to a polyvinylidene fluoride
membrane. The iBind Flex Western System (Thermo Fisher
Scientific) was used for immunostaining according to the
marnufacturer’s instructions. Stripping of the membrane was
performed with ROTI Free Stripping Buffer 2.2 plus (Carl
Roth, Karlsruhe, Germany). Blot documentation of Stain-Free
total protein and chemiluminometric signal detection was

performed using a ChemiDoc XRS+ imager. To determine
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FIGURE 1

Identification of a CCM1 exon 1 deletion in a proband with multiple CCMs. (A) Pedigree of the CCM index case {II:3, arrow). Filled forms indicate
individuals with CCM-associated symptoms. Orange outlines indicate family members for whom genetic analyses have been performed

(B) Magnetic resonance imaging for the index case showing a right temporo-mesial CCM (orange arrow heads). |1 T2-weighted sequence, II: FLAIR
sequence. (C,D) Histological analyses of the CCM shown in B (x5 magnification). (C) CD34 staining, (D) HE staining. {E) NGS-based CNV
analyses for the index case showing a heterozygous deletion of CCM1 exon 1. (F) PCR amplification of the deletion region for index case I1:3 and her
father 112 {WT, wild-type band; Del, deletion band; C, healthy control; -, negative control). The deletion breakpoints were determined by Sanger
sequencing of the deletion band. (G) The deletion (highlighted in red) affects all relevant Ensembl transcripts of CCM1. The location of CpG islands
and transcription factor binding sites are shown (ChlP, chromatin immunoprecipitation)

relative CCM1 protein expression, normalized band intensities
were calculated with the ImageLab software (v5.2.1, Bio-Rad).
GAPDH or total protein was used as a loading control and
volume intensities of the detected protein bands were normalized
to the volume intensities of the corresponding GAPDH bands or

total protein fraction.
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Differentiation procedures and
immunofluorescent staining

Cells were fixed with 4% paraformaldehyde for 15-20 min.
IPSCs were stained for pluripotency markers OCT4, SSEA4,
SOX2, and TRA-1-60 wusing the PSC  4-Marker
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Immunocytochemistry Kit (Thermo Fisher Scientific) with
alternative  secondary  antibodies for SSEA4  and
SOX2 staining. Differentiation of iPSCs into endothelial cells
(ECs) was performed in 6-well-plates using the STEMdiff
Endothelial Differentiation Kit (STEMCELL Technologies).
Directed differentiation of iPSCs into all three germ layers
performed in 24-well-plates using the STEMdiff
Trilineage Differentiation Kit (STEMCELL Technologies). The
Immunofluorescence Application Solutions Kit (Cell Signaling,
Danvers, United States) was used for staining of CD31, VE-
Cadherin, PAX6, TUJ-1, and a-SMA. For markers Brachyury,
SOX17, and FOXA2, cells were permeabilized and blocked in
0.3% Triton X-100, 1% bovine serum albumin, and 10% normal

donkey serum for 45 min. Cells were incubated with primary

‘was

antibodies overnight at 4°C and with secondary antibodies for
60 min at room temperature in the dark. Nuclei were stained with
DAPI or Hoechst 33342 (Thermo Fisher Scientific).

Results
Clinical findings and genetic analyses

The female index case IL:3 (Figure 1A) first presented in
our outpatient clinic at the age of 24 with headaches and
bilateral dysesthesias of the toes. Brain MRI analysis revealed
a cavernoma in her right medial temporal lobe (Figure 1B)
which was resected because of size progression and perifocal
edema. Numerous malformed vessels, often with very severe
fibrous wall thickening, and signs of recurrent bleeding
events were observed in the histological analyses of the
CCM tissue (Figures 1C,13). In addition to the temporo-
mesial cavernoma, multiple small CCMs were identified in
the left parieto- occipital lobe, the left periventricular region,
the cerebellar vermis, and the head of the caudate nucleus.
MRI analysis of the patient’s father (I:2) also revealed
deposits with  previous
hemorrhages of small CCMs. Although there were no

other symptomatic family members, the personal and

hemosiderin consistent

family history of the index case suggested familial CCM
disease.

NGS-based gene panel analysis did not reveal a
pathogenic single nucleotide (SNV) or small indel variant
but a high number of split reads in intron 1 of CCM1I. In line
with these data, NGS-based CN'V detection with the SeqNext
module of the Sequence Pilot software and the Agilent
SureCall tool indicated a heterozygous deletion of CCM1I
exon 1 (Figure 1E). PCR amplification of the deletion region
resulted in a wild-type band and an approximately 400 base
pair (bp) shorter band for the index case and her father. The
exact breakpoints of the 411 bp deletion were determined by
Sanger sequencing (NC_000007.13:
g.91875486_91875076del; Figure 1F). As shown in the
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Integrative Genomics Viewer (Robinson et al, 2011), the
identified deletion includes the transcription start sites (T8S)
of all relevant CCMI transcripts listed in the Ensembl
database and covers several transcription factor binding
sites (Figure 1G). Following the ACMG standards and
guidelines for the interpretation of sequence variants
(Richards et al., 2015), the deletion was classified as VUS
(criteria PM1 and PP4). Notably, the PVSI criterion was not
applied because the deletion neither affects the reading frame
nor canonical splice sites of the coding exons of CCM1.

Modeling a CCM1 knockout in an iPSC-
based cell culture system

To come to a final molecular diagnosis in our family, we
decided to use CRISPR/Cas9 genome editing to rebuild the
variant in an iPSC-based in vitro system. As a positive
control for functional and molecular assays, we first
generated CCM17/~ AICS-0023 iPSCs with bona fide loss-
of-function variants on both alleles, mimicking the second-
hit inactivation in heterozygous mutation carriers. Somatic
inactivation of the remaining wild-type allele in ECs by a
second mutation is described as a critical step in CCM
formation (Pagenstecher et al,, 2009; McDonald et al,
2014). The sgRNA target sequence used in our approach
was located in exon 10, which is part of all functional CCM 1
transcripts (Figure 2A). We optimized the genome editing
protocol using different sgRNA:Cas9 RNP concentrations
and observed the highest indel rate of 37.4% at a
concentration of 30nM ({(Figure 2B). Clonal CCMI™~
iPSCs generated by limiting dilution cloning were checked
for CRISPR/Cas9-induced loss-of-function variants in the
target region by Sanger sequencing and NGS. Hence, we
established one iPSC line with two compound heterozygous
frameshift variants and one line with a homozygous 1 bp
duplication (Figure 2C, Supplementary Figure S1). No
sequence changes were observed at seven top off-target
sites (Supplementary Figure 52). RT-qPCR and western
blot analyses CCM1  knockout
(Figures 2D,E, Supplementary Figure $3). The CCMI~~
iPSC lines displayed a typical morphology, had a normal

confirmed functional

male karyotype (46, XY), and expressed the pluripotency
markers SSEA4, OCT4, SOX2, and TRA-1-60 (Figure 2F,
Supplementary Figure S1). Furthermore, they could be
differentiated
(Supplementary Figure S1).

into ecto-, meso- and endoderm

As CCM1 inactivation is known to induce characteristic
gene expression changes in ECs, we generated iPSC-derived
ECs and verified the expression of the endothelial markers
CD31 and VE-Cadherin (Figure 2G). As expected, mRNA
expression of KLF2 and KLI'4 was significantly increased in

iPSC-derived CCM17~ ECs (Figure 2H). In summary, we
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Reconstructing the identified deletion with CRISPR/Cas9 genome editing in HEK293T cells. (A) Schematic representation of the identified
deletion in CCM1 (red) and crRNA binding sites {orange) (Image was created with BioRender.com). The crRNA combinations i, ii, and iii were used to

generate a deletion similar to the identified variant in the index case. (B) HEK293T cells were co-transfected with two RNP complexes for mimicking
the deletion (Image was created with Biof om). (C) PCR amplification of the deletion region after co-transfection of HEK293T cells with

different combinations of crRNAs and at different final RNP complex concentrations. (D) CCM1 RT-gPCR for different HEK293T cell mixtures after
transfection (n = 1 each, NT = not transfected). (E) PCR amplification of the deletion region for a homozygous HEK293T cell clone after using crRNA
combination i for transfection. (F) RT-qPCR for HEK293T clone Del K04 shows a clear downregulation of CCM1 and ANKIBI mRNA (CCM1**:n =3,
Del K04: n = 1). (G) Reduction of CCM1 protein expression for HEK293T clone Del K04 is shown by western blot. Data are presented as mean and
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standard deviation (SD)

have hereby established an iPSC-based CCMI knockout
model that served as a benchmark system in assessing the
pathogenicity of the identified CCM1 TSS deletion.

Using CRISPR/Cas9 editing to mimic the
identified deletion in HEK293T cells

We next used easy-to-transfect and highly proliferative
HEK293T cells to test the genome editing efficiencies of three

¢rRNA combinations with binding sites near the breakpoints of
the identified deletion (Figure 3A). For each combination,
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HEK293T cells were co-transfected with two RNP complexes
at a final concentration of 10 nM or 20 nM (Figure 3B). PCR
analyses indicated high efficiencies for the combinations i and iii
(Figure 3C). RT-qPCR demonstrated decreased CCMI mRNA
expression in HEK293T transfected with ¢rRNA
combination i (Figure 3D). The deletion induced by this
combination most accurately reflects the variant identified in
index case II:3 (Figure 3A). Therefore, we next established a
homozygous cell clone (Del K04) from this cell mixture
(Figure 3F) and verified reduced CCMI mRNA and protein
expression in this HEK293T clone (Figures 3F,G, Supplementary
Figure S3). Interestingly, we also found reduced mRNA

cells
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expression of the ANKIBI gene, whose TSS is close to the deletion
region (Figures 3A,F).

Gene expression analyses in iPSC-derived
endothelial cells support pathogenicity of
the identified deletion

Having determined the optimal crRNA combination, we
finally generated AICS-0023 iPSCs with the CCMI TSS
deletion on both alleles (CCM1"%!). Increasing the final
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RNP concentration did not improve editing efficiency
(Figure 4A). By single-cell cloning, three CCMI%“"*! ipSC
lines could be established (Del K03, Del K24, Del K55)
(Figure 4B). Consistent with the hypothesis that CCM1 TSS
deletion is pathogenic, a significantly reduced CCMI
expression was shown by RT-qPCR and western blot
analyses, respec(ively (I—lg;mx.\ 1C,D, Supplementary Figure
ANKIBI mRNA expression was
CCM 94! ipSCs (Figure 1C). We then differentiated the
CCM[4¥4 ipSCs into ECs (Figure A4E).
complete loss of CCMI mRNA expression was observed for

S3). also reduced in

Interestingly,
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CCM19V4 ECs, whereas it was greatly reduced but still
existent in CCM17~ ECs (Figure 4F). A similar effect was
observed for KLF2, NOS3, and HEY2, with the more
pronounced dysregulation in CCMI?¥e® ECs (Figure 4F).
We also analyzed THBSI expression and found equal
reduction in CCM17~ and CCM 1?44 ECs (Figure 4F).

Taken together, the functional in vitro studies presented here
provide strong evidence for the pathogenicity of the identified
CCM1I TSS deletion. Following the ACMG guideline, it can now
be classified as likely pathogenic (P83, PML, and PP4).

Discussion

Coding variants account for the majority of pathogenic
variants in the CCM genes. However, with the novel CCMI
TSS deletion characterized in our study, we demonstrate that
non-coding variants also need to be considered and that CRISPR/
Cas9 editing in iPSCs can help with the interpretation of VUS.

Because mutational hotspots cannot be determined, genetic
testing for CCM typically involves analysis of all coding exons
and exon-intron boundaries of CCM1, CCM2, and CCM3. NGS
gene panel analysis has proven superior to a stepwise approach in
this context (Spiegler et al,, 2018b). It allows parallel screening for
SNVs, indels, and CNVs (Much et al., 2019). NGS-based CNV
analyses are particularly advantageous if reglons of interest such
as non-coding exons are not covered by commercial multiplex
ligation-dependent probe amplification kits. Nonetheless, no
causative variant is identified in 2%-13% of familial CCM
cases by current genetic analyses (Spiegler et al., 2018b). Apart
from structural variants (Spiegler et al., 2018a; Pilz et al., 2020)
and somatic mosaicism (McDonald et al. 2014), the here
identified CCMI TSS deletion highlights that variants in
regulatory regions that are not always analyzed in routine
diagnostics may account for part of the missing heritability in
CCM disease.

However, the clinical interpretation of variants in 5" UTR or
promoter regions is challenging. In the absence of experimental
data, the identified CCMI TSS deletion would have been
classified as VUS using the widely accepted ACMG guidelines.
As the coding region of CCM1 starts only in exon 5 (LRG_650t1),
the deletion does not affect the reading frame but results in loss of
the TSS. In the gnomAD structural variant database (Collins
et al., 2020) with its 10,847 genome data sets no deletion only
covering exon 1 is registered, but information from larger cohorts
on the variant’s frequency in the general population is still
limited. Deletions of non-coding CCMI exons described in
the literature so far are also considerably larger than the
variant described here (Riant et al, 2013; Mondéjar et al,
2014).
alternative TSSs that may rescue the phenotype could not be
excluded. Interestingly, 5’ RACE analysis revealed different TSSs
and alternative splicings of the CCM1 5" UTR. Intragenic TSSs

Furthermore, the occurrence of transcripts with
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were shown by quantitative transcription studies and detection of
five promoter sequences by MPromDB analysis in the 5’ UTR
and intragenic region of CCM1 (Mondéjar et al., 2016). Even with
consideration of further relevant recommendations for
interpreting the loss-of-function variants (Abou Tayoun et al.,
2018) and adaptations for single-gene copy number variants
(Brandt et al, 2020) the PVSI criterion could not be used in this
case. Yet, the distinction between a pathogenic and benign
variant is of great importance for accurate diagnosis,
appropriate clinical management and genetic counselling of
family members.

According to the ACMG guidelines, well-established in vitro
analyses can be strong evidence of a variant’s pathogenic or
benign impact. Recently published recommendations aiming for
a consistent clinical interpretation of non-coding variants have
also highlighted the importance of functional evidence
(Ellingford et al., 2022). In this context, iPSC-based disease
modeling, which has developed rapidly in recent years, can be
very helpful. The ability of iPSCs to differentiate into all cell types
and their unlimited availability gives them an enormous
advantage over primary and immortalized cell lines (Grskovic
etal, 2011). Benchmarking and the use of appropriate controls,
however, is a critical aspect of well-designed #n vifro analyses to
establish the range of the assay readout and to define thresholds
(Brnich et al,, 2019). The introduction of genetic variants into
iPSCs with CRISPR/Cas9 genome editing is particularly valuable
because it allows generation of isogenic lines, thereby reducing
variability due to genetic background. We therefore used
CRISPR/Cas9 genome editing in human iPSCs to provide
functional evidence for the pathogenicity of the novel CCMI
TSS deletion identified in our index case. The almost complete

loss of CCMI gene expression in CCM1%4d

cells was strong
evidence for the pathogenicity of the variant and sufficient to
classify this deletion as likely pathogenic following the ACMG
guidelines. Thus, we were able to confirm the molecular CCM
diagnosis for the family and can now offer genetic analysis to
further at-risk relatives. We also demonstrated a reduced
expression of ANKIBI in CCMi°¥®® iPSCs. However, no
association can currently be established between decreased
ANKIB1 expression and the clinical phenotype of the index
patient since little is known about the function of ANKIBI so far.

Interestingly, our study led to another, rather unexpected,
finding. While CCM1 transcript levels were extremely low and
thus hardly detectable in CCMI1*V*® iPSCs, residual CCMI
transcript was still present in CCM17~ knockout iPSCs with
biallelic frameshift variants in the coding region of CCMI. We
decided to study this effect in more detail and differentiated
CCM 1%V and CCM 1™~ iPSCs to ECs. While a very well-known
consequence of CCMI inactivation in ECs, namely upregulation
of KLFZ (Zhou et al,, 2016), was observed in both cell types, it was
more pronounced in iPSC-derived CCMi*¥3® ECs. A similar
effect was found for the expression of NOS3 and HEY2. Only
THBSI1 expression was equally reduced in iPSC-derived
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CCM 14 and CCM1~~ ECs. It has been shown in studies with
different animal models that degradation of mutant mRNA is a
possible trigger of genetic compensation mechanisms that may
account for phenotypic differences between stable mutants and
transient knockdowns (Rossi et al., 2015; El-Brolosy et al., 2019).
This mechanism might also be an explanation for the more
pronounced molecular consequences of the CCM1 TSS deletion
that blocks CCM1 expression already at the transcriptional level.
Thus, our in vifro analyses demonstrate the critical regulatory
function of the region affected by the deletion. However, we were
not able to directly compare homozygous CCM1°*? with
heterozygous CCMI™W"* ECs, since we could not establish
CCM1"™" jPSCs. Further, possible off-target effects in iPSC-
derived CCM1%%! ECs cannot be completely excluded. Yet,
CCM1 is a well-characterized disease gene and the observed
molecular effects in CCM 149 ECs correlate very well with the
results from established CCMI knockout models.

In conclusion, our study expands the CCM mutation spectrum
and lustrates that non-coding variants may be a cause of disease in
apparently mutation-negative CCM Moreover, we
demonstrate that CRISPR/Cas9 editing in iPSCs represents a

powerful approach for variant interpretation and can provide a

cases.

promising platform for basic research or therapeutic CCM studies.
Using iPSC-derived human brain microvascular endothelial-like
cells and mosaic vascular organoids, we were recently able to
show abnormal proliferation of CCM3 mutant ECs in co-culture
with wild-type ECs (Rath et al,, 2022), In the future, novel patient-
specific, co-culture or three-dimensional iPSC-based cell culture
models could give further insight into CCM pathogenesis.
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14 mutation in either the CCM1, CCM2, or CCM3 gene. While the importance of a second-hit
15 mechanism in CCM development is well established, it is still unclear whether it immediately
16 triggers CCM development or whether additional external factors are required. We here used RNA
17 sequencing to study differential gene expression in CCM1 knockout induced pluripotent stem cells
18 {CCM1+ iPSCs), early mesoderm progenitor cells (eMPCs), and endothelial-like cells (ECs).
19 Notably, CRISPR/Cas9-mediated inactivation of CCMI led to hardly any gene expression
20 differences in iPSCs and eMPCs. However, after differentiation into ECs, we found significant
21 deregulation of signaling pathways well known to be involved in CCM pathogenesis. These data
22 suggest that only a microenvironment of proangiogenic cytokines and growth factors triggers the
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47 is not limited to CCM3 inactivation. Using blood outgrowth endothelial cells (BOECs),
48 which are also referred to as endothelial colony-forming cells (ECFCs), we have previ-
49 ously shown that CRISPR/Cas9-induced CCM1 ablation causes increased proliferation of
50 mutant BOECs when co-cultured with wild-type cells [10].
51 Yet, it is still poorly understood whether there is a critical time window when CCM
52 protein inactivation induces CCM formation. Interestingly, Malinverno and colleagues
53 demonstrated that Ccm3 inactivation in vessel-resident endothelial progenitor cells also
54 led to their clonal expansion and CCM formation in mice [9]. Combining our recently
55 established CCM1 knockout induced pluripotent stem cell (iPSC) model [11], differentia-
56 tion of iPSCs into endothelial-like cells (hereafter referred to as ECs), and RNA sequenc-
57 ing analysis, we here demonstrate that loss of CCM1 expression leads to strong gene ex-
58 pression differences in ECs but not in iPSCs or early mesoderm progenitor cells (eMPCs).
59 Our data suggest that a second somatic mutation followed by CCM1 inactivation in
60 endothelial precursor cells does not result in a cellular or molecular phenotype until en-
61 try of the mutant cells into the endothelial lineage.
62 2. Results
63 We have recently established a novel CCM1 knockout iPSC model and demon-
64 strated that CCM1-- iPSCs can be differentiated into ECs which show upregulation of
65 KLF2 and KLF4 as well as downregulation of THBSI [11]. These gene expression differ-
66 ences are well-characterized consequences of CCM1 inactivation in ECs [12,13]. In our
67 current study we decided to analyze the gene expression profile in CCM1-- iPSC-derived
68 ECs in more detail and to address the question whether CCM1 deficiency also leads to
69 gene expression differences in iPSCs and eMPCs (Figure 1).
RNA sequencing AAN
CCM1*ECs A %
\5 U AAN \\77 ///
EC dnﬂerennalnonI
CCM1"* eMPCs %
mesodermal induction mesodermal induction
F = l CCM1”iPSCs
ra
C
70 Figure 1. Experimental design of the study. CCM1+** and CCM1"" induced pluripotent cells (iPSCs)
71 were differentiated into early mesoderm progenitor cells (eMPCs) and endothelial-like cells (ECs).
72 RNA sequencing was used to study gene expression differences.
73 2.1. Major gene expression differences in CCM1-- iPSC-derived ECs
74 Differentiation of CCM1** and CCM1-- iPSCs into ECs with the STEMdiff Endothe-
75 lial Differentiation Kit (Figure 2a,b) led to upregulation of 4,470 and 4,262 genes, respec-
76 tively. At the same time, 4,674 and 4,468 genes were downregulated (Figure 2¢,d). As ex-
77 pected, most of the differentially expressed genes could be assigned to angiogene-
78 sis-associated processes. No major differences could be detected between the two geno-
79 types (Figure 2e,f; Figure S1). Furthermore, mutant and wild-type cells showed a charac-
80 teristic endothelial morphology and expressed the EC markers CD31, vWF, and
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VE-cadherin (Figure 2a,b). These results suggest that EC differentiation itself is not com-
promised by CCMI inactivation.
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Figure 2. Targeted differentiation of iPSCs into ECs. (a,b) CCM1** (a) and CCM1* (b) iPSC-derived
ECs display typical EC morphology and express EC markers CD31, VE-Cadherin, and vWF
(scale =75 pm); (c,d) Volcano plots of genes that are up- or downregulated upon differentiation of
CCM1+* () and CCMI+ (d) iPSCs into ECs. The log2 fold changes (1og2FC) of the normalized mean
hit counts are plotted against the negative log10 adjusted p-values (-logl0 (pad;)). Differentially ex-
pressed genes (= pagi< 0.05 and 1og2FC| > 1) are marked in red; (e,f) GO biological process en-
richment analysis for CCM1** (e) and CCM1™ (f) cells. FDR = false discovery rate. The lollipop
charts were created with ShinyGO 0.76 [14]. n = 3 per genotype.
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92 When we compared the gene expression profiles of CCMI*+* and CCM1+
93 iPSC-derived ECs, we found major differences. 181 and 161 genes were significantly up-
94 or downregulated in CCM1+ ECs, respectively (Figure 3a). Among the most upregulated
95 genes were LHX6 (LIM Homeobox 6; 1og2FC = 5.4), CMKIR? (Chemerin Chemokine-Like
96 Receptor 1; log2FC =5.1), APLNR (Apelin Receptor; log2FC =4.9), HSPA12B (Heat Shock
97 Protein Family A (Hsp70) Member 12B; 1og2FC = 4.6), and KL.F2 (Krueppel-Like Factor 2;
95 log2FC =4.3). The top 10 upregulated genes also included KLF4 (Krueppel-Like Factor 4;
99 log2FC =3.5). Less highly upregulated was, for example, THBD (Thrombomodulin;
100 log2FC =1.1). Strongly downregulated, on the other hand, were TCN? (Transcobala-
101 min 1; log2FC =-3.6), MT1G (Metallothionein 1G; log2FC = -3.4), SCGB1A1 (Secretoglobin
102 Family 1A Member 1; log2FC =-3.3), CRABP1 (Cellular Retinoic Acid Binding Protein 1;
103 log2FC =-3.3), and MMP9 (Matrix Metallopeptidase 9; log2FC =-3.3) (Figure 3b). THBS1
104 (Thrombospondin 1), which has also been reported to be involved in CCM pathogenesis
105 [13], was moderately downregulated (log2FC =-1.1).

endothelial cells
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106 Figure 3. Gene expression differences in CCMI+* iPSC-derived ECs. (a) Volcano plot of up- or
107 downregulated genes in CCMI+ iPSC-derived ECs. The log2 fold change (log2FC) of the normal-
108 ized mean hit counts is plotted against the negative 1og10 adjusted p-value (-logl0 {pad)). Differen-
109 tially expressed genes (= pagy < 0.05 and [1og2FCl > 1) are marked in red; (b) Heatmap of differen-
110 tially expressed genes in CCMi+ iPSC-derived ECs. Shown are regularized log transformed read
111 counts (= value) for CCM1* (KO) and CCMI* (WT) iPSC-derived ECs; (c) GO biological process
112 entichment analysis for differentially expressed genes in CCM1+ iPSC-derived ECs. To avoid a
113 systemic bias, CCMI was exduded from the enrichment analysis. FDR = false discovery rate; (d)
114 Enriched GO terms are visualized as network. The size of the network nodes reflects the number of
115 genes. Lines connect related terms. The thickness of the lines reflects the percent of overlapping
116 genes. The lollipop chart (c) and the network (d) were created with ShinyGO 0.76 [14]. n= 3 per

117 genotype.
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The deregulated genes could be assigned to different clusters of biological process-
es. As expected, angiogenesis-associated and vessel formation-related processes were
among them. In addition, genes involved in cell motility were also deregulated (Fig-
ure 3c,d). Taken together, these data reinforce the validity of this new model and show
that some key players, e.g., KLF2 or KLF4, can indeed be considered as markers of CCM
pathogenesis independently of the model used.

2.2, Minor gene expression differences in CCM1-+ iPSC and CCM1+ iPSC-derived eMPCs

We next asked whether CCM1 inactivation also leads to a characteristic molecular
phenotype in iP5Cs and subjected CCM1++ and CCM1+ iP5Cs to RNA-seq analysis.
However, we could find hardly any gene expression differences (Figure 4a,b). Besides
downregulation of CCM? gene expression (log2FC =-2.0), only LHX5 was significantly
upregulated (LIM Homeobox 5; log2FC =1.9). Yet, the adjusted p-value for LHX5 was
only slightly below the significance level (pag = 0.045). These data suggest that CCM?
expression is dispensable in iPSCs and that its inactivation does not result in a molecular

phenotype.

(a) (b) iPSC
709 : :
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Figure 4. Gene expression differences in CCMI* iPSCs. (a) Volcano plot of up- or downregulated
genes in CCMI* iPSCs. The log2 fold change (log2FC) of the normalized mean hit counts is plotted
against the negative logl0 adjusted p-value (-loglC (pag)). Differentially expressed genes
(=pagj< 0.05 and 110g2FCI > 1) are marked in red; (b) Heatmap of differentially expressed genes in
CCMI1+iPSCs. Shown are regularized log transformed read counts (= value) for CCMI+ (KO) and
CCMI¥ (WT)iPSCs. n =3 per genotype.

An intermediate stage of differentiation from iPSCs to ECs with the STEMdiff En-
dothelial Differentiation Kit are eMPCs. Therefore, we also profiled gene expression lev-
els for these cells by RNA-seq to characterize the effects of CCM1 inactivation. Although
we detected slightly stronger differences in these cells than in iPSCs, only 26 genes were
upregulated and 2 genes were downregulated in total (Figure 5a). As expected, one of
these genes was CCM1 (log2FC=-1.8). Other deregulated genes included: STMN2
(Stathmin 2; log2FC =2.1), PARMI (Prostate Androgen-Regulated Mucin-Like Protein 1;
log2FC=1.9), LYPD1 (LY6/PLAUR Domain Containing 1; log2FC=1.6), RHOB (Ras
Homolog, Family Member B; log2FC=1.5), SLCO4A? (Solute Carrier Organic Anion
Transporter Family Member 4Al; log2FC=15), and KLF2 (Krueppel-Like Factor 2;
log2FC = 1.4) (Figure 5b). Our biological process enrichment analysis found only moder-
ate enrichment for negative regulation of microtubule polymerization and reactive oxy-
gen species-related clusters (Figure 5c). However, we also found only moderate signifi-
cance levels for eMPCs.
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154 Figure 5. Gene expression differences in CCMI* iPSC-derived eMPCs. (a) Volcano plot of up- or
155 downregulated genes in CCMI* iPSC-derived eMPCs. The log? fold change (log2FC) of the nor-
156 malized mean hit counts is plotted against the negative logl0 adjusted p-value (-loglQ (paq)). Dif-
157 ferentially expressed genes (= pa¢j< 0.05 and log2FC| > I} are marked in red; (b) Heatmap of dif-
158 ferentially expressed genes in CCMI* iPSC-derived eMPCs. Shown are regularized log trans-
159 formed read counts (= value) for CCMI+ (KO and CCMI (WT) iP5C-derived eMPCs; (¢) GO bi-
160 ological process enrichment analysis for differentially expressed genes in CCMIY- iP5C-derived
161 eMPCs, Te aveid a systemic bias, CCMI was excluded from the enrichment analysis. FDR = false
162 discovery rate. The lollipop chart was created with Shiny(GO 0.76 [14]. n= 3 per genctype.
163 3. Discussion
164 The results of our current study presenting comprehensive RNA sequencing data
165 from CCM1+iPSCs, eMPCs, and ECs allow two conclusions: (1) CCML1 is dispensable for
166 EC differentiation but essential for the maintenance of endothelial quiescence and
167 (2) CCM1 apparently does not play a critical role in iPSCs and eMPCs.
168 Upon induction of endothelial differentiaion, CCMI+ iPSCs significantly acvated
169 signaling cascades related to blood vessel development and morphogenesis, tube for-
170 mation, and cell migration. Furthermore, CCM1+ iPSC-derived ECs showed normal
171 morphology and expressed typical EC markers. However, when we compared CCM1+
172 and CCM1+* iPSC-derived ECs on the molecular level, we found hundreds of differen-
173 Hally expressed genes. Among the most upregulated transcripts in mutant ECs were
174 KLE2 and KLF4, which are crucial mediators of profound dysfunction in ECs lacking
175 CCM1, CCM2, or CCM3 [12,15-17]. Interestingly, analyses in hCMEC/D3 cells (human
176 cerebral microvascular endothelial cell line), HUVECs (human umbilical vein endothelial
177 cells), and zebrafish have recently demonstrated that not only genetic CCM? inactvation
178 but also inhibition of the HEG1 (heart of glass 1)-CCM1 protein complex can induce up-
179 regulation of KLF2 and KLF4 levels in ECs [18]. However, irrespective of its causes, a
180 gain of MEKK3-KLF2/4 signaling in ECs has various consequences, e.g., deregulation of
181 RHC/ROCK signaling, endothelial-to-mesenchymal transition (endMT), and activation
182 of the metalloproteases ADAMTS4/5 [12,19-21]. All these mechanisms can trigger CCM
183 formation in wivo. Besides induction of KLF2/4 expression, other known effects of CCM1
184 inactivation in ECs, namely deregulation of angiogenesis-related pathways, upregulation
185 of THBD, or downregulaton of THBS1 [13,22], could also be recapitilated in our CCMI
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knockout iPSC-derived EC model. Based on these data, it is evident that the inactivation
of CCM1 in ECs apparently cannot be compensated and disrupts endothelial quiescence.
Our RNA sequencing analysis of CCM1--iPSCs, eMPCs, and ECs can obviously not ex-
clude molecular consequences of CCM1 inactivation in other cell types. Indeed, for the
CCM3 gene, ithas been reported that its inactivation in neuroglia and mural cells induces
CCM-like lesions in mice [23,24]. However, our results suggest that there might be
CCM1+ precursor cells which remain silent until they come into a specific microenvi-
ronment and differentiate into endothelial cells.

Although CCM1 is ubiquitously expressed in early embryogenesis and found with
high expression levels in various cell lines [25-27], its function in non-endothelial cell
types remains poorly understood. Consistent with the assumption that intact CCM func-
tion is required specifically in ECs [19], we found very few gene expression differences in
CCM1 knockout eMPCs and iPSCs. In addition, the overlap of up- or downregulated
genes in CCMI+ ECs, eMP(Cs, and iP5Cs was very small. Apart from
CRISPR/Cas?-induced disruption of CCMI gene expression, there was no overlap be-
tween iPSCs and eMPCs or ECs, largely because only two genes were differentially ex-
pressed in CCM1*+iPSCs anyway. However, there was also little overlap between eMPCs
and ECs (Figure 6).

iPSCs __eMPCs ECs N eMPCs NiPSC | coMI” vsoeM1™ | com1”vscom1™ | comi?vscomz™
< . iPSCs eMPCs ECs
N
ENSG00000001631 = log2FC=-1.55 loq2FC=-1.80 log2FC=-1.49
24 |\ |cowz
ECs 1 eMPCs com1” vscom1™ | com1™ vscom1™ | com1™ vs coma™
/ iPSCs eMPCs ECs
y ENSG00000127528 = - log2FC=1.41 log2FC=4.35
y KIF2
ENSGO000101187 = - log2FC=1.42 log2FC=2.55
338 sLC04AT
ENSGO0000104435 = - log2FC=2.07 log2FC=1.02
ECs TMN2

Figure 6. Overlap of differential expressed genes in iP5Cs, eMPCs, and ECs. Differential gene ex-
pression was defined as pady < 0.05 and [1og2FCI > 1. iPSCs = CCMI"vs CCMI*iPSCs; eMPCs =
CCMI1+vs CCMI**eMPCs; ECs = CCM1+ vs CCMI* ECs.

Although KLF2 was also moderately upregulated in CCM1-- eMPCs, the expression
difference increased significantly when the cells were further differentiated into ECs. The
same is true for SLCO4A1 whose role in CCM pathogenesis is unclear so far. In contrast,
the expression levels of KLF4 and nearly all other genes that were up- or downregulated
inmutant ECs were unchanged in CCM1-- eMPCs or iPSCs. These results suggest that the
establishment of a CCM? knockout-specific gene expression pattern is enabled by exog-
enous factors such as cytokines and growth factors used to induce EC differentiation. The
idea that the multiple downstream effects of CCM gene inactivation may occur only in a
specific microenvironment is not completely new. In 2011, the groups of Elisabetta
Dejana and Elisabeth Tournier-Lasserve reported that EC-specific ablation of Cem?2 in
mice only led to a CCM phenotype when induced in developmental stages of active an-
giogenesis [28)]. Furthermore, the inhibition of VEGF signaling, which is essential for an-
glogenesis in vive and also for differentiation of iP5Cs into ECs, was shown to reduce the
number of CCM lesions in Cem1 induced endothelial cell knockout mice (Krit1=£0)
[29,30]. This also reinforces the important role of exogenous triggers for CCM formation.

Taken together, our results suggest that in our search for new CCM therapies, we
should address not only the consequences of CCM ablation but also the supporting fac-
tors for endothelial dysfunction.
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4. Materials and Methods
4.1. Cell culture of induced pluripotent stem cells (iPSCs)

The CCMI** and CCMT+ iPSC lines used in this study have been derived from the
parental AIC5-0023 iPSC line (Allen Cell Collection, Coriell Institute, USA) before [11].
IPSCs were maintained in Essential 8 Flex medium (Thermo Fisher Scientific, Waltham,
USA) at 37°C and 5 % COz on plates coated with growth factor reduced matrigel (Corn-
ing, New York, USA). Cultures were routinely passaged with 0.5 mM EDTA (Thermo
Fisher Scientific).

4.2. Differentiation of iPSCs into eMPCs and ECs

The STEMdiff Endothelial Differentiation Kit (STEMCELL Technologies, Vancou-
ver, Canada) was used according to the manufacturer’s instructions for the differentia-
tion of iPSCs into eMPCs and ECs. Initially, iPSCs were detached with StemPro Accutase
(Thermo Fisher Scientific) and seeded at a density of 100,000 cells per 6-well in Essential 8
Flex medium supplemented with 10 uM ROCK inhibitor Y-27632 (STEMCELL Technol-
ogies). On day 7, differentiated ECs were subcultured at a density of 150,000 cells per
6-well. The cells were expanded in STEMdiff Endothelial Expansion Medium
(STEMCELL Technologies) for four days, then splitted on passage #1, and cultured for
additional four days. RNA was extracted for eMPCs on day 3 of the differentiation pro-
tocol and for expanded differentiated ECs at passage #1.

To check differentiated ECs for endothelial marker expression at passage #1, the
Immunofluorescence Application Seluticns Kit (Cell Signaling, Danvers, United States)
was used for staining of CD31 (35285, 1:800, Cell Signaling), VE-Cadherin (25005, 1:400,
Cell Signaling), and VWF (MA5-14029, 1:66, Thermo Fisher Scientific) according to the
manufacturer’s instructions. An anti-mouse Alexa Fluor 555 antibody (ab150114, 1:200,
Abcam, Cambridge, UK) or an anti-rabbit Alexa Fluor 555 antibody (A21429, 1:500,
Thermo Fisher Scientific) were used as secondary antibodies.

4.3. RNA sequencing and data analysis

The Direct-zol RNA MiniPrep Plus Kit (Zymo Research, [rvine, USA} was used for
RNA purification. Concentration measurements and sample integrity control were per-
formed with a Qubit 4.0 fluorometer (Thermo Fisher Scientific) and on a 2100 Bicanalyzer
instrument (Agilent, Santa Clara, USA), respectively. RNA-library preparation by polyA
selection and sequencing on an Illumina NovaSeq (Illumina) with 2x150 cycles was done
by Azenta Life Sciences (Leipzig, Germany). Trimming of reads and mapping to the
human reference genome assembly GRCh37 was performed with Trimmomatic v.0.36
and STAR aligner v.2.5.2b. Gene hit counts were extracted with featureCounts from the
Subread package v.1.5.2.

4.4. Statistical analysis

DESeq?2 was used for the analysis of differential gene expression in RNA-seq data.
To generate p values and log2 fold changes the Wald test was utilized. Genes with an
adjusted p value of <0.05 and an absolute log? fold change > 1 were considered differen-
tially expressed between compared groups. Gene ontology analysis was performed with
ShinyGO 0.76.1 [14] and an FDR cut-off of 0.05.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/sl, Figure 51: Heatmaps of significantly up- or downregulated genes in tar-
geted differentiation of CCMI** (a) and CCM1' (b) iPSCs into ECs. Shown are regularized log
transformed read counts for cells. Differentially expressed genes = pay < 0.05 and llog2 FCI > 1.
n =3 per genotype. WT = CCMI** wild-type cells; KO = CCM1- knockout cells. (¢) Venn diagram of
the overlap of differentially expressed genes in both conditions.
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Supplementary Material

(a)

Figure S1. Heatmaps of significantly up- or downregulated genes in targeted differentiation of CCM1** (a) and
CCM1”* (b) iPSCs into ECs. Shown are regularized log transformed read counts for cells. Differentially expressed
genes = padgj < 0.05 and llog2 FCI > 1. n =3 per genotype. WT = CCMT* wild-type cells; KO = CCMI~ knockout
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Abstract; Cerebral cavernous malformations (CCMs) are
vascular lesions that can cause severe neurological com-
plications due to intracranial hemorrhage. Although the
CCM disease genes, CCM1, CCM2, and CCM3, have been
known for more than 15 years now, our understanding
of CCM pathogenesis is still incomplete. CCM research
currently focuses on three main disease mechanisms: (1)
clonal expansion of endothelial cells with biallelic inac-
tivation of CCM1, CCM2, or CCM3, (2) recruitment of cells
with preserved CCM protein expression into the growing
lesion,and (3) disruption of endothelial cell-cell junctions
in CCMs. We here describe novel CRISPR/Cas9-hased in
vitro models of CCM and discuss their strengths and lim-
itations in the context of high-throughput drug screening
and repurposing approaches.

Keywords: cerebral malformations,
CRISPR/Cas9 genome editing, human endothelial cells,

cell junctions, spheroid sprouting

cavernous

Introduction

Cerebral cavernous malformations (CCMs) are mulberry-
like lesions in the microvasculature of the central nervous
system (Fig. 1A,B) which are found with a prevalence of
0.5% in the general population. They consist of densely
packed, thin-walled, and leaky endothelial channels. De-
pending on their location and size, they can lead to a
diverse spectrum of clinical signs and symptoms. While
many of these vascular malformations are asymptomatic,
some cause focal neurological deficits, epileptic seizures,
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and stroke-like symptoms dueto intracranial hemorrhage.
Especially hrainstem lesions may lead to significant neu-
rological complications [1]. However, CCMs can not only
manifest with symptomatic hemorrhage but also with non-
hemorrhagic focal neurological deficits.

Besides sporadic cases, about 6-7 % of CCMs occur in
a familial form that is inherited in an autosomal dominant
manner and caused by loss-of-function germline variants
in CCM? (KRITI; OMIM: *604214), CCM2 (OMIM: *607929),
or CCM3 (PDCD10; OMIM: *609118) [3, 4]. Familial cases
usually become symptomatic in the fourth to fifth decade
of life [5]. In this context, CCMs can be a significant cause
of neurologic morbidity in middle-aged adults. Genetic
counseling and testing should be offered to patients with
a positive family history or multiple CCMs (Fig. 1C). For pa-
tients without a positive family history, however, current
best practice guidelines only recommend genetic testing
if there is no associated developmental venous anomaly
(DVA) and no history of brain radiation, as these features
usually indicate a sporadic case [2]. Magnetic resonance
imaging (MRI)with susceptibility-weighted (SWI) or gradi-
ent echo (GRE) sequences is essential for making the cor-
rect diagnosis [2, €] (Fig. 1D). Especially small CCMs can
often only be detected with these special imaging tech-
niques. Predictive genetic testing in children is possible
because the results may guide the decision to perform an
MRI examination, which may require sedation in young
children [2].

Although more than 20 years have passed since the
first disease gene, known as CCM1 or KRITI [7, 8], was
identified, there is still no specific or targeted therapy for
CCM patients. While symptomatic and easily accessible le-
sions may be treated with neurosurgical resection, conser-
vative management is often the only option for patients
with cavernous malformations in eloguent areas. There-
fore, finding new pharmaceutical targets is a primary goal
of CCM research. CCM studies in mice have recently added
the mTOR inhibitor rapamycinand the third-generation ty-
rosine kinase inhibitor ponatinib to the short list of poten-
tial novel therapies [9, 10]. Unfortunately, in vivo studies
are time consuming, expensive, and complex. Simplified
in vitro systems are not perfect disease models either, but
they can be used to study specific aspects of CCM patho-
biology in more detail. Since they are less complex, less

8 Open Access. © 2021 Skowroneketal., published by De Gruyter. [(E LB This work is licensed under the Creative Commons Attribution 4.0 International

License.
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A venules

arterioles cerebral cavernous

malformation

brain microvasculature

G Criteria for genetic analysis
positive family history
OR

multiple CCMs
without DVA or history of brain radiation

D Imaging recommendations

brain MRI with susceptibility-weighted (SWI) or
gradient echo (GRE) sequences

Figure 1; Clinical features of CCMs. (A) CCMs are mulberry-like vascu-
lar lesions in the microvascular bed of the central nervous system.
(B) Sagittal T1-weighted (left) and axial susceptibility-weighted mag-
netic resonance images (right) show a large CCM (white arrowhead)
and multiple smaller CCMs in bath hemispheres of a patient with a
pathogenic CCM1 germline variant, (€) Criteria for genetic testing of
patients with CCMs (adapted from [2]). DVA = developmental venous
anomaly. {D) Recommended imaging technigues for diagnosis or
follow-up of CCMs (adapted from [2]).

expensive, and compatible with the 3R principle (namely
replacement, reduction, and refinement of animal exper-
iments), they also qualify as first-line approach in high-
throughput drug discovery studies. In the second or third
line, invivo models can then be used to validate novel drug
candidates. It is important to realize that patients with
sporadic CCMs could also benefit from new pharmacologi-
cal treatments identified in those combined in vitro/in vivo
screening assays because a substantial number of spo-
radic cases is caused by biallelic somatic CCM1, €CM2, or
CCM3 mutations [11, 12].
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This article reviews the currently available CCM cell
culture models and illustrates their strengths and limita-
tions. In particular, we focus on our recent efforts to estab-
lish new CRISPR/Cas9-based in vitro models of CCM dis-
case.

Modeling the clonal expansion of
mutant endothelial cells in CCMs

In efforts to find a treatment that can block disease pro-
gression, hope rests on a better understanding of the
molecular mechanisms that trigger CCM formation. Inrem-
iniscence of Knudson’s two-hit model for retinoblastoma
[13], DNA sequencing and immunohistochemical analyses
of human CCMs demonstrated that CCM1, CCM2, or CCM3
gene expression is completely inactivated by a germline
and a second somatic mutation or by two somatic mu-
tations in many cavernous malformations [10, 12, 14-17].
However, the vascular lesions do not only consist of mu-
tant endothelial cells. Instead, a mosaic pattern of mutant
endothelial cells and heterozygous or wild-type cells is
found in CCM mouse models and human CCM tissue sam-
ples of familial and sporadic cases, respectively [17-19].
How these cells interact and whether the mosaic state is
necessary for the survival of mutant cells in vivo is not yet
understoad.

Using CRISPR/Cas9 genome editing, we were recently
able to study the effects of the second hit in blood out-
growth endothelial cells (BOECs) of a CCM patient with a
pathogenic CCM1 germline mutation. Signs of endothelial
dysfunction, namely the disruption of intercellular junc-
tions, the formation of actin stress fibers, and the upregu-
lation of the transcription factor KLF2, were only observed
after inactivation of the second CCMT allele [20, 21]. Inter-
estingly, we were able to model a phenomenon in vitro that
has recently been observed in CCM mouse models: clonal
expansion of mutant endothelial cells [18, 19]. CCMi /
BOECs and CCM3/~ immortalized human umbilical vein
endothelial cells (CI-huVECs) demonstrated a striking sur-
vival advantage when co-cultured with CCMT™™ BOECs or
CCM3'™ Cl-huVECs (Fig. 2A-C), respectively [21, 22]. We
also noticed resistance of CCM!™/~ BOECs and CCM3™/
CI-huVECs to apoptosis, a feature reminiscent of malig-
nant tumors. Even treatment with the broad-spectrum
protein kinase inhibitor staurosporine, a potent inducer
of apoptosis, only led to minimal activation of caspase3
in CCM1- and CCM3-deficient cells [21, 22]. In a proof-of-
principle approach, CRISPR/Cas9 genome editing also en-
abled us to study the feasibility of a targeted gene repair.
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Figure 2: CCM3 gene disruption promotes clonal expansion of endothelial cells. (A) In patients with a CCM3 germline mutation (cemzt),

a second somatic CCM3 mutation in an endothelial cell (CCM3 ) initiates CCM formation. A CCM3~'~ mutant endothelial cell undergoes
clonal expansion and forms a CCM that is characterized by endothelial mosaicism of CCM3 ™/~ and CCM3"/~ endothelial cells. The impaired
endothelial barrier function can lead to bleeding into the surrounding brain tissue. (B) CCM3 knockout endothelial cells were generated with
CRISPR/Cas9 genome editing. Biallelic loss-of-function variants were introduced into the first coding exon of CCM3 (knockout [KO] clones
1and 2: ¢.[87_88insAG];[87_88insAG] [p.[Phe30Serfs*5];[Phe30Serfs*5]]; KO3: ¢.[90dupT];[87_88insAGTTGGATAAACATGTTTATCCAACT]
[p.[Asn31*];[Phe30Serfs*13]]). (C) CCM3~/~ Cl-huVECs demonstrated significant expansion in co-culture with CCM3*/* CI-huVECs. Knockout
and wild-type (WT) allele frequencies were determined by amplicon deep sequencing after six days of co-culture.

While we were able to correct the CCMI germline muta-
tion in a significant number of CCMIY~ BOECs in vitro,
corrected CCMI** BOECs were replaced by highly prolif-
erative CCM1™/~ BOECs in co-culture [21]. In human CCM,
where CRISPR/Cas9-mediated gene repair would not erad-
icate all mutant endothelial cells, the therapeutic benefit
of such a genome editing approach would therefore be
limited.

The new hypothesis that the tumor-like behavior of
mutant endothelial cells represents a suitable therapeutic
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target has also been supported by the detection of PIK3CA
mutations in CCMs [10]. The identification of somatic vari-
ants in this well-known oncogene suggests a three-hit
mechanism in CCM pathogenesis. Following this intrigu-
ing model, only the combination of inactivating mutations
in CCM genes acting as vascular “suppressor genes” and
activating variants in vascular “oncogenes” can provoke a
severe or aggressive course of CCM disease [10].
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Cell culture models of the Endothelial tight and adherence junctions are indis-
pensable to maintain BBB integrity but are highly dys-

endothelial barrier dySfunCtion in functional in CCMs. Claudins, occludin, and junctional
CCM S adhesion molecules (JAMs) are major components of en-
dothelial tight junctions. These transmembrane proteins
are linked to the actin cytoskeleton by scaffold proteins
Apart from blocking CCM formation, restoration of an in- 1 zonula occludens protein 1 (Z04) (Fig. 3A). Desta-

tact endothelial barrier is another primary objective in i 0o of tight junctions and reduced expression of
CCM therapy. As part of the blood -brain barrier (BBB), vas- claudin-5, occludin, and Z04 have been observed in hu-
cular endothelial cells participate in the tightly regulated  man CCM tissues [24, 25] and CCM mouse models [26-28].
exchange of ions, molecules, and cells between the blood  These features of CCM disease can be perfectly repro-
and the brain [23]. However, no targeted therapies have yet  duced in vitro [25, 28]. However, not only tight junctions
been approved to prevent CCM bleeding and hemorrhage-  but also adherens junctions are disorganized in CCMs. Us-
associated neurological complications. ing CRISPR/Cas9 genome editing, we could mimic disrup-
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Figure 3: Disorganized cell junctions and impaired function in 3D models of angiogenesis upon CCM3 gene inactivation. (A) Scheme of en-
dothelial tight and adherens junctions. ICS = intracellular space. ECS = extracellular space. Z0-1 = zonula occludens protein 1. JAM = junc-
tional adhesion molecule. (B) In contrast to wild-type Cl-huVECs, CCM3~"~ Cl-huVECs demonstrated numerous small gaps (white arrow-
heads) and a less homogeneous pattern in VE-cadherin staining (red). Scale bar = 20 pm. They also displayed significant actin stress fiber
formation (green, phalloidin staining). Scale bar = 25 ym. DAPI (blue) was used to stain cell nuclei. (C) CCM3~/~ CI-huVECs demonstrated
impaired spheroid formation and VEGF-induced sprouting. The number and length of sprouts formed by CCM3 ™/~ spheroids upon stimu-
lation with 25 ng/m| VEGF-A were significantly reduced. Scale bar = 100 ym. (D) CCM3 gene inactivation had cell type-specific effects on
endothelial tube formation on Matrigel. While tubes formed by CCM3~/~ CI-huVECs were unstable and had fallen apart 17 h after seeding on
Matrigel, CCM3~/~ hCMEC/D3 cells formed more stable meshes than hCMEC/D3 wild-type controls. Scale bar = 500 pm.
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tion of adherens junctions in CCM3~/~ CI-huVECs (Fig. 3B)
and CCMT~ BOECs [20]. In line with previous litera-
ture reports [21, 22, 29-31], the dysfunction of endothelial
cell-cell junctions was accompanied by an increased for-
mation of actin stress fibers (Fig.3B). These phenotypes
are useful surrogate markers for the hyperpermeability
and increased bleeding risk of CCMs.

Three-dimensional cell culture
models in CCM research

The impaired interaction of mutant endothelial cells can
also be visualized in three-dimensional (3D) cell culture
models. More than 20 years ago, Thomas Korff and Hell-
mut G. Augustin developed a 3D spheroid formation and
sprouting assay to analyze endothelial cell differentia-
tion, cell-cell and cell-matrix interactions, and capillary
sprouting [32, 33]. Using this assay, we demonstrated that
CI-huVECs could only form irregular and barely demar-
cated spheroids upon CRISPR/Cas9-induced CCM1, CCM2,
ot CCM3 gene disruption [22, 29]. Furthermore, CCM3 gene
inactivation in CI-huVECs and the immortalized human
brain microvascular endothelial cell line D3 (hCMEC/D3)
significantly impaired sprouting (Fig.3C) [22]. Since tran-
sient CCM3 knockdown and genetic CCM3 knockout modu-
late this fundamental process differently [22, 26], compen-
satory mechanisms likely influence the angiogenic behav-
ior of CCM3™/~ endothelial cells.

Disruption of endothelial junctions after CCM inacti-
vation has also been found in transwell permeability as-
says. Upon CCM1, CCM2, or CCM3 depletion, the perme-
ability of HUVEC monolayers was significantly increased
[31, 34]. These results demonstrate that not only an altered
3D organization and angiogenic behavior of mutant cells,
but also the leaky phenotype seen in CCMs can be mod-
eled in in vifro systems. However, it can be sometimes chal-
lenging to directly compare the results of different in vitro
models. An example is endothelial tube formation of mu-
tant endothelial cells on Matrigel, which is another widely
used in vitro angiogenesis assay. CCM37/~ CI-huVECs form
endothelial tubes that rapidly disintegrate (Fig.3D) [22],
a phenomenon that has also been reported for primary
HUVECs after short hairpin RNA-mediated knockdown of
CCMtand CCM2[35]. In contrast, CCM3 ™/~ hCMEC/D3 cells
were able to form stable tubes on Matrigel (Fig.3D). The
different behavior on Matrigel might be a cell type-specific
effect related to the fact that CI-huVECs and hCMEC/D3
cells are derived from endothelial cells from different vas-
cular beds. However, an effect of different culture media
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and supplement concentrations cannot be excluded ei-
ther. A combination of different assays is therefore the best
way to obtain valid results.

High-content screening in CCM drug
discovery

Since drug discovery and development studies are time
consuming and cost-intensive, drug repurposing ap-
proaches have become popularin recent years. Inthe con-
text of CCM, endothelial barrier function and cell prolifera-
tion assays have already been used successfully in drug re-
purposing screens. Gibson and colleagues defined the re-
version of VE-cadherin disassembly and actin stress fiber
formation in CCM2-silenced human dermal microvascular
endothelial cells as primary read-out parameters [36]. Us-
ing in vitro transcellular resistance analyses, dermal per-
meability assays in inducible endothelial-specific Ccm?2
knockout mice, and magnetic resonance imaging as sec-
ondary, tertiary, and quaternary screens, they identified
tempol and cholecalciferol as promising candidates for
CCM therapy [36]. Nishimura and colleagues also used a
multi-step screening approach [37]. Drugs that could in-
hibit the proliferation of CCM3-deficient mouse astrocytes
were validated in an RNAi-based Drosophila model and
two mouse models of CCM disease. With this screening
strategy, the authors identified the combination of fluvas-
tatin and zoledronate to be effective in vivo and in vitro [37].
Finally, Otten and colleagues used ccm2 mutant zebrafish
embryos, kri-1 (CCM1), and ccm-3 ablated C. elegans, as
well as CCM2 knockdown HUVECs in a multi-organism-
based screening approach. In downstream analyses, they
validated that indirubin-3-monoxime treatment rescued
VE-cadherin and actin phenotypes in CCMi-, CCM2-, and
CCM3-silenced HUVECs [38].

Another positive example of drug repurposing in the
context of CCM disease is propranolol. This pleiotropic B-
blocker has recently been shown to reduce lesion burden
in CCM mouse and zebrafish models [39]. A further study
demonstrated that propranolol treatment also increased
pericyte coverage and prevented vascular leakage in in-
ducible endothelial-specific Cem3 knockout (CCM3ECRO)
mice [40]. After encouraging case reports on propranolol
treatment in CCM patients, its effectiveness is now as-
sessed in the Treat CCM study, a multicenter, open-label,
randomized trial [41].

Drug repurposing and discovery studies have relied
on Ccm knockout mouse models or RNAi-based in vitro
gene knockdown models in human endothelial cells so
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far. Both have strengths and limitations. In particular, dis-
crepancies between transient gene knockdowns and ge-
netic knockouts, as well as the limited predictive value
of some mouse studies for humans are inherent weak-
nesses of these studies. Because they are easy-to-handle,
cost-effective, and 3R-compliant, the use of novel human
CRISPR/Cas9-based in vitro models in primary screens
may help to accelerate the process of finding effective
drugs for CCM patients.

Co-culture and iPSC-based CCM
models

Notably, several studies have disclosed that CCM forma-
tion and disease progression are caused by more than just
endothelial dysfunction. Pericytes which interact with the
abluminal side of endothelial cells and astrocytic end-
feet which enclose blood vessels are also major compo-
nents of the BBB and participate in CCM pathogenesis
[42-44]. Wang and colleagues, for example, demonstrated
that specific Ccm3 deletion in mural cells induces a CCM
phenotype in mice [44]. In particular, they found reduced
cell spreading and migration of CCM3-deficient pericytes
which caused impaired association with endothelial cells
[44]. Additionally, a recent publication highlighted the
crosstalk between endothelial cells and astrocytes in CCM
lesion development. Increased endothelial NO synthase
(eNOS)/nitric oxide (NO)-dependent signaling in dysfunc-
tional endothelial cells leads to elevated levels of the
astrocyte-derived angiogenesis factor VEGF, which con-
tributes to endothelial cell junction disassembly linked to
an increased risk of hemorrhage [43]. These ohservations
provide a first explanation of why CCMs only arise in the
central nervous system, although the CCM proteins are
ubiquitously expressed. They also suggest that endothe-
lial monocultures may not adequately illustrate CCM dis-
ease. In vitro co-culture models of endothelial cells, astro-
cytes, and pericytes may be more suitable. Patient-specific
induced pluripotent stem cells (iPSCs) and their direct dif-
ferentiation into all three cell types may allow the de-
velopment of new co-culture models in the future. Co-
culturing these cells in transwell or microfluidic models
can improve the barrier properties and allows studying
BBB dysfunction in an isogenic system [45]. Measuring the
transendothelial electrical resistance (TEER) of knockout
BBB co-cultures in a compound library screen may help to
find adrugthat canreduce the bleeding risk of CCMs. A fas-
cinating direction of CCM disease modeling might also he
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the combination with a CCMxenograft model [46]. Implan-
tation of human spheroid co-cultures into murine models
might reconstruct the in vivo cellular environment of CCM
by keeping the human origin of the affected cells.

Outlook

Although there will be no “one-stop shopping” in CCM
drug discovery in the near future, we now have a broad
toolkit of in vitro models to study CCM pathogenesis and
search for new CCM therapies. In particular, CRISPR/Cas9
genome editing has become an invaluable tool to model
fundamental cellular and molecular processes of CCM for-
mation, disease progression, and endothelial barrier dis-
ruption. Targeted gene inactivations in endothelial cells,
pericytes, and astrocytes will facilitate more complex
3D co-culture models of CCM. Combined with live-cell
imaging and new CRISPR tools, e.g., CRISPR activation
(CRISPRa) or CRISPR interference (CRISPRi), these models
will help to understand the dynamics of BBB dysfunction
in CCMs better. However, higher complexity is usually ac-
companied by lower compatibility with high-throughput
drug screening assays. Therefore, future efforts to model
CCM disease in vitro will likely go into two directions: (1)
simple but high-throughput-compatible invitro assaysand
(2) complex cell culture models to closely mimic the invivo
situation.

Author contributions: All authors have accepted respon-
sibility for the entire content of this manuscript and ap-
proved its submission.

Acknowledgment: We thank the CCM patient for grant-
ing permission to publish her MRI images. Dr. rer. nat.
Stefanie Spiegler is thanked for providing confocal mi-
croscopy images of VE-cadherin staining. Figures 14, 24,
and 3A were created with BioRender.com. We apologize to
all colleagues whose work has not been cited due to space
limitations.

Research funding: This work was supported by the Ger-
man Research Foundation (DFG RA2876/2-2), the Ger-
man Federal Ministry of Education and Research (BMBF;
grant number 161L0276), and the Research Association
Molecular Medicine of the University Medicine Greifswald
(FVMM, grant numbers FOVB-2021-07, FOVB-2020-01,
FOVB-2019-01, and FOVB-2018-06). MR is supported by a
scholarship from the Gerhard Domagk program of the Uni-
versity Medicine Greifswald.

Conflict of interest: The authors state no conflict of inter-
est.

Seite | 77



Originalarbeiten

DE GRUYTER

Informed consent: Written informed consent was ob-
tained from the CCM patient to publish the medical infor-
marion and MRI images presented here.

Ethicalapproval: This articledocs not contain any studics
wilh hwman or animal subjecis.

References

£

(2]

3]

[4]

[5]

[6]

71

(8]

1

[10]

Seite | 78

Herne MA, Flemming KD, Su IC, Stapf C, Jeon | P, Li D, Maxwell
S5, White P, Christianson T), Agid R, Cho W-5, Oh CW, Wu Z,
Zhang T, Kim JE, ter Brugge K, Willinsky R, Brown RD, Murray
GD, Al-Shahi Salman R. Clinical course of untreated cerebral
cavernous malformations: a meta-analys/s of individual
patient data. Lancet Neurol. 2016;15:166-73.
Akers A, Al-Shahi 5alman R, Awad 1A, Dahlem K, Flemming K,
Hart B, Kim H, Jusue-Torres |, Kondziolka D, Lee C, Morrison

L, Rigamonti D, Rebelz T, Tournier-Lasserve E, Waggoner

D, Whitehead K. Synopsis of guidelines for the clinical
management of cerebral cavernous malformations: consensus
recommendations based on systematlc literature review by
the Angioma Alliance Scientific Advisory Board Clinical Experts
Panel. Neurosurgery. 2017;80:665-80.

Spiegler S, Rath M, Paperlein C, Felbor U. Cerebral Cavernous
Malformations: An Update on Prevalence, Molecular

Genetic Analyses, and Genetic Counselling. Mol Syndromol.
2018;9:60-9.

Batra S, Lin D, Recinns PF, Zbang |, Rigamonti D. Cavernous
malformations: natural history, dfagnesis and treatment. Nat
Rev Neurol. 2009;5:659-70.

Denler C, Labauge P, Bergametti F, Marchelli F, Riant F, Arnoult
M, Maclazek |, Vicaut E, Brunereau L, Tournfer-Lasserve E,
Société Francaise de Neurochirurgie, Genotype-phenotype
correlations in cerebral cavernous malformations patlents.
Ann Neurol, 2004;60:550-6.

FleammIng KD, Lanzino G. Cerebral cavernous malformatfon:
What a practicing clinicfan should know. Mayo Clin Proc.
2020;95:2005-20.

Laberge-le Couteulx S, Jung HH, Labauge F, Houtteville

JP, Lescoat C, Cecillon M, Marechal E, Joutel A, Bach IF,
Tournier-Lasserve E. Truncating mutations [n CEM1, encoding
KRIT1, cause heredltary cavernous angiomas. Nat Genet.
1999;23:189-93.

Sahoo T, Johnson EW, Thomas |W, Kuehl PM, Jones TL, Dokken
CG, Touchman JW, Gallione €], Lee-Lin SQ, Kosofsky B, Kurth
JH, Louis DN, Mettler G, Morrison L, Gil-Nagel A, Rich SS,
Zabramskl JM, Boguski MS, Green ED, Marchuk DA. Mutatlons
in the gene encoding KRIT1, a Krev-1/rap1a binding proteln,
cause cerebral cavernous malformatfons (CEM7). Hum Mol
Genet. 1999;8:2325-33.

Chol )P, Wang R, Yang X, Wang X, Wang L, Ting KK, Foley

M, CoggerV,Yang Z, Liu F, Han Z, Liy R, Baell ), Zheng X_
Ponatinib (AP24534) inhibits MEKK3-KLF sfgnaling and
prevents formation and progression of cerebral cavernous
malformations. Sci Adv. 2018;4:e33u0731.

Ren AA, Snellings DA, SuYS, Hong CC, Castro M, Tang AT,
Detter MR, Hobson N, Girard R, Romanos S, Lightle R, Moore
T.5henkar R, Banavides C, Beaman MM, Milller-Flelitz H,

[y

112]

113]

(14

[15]

=
i

[17]

18]

1151

[20]

[21]

[22]

[23]

[24]

[25

D. Skowronek et al,, Bringing CCM into adish: cell culture models for cerebral cavernous malformations —— 257

Chen M, Mericko P, Yang |, Sung DC, Lawton MT, Ruppert |M,
Schywaninger M, Korbelin |, Potente M, Awad 1A, Marchuk DA,
Kahn ML. PIK3CAand CCM mutations fuel cavernomas through
acancer-like mechanism. Nature. 2021;594:271-6.

Awad IA, Polster SF. Cavernous angiomas: deconstructing a
neurosurgical disease. | Neurosurg. 201%;131:1-13.

McDonald DA, Shi C, Shankar R, Gallione CJ, Akers AL, Li S, De
Castro N, Berg M), Corcoran DL, Awad Ia, Marchuk DA, Lesions
from patients with sporadic cerebral cavernous malformations
harbor somatic mutations in the CCM genes: evidence fora
common bigchemical pathway for CCM pathogenesis. Hum
Mol Genet. 2014;23:4357-70.

Knudsgn AG Jr. Mutation and cancer: statistical study of
retingblastoma. Proc Natl Acad Sci USA. 1971;68:820-3.
Pagenstecher A, Stahl S, Sure U, Falbor U. A two-hit
mechanism causes cerebral cavernous malformations:
complete inactivation of CCM1, CCM2 or CCM3 in affected
endothelial cells. Hum Mol Genet. 2009;18:911-8.

Gault ), Shenkar R, Recksiek P, Awad IA. Biallelic somatic and
germ line CM1 truncating mutations in @ cerebral cavernous
malformation lesion. Stroke, 2005;36:872-4.

Gault ), Awad 1A, Reckslek P, Shenkar R, Breeze R, Handler

M, Kleinsc hmidt-DeMasters BK, Cerebral cavernous
malformations: somat/c mutations In vascular endothelial
cells. Neurosurgery. 2009;65:138-45.

Rath M, Pagenstecher A, Hoischen A, Felbor U, Postzygotic
mgosaicism in cerebral cavernous malformation. | Med Genet.
2020;57:212-6.

Detter MR, Snellings 0A, Marchuk DA, Cerebral cavernous
malformations develop through clonal expansion of mutant
endothelial cells. Circ Res. 2018;123:1143-51.

Malinverno M, Maderna C, Abu Taha A, Corada M, Orsenigo

F, Valentino M, Pisati F, Fusco C, Grazfano P, Glannotta M,

Yu QC, Zeng YA, Lampugnani MG, Magnusson PU, Dejana
E.Endothelial cell clonalexpansion in the development

of cerehral cavernous malformations. Nat Commun,
2019;10:2751.

Much €D, Sendtner BS, Schwefel K, Freund E, Bekeschus

S, Otto O, Pagenstecher A, Felbor U, Rath M, Spiegler S.
Inactivation of Cerebral Cavernous Malformation Genes
Results in Accumulation of von Willebrand Factor and
Redistribution of Weibel-Palade Bodies in Endothelial Cells.
Front Mol Biosci. 2021;8:622547.

Splegler S, Rath M, Much CD, Sendtner BS, Felbor U. Precise
CCM1 gene correction and inactivation in patient-derived
endothelial cells: Modeling Knudson’s two-hit hy pothesis
invitro. Mol Genet Genomic Med. 2019;7:200755.

Schwefel K, Spiegler S, Ameling 5, Much CD, Pilz RA, Otto O,
Vélker U, Felber U, Rath M. Blallelle CCM3 mutations cause a
clonogenic survival advantage and endothelial cell stiffening.
Cell Mol Med. 2019;23:1771-83.

Daneman R, Prat A. The blood-brain barrier. Cold $pring Harb
Perspect Blol. 2015;7:a020412.

Schnefder H, Errede M, Ulrich NH, Virgintino D, Frei K,
Bertalanffy H. Impairment of tight functions and glucose
transport in endothelial cells of human cerebral cavernous
malformations. ] Neuropathol Exp Neurol. 2011;70:417-29.
Stamatovic SM, Sladojevic N, Keep RF, And[elkovic AY. PDCD10
(CCM3) regulates braln endothelfal barrier Integrity In cerebral
cavernous malformation type 3: role of CCM3-ERK1/2-cortactin



258 —— D. Skowronek et al., Bringing CCM into a d/sh: cell culture models for cerebral cavernous malformations

[26]

[27]

[28]

[291

[30]

31

[32]

[331

[34]

[35]

[36]

[371

cross-talk. Acta Neurapathol. 2015;130:731-50.

ZhouJH, Qin L, Zhang H, Tang W, |iW, He ¥, Liang X, Wang Z,
Yuan Q, Vortmeyer &, Toomre D, Fuh G, Yan M, Kluger MS, Wu
D, Min W. Endothelial exocytosis of angiopoietin-2 resulting
from CCM3 deficiency contributes to cerebral cavernous
malformation. Nat Med. 2016;22:1033-42.

Zeineddine HA, Girard R, Saadat L, Shen L, Lightle R, Moora T,
Cag Y, Hobson N, Shenkar R, Avner K, Chaudager K, Koskimaki
], Polster SP, Fam MD, Shi C, Lopez-Ramirez MA, Tang AT,
Galligne C, Kahn ML, Ginsberg M, Marchuk DA, Awad IA.
Phenotypic characterization of murine models of cerebral
cavernous malformations. Lab Invest. 2019:99:319-30.
Lopez-Ramirez MA, Fonseca G, Zeineddine HA, Girard R, Moore
T, Pham A, Cao Y, Shenkar R, de Kreyk B], Lagarrigue F, Lawler
], Glass CK, Awad IA, Ginsberg MH. Thrombospondini (TSF1)
replacement prevents cerabral cavernous malformations. | Exp
Med. 2017;214:3331-46.

Schwefel K, Spiegler S, Kirchmaier BC, Dellweg PKE, Much CD,
Pané-Farré |, Strom TM, Riedel K, Felbor U, Rath M. Fibronectin
rescues aberrant phenotype of endothalial cells lacking efther
CCM1, CCM2 or CCM3, FASEB ). 2020:34:9018-33.

Glading A, Han |, Stockton RA, Ginsberg MH. KRIT-1/CCM1is

a Rap1leffector that regulates endothelial cell cell junctions.
Cell Biol. 2007;17%:247-54.

Shenkar R, Shi C, Rebeiz T, Stockton RA, McDonald DA,

Mikati AG, Zhang L, Austin C, Akers AL, Galliane CJ, Rorrer

A, Gunel M, Min W, De Souza |M, Lee C, Marchuk DA, Awad

IA. Excaptional aggressiveness of cerebral cavernous
malformation disease associated with PRCOIQ mutations.
Genet Med. 2015;17:188-56.

Korff T, Augustin HG. Integration of endothelial cells in
multicellular spheroids prevents apoptosis and induces
differentiation. | Cell Biol. 1998;143:1341-52.

Korff T, Augustin HG. Tensiongl forces in fibrillar extracellular
matrices control directionalcapillary sprouting. ] Cell Sci.
1999;112:3245-58.

Stockton RA, Shenkar R, Awad 1A, Ginsberg MH. Cerebral
cavernous malformations proteins inhibit Rho kinase to
stabilize vascular integrity. ] Exp Med. 2010;207:881-9¢6.
Chernaya C, Zhurikhina A, Hladyshau S, Pilcher W, Young KM,
Ortner), AndraV, Sulchek TA, Tsygankov D. Biomechanics

of endothelial tubule formation differentially modulated

by cerebral cavernous malformation proteins. iScience.
2018:9:347-58.

Gibsan CC, Zhu W, Davis CT, BEowman-Kirigin A, Chan AC,
Ling |, Walker AE, Goitre L, Delle Monache S, Retta SF, Shiu

YT, Grogssmann AH, Thomas KR, Donato A, Lesniewski LA,
Whitehead K], Li DY, Strategy for identifying repurposed

drugs for the treatment of cerebral cavernous malformation.
Circulation, 2015;131:289-99.

Nishimura S, Mishra-Gorur K, Park |, Surovtseva YV, Sebti SM,
Levchenke A, Louvi A, Gunel M. Combined HMG-COA reductase
and prenylation inhibition in treatment of CCM. Proc Natl Acad
SciUSA, 2017;114:5503-8.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45

[46]

Originalarbeiten

DE GRUYTER

Otten C, Knox |, Boulday G, Eymery M, Haniszawski M,
Neuenschwander M, Radetzki S, Vogt I, Hahn K, De Luca

C, Cardoso C, Hamad S, Igual Gil C, Roy P, Albiges-Rizo C,
Faurobert E, von Kries P, Campillos M, Tournier-Lasserve E,
Derry WB, Abdelilah-Seyfried S, Systematic pharmacological
screens uncover novel pathways involved in cerebral
cavernous malformations. EMBQ Mol Med. 2018;10:9155.

Li W, Shenkar R, Detter MR, Moore T, Benavides C, Lightle R,
Girard R, Hobson N, Cao ¥, LT'Y, Griffin E, Gallione C, Zabramski
JM, Ginsberg MH, Marchuk DA, Awad IA. Propranolol inhibits
cavernous vascular malformations by B1adrenergic receptor
antagonism in animal models. | Clin Invest. 2021;131:2144893,
Oldenburg ], Malinverno M, Globisch MA, Maderna C, Coraca
M, Orsenigo F, Conze LL, Rorsman C, Sundell ¥, Arce M,

Smith RO, Yau ACY, Billstrém GH, Magi C0), Beznoussenko
GV, Mironov AA, Fernando D, Daniel G, Olivari D, Fumagalli

F, Lampugnani MG, Dejana E, Magnusson PU. Propranolol
reduces the development of lesions and rescues barrier
function in cerebral cavernous malformations: A preclinical
study. Stroke. 2021;52:1418-27.

Lanfranconi S, Scela E, Bertani GA, Zarino B, Pallini R,
d’Alessandris G, Mazzon E, Marino S, Carriero MR, Scelzo £,
Faragd G, Castori M, Fusco C, Petracca A, d'Agruma L, Tassi L,
d’0rip P, Lampugnani MG, Nicolis EB, Vasami A, Novelli D, Torri
V, Meessen |, Al-Shahi Salman R, DejanakE, Latini R, Treat-CCM
Investigators. Propranolol for familial cerebral cavernous
malformation (Treat_CCM): study protocol fora randomized
controlled pilot trial. Trials. 2020;21:401.

Schulz GB, Wieland E, Wiistehube-Lausch |, Boulday

G, Molll, Tournier-Lasserve E, Fischer A. Cerebral

cavernous malformation-1 protein controls DLL4-Notch3
signaling between the endothellum and pericytes. Stroke.
2015;46:1337-43.

Lopez-Ramirez MA, Lai CC, Soliman SI, Hale P, Pham A,
Estrada EJ, McCurdy S, Girard R, Verma R, Moore T, Lightle

R, Hobson N, Shenkar R, Poulsen O, Haddad GG, Daneman

R, Gongol B, Sun H, Lagarrigua F, Awad IA, Ginsberg MH.
Astrocytes propel neurovascular dysfunction during cerebral
cavernous malformation lasion formation. | Clin Invest,
2021;131:139570.

Wang K, Zhang H, He ¥, Jiang Q, Tanaka Y, Park IH, Pober

1S, Min W, Zhou HI. Muralcell-specific deletion of cerebral
cavernous malfgrmation 3 in the brain induces cerebral
cavernous malformation s, Arterioscler Thromb Vasc Blol.
2020;40:2171-86.

Appelt-Menzel A, Qerter S, Mathew S, Haferkamp U, Hartmann
C, Jung M, Neuhaus W, Pless O, Human iPSC-Derived
Blood-Brain Barrier Models: Valuable Tools for Preclinical
Drug Discovery and Development? Curr Protoc Stem Cell Biol.
2020;55:2122.

Vistehube |, Bartol A, Liebler SS, Briitsch R, Zhu Y, Felbor

U, Sure U, Augustin HG, Fischer A. Cerebral cavernous
malformation protein CCM1inhibits sprouting angiogenesis
by activating DELTA-NOTCH signaling, Proc Natl Acad Sci USA,
2010;107:12640-5.

Seite | 79



Originalarbeiten

DE GRUYTER

Dariush Skowronek, M.Sc. Humanbiologie

Department of Human Genetics, University Medicine Graifswald,
Greifswald, Germany

Interfaculty Institute of Genetics and Functional Genomics,
University of Greifswald, Greifswald, Germany

Robin A. Pilz, M.Sc. Humanbialogie

Department of Human Genetics, University Medicine Greifswald,
Greifswald, Germany

Interfaculty Institute of Genetics and Functional Genomics,
University of Greifswald, Greifswald, Germany

Dr. rer. nat. Konrad Schwefel

Department of Human Genetics, University Medicine Graffswald,
Greifswald, Germany

Interfaculty Institute of Genetlcs and Functional Genomlcs,
Universfty of Grelfswald, Greifswald, Germany

Seite | 80

D. Skowronek et al., Bringlng CCM Into a dish: cell culture models for cerebral cavermous malformations —— 259

Dr. rer. nat. Christiane D. Much

Department of Human Genetics, University Medicine Greifswald,
Greifswald, Germany

Interfaculty Institute of Genetics and Functional Genomics,
University of Greifswald, Greifswald, Germany

Prof. Dr. med. Ute Felbor

Department of Human Genetics, University Medicine Greifswald,
Greifswald, Germany

Interfaculty Institute of Genetics and Functional Genomics,
University of Greifswald, Greifswald, Germany

PD Dr. med. Matthias Rath

Department of Human Genetics, University Med(cine Greifswald,
Fleischmannstrafie 43, D-17475 Greifswald, Germany
Interfaculty Institute of Genetlcs and Functfonal Genomlcs,
University of Greifswald, Greifswald, Germany
matthias.rath@med. uni-greifswald.de



Originalarbeiten

5.5 Contact-dependent signaling triggers tumor-like proliferation of CCM3

knockout endothelial cells in co-culture with wild-type cells

Matthias Rath*, Konrad Schwefel*, Matteo Malinverno, Dariush Skowronek, Alexandra

Leopoldi, Robin A. Pilz, Doreen Biedenweg, Sander Bekeschus, Josef M. Penninger,

Elisabetta Dejana, Ute Felbor

*Diese Autoren haben gleichermaf3en zur Arbeit beigetragen.

Cell Mol Life Sci. 2022; 79(6):340

https://doi.org/10.1007/s00018-022-04355-6

Copyright (2022) The Authors. Cellular and Molecular Life Sciences published by Springer
Nature Switzerland AG. This is an open access article distributed under the terms of the

Creative Commons Attribution License (CC BY 4.0;

https://creativecommons.org/licenses/by/4.0/). No changes were made.

Seite | 81



Originalarbeiten

Cellular and Molecular Life Sciences (2022) 79:340

https://doi.org/10.1007/s00018-022-04355-6 Cellular and Molecular Life Sciences
ORIGINAL ARTICLE q

Check for

updatos

Contact-dependent signaling triggers tumor-like proliferation of CCM3
knockout endothelial cells in co-culture with wild-type cells

Matthias Rath'® . Konrad Schwefel' . Matteo Malinverno? . Dariush Skowronek' - Alexandra Leopoldi®-
Robin A. Pilz' - Doreen Biedenweg® - Sander Bekeschus® - Josef M. Penninger®® . Elisabetta Dejana®” - Ute Felbor'

Received: 17 November 2021 / Revised: 21 April 2022 / Accepted: 5 May 2022 / Published online: 4 June 2022
©The Author(s) 2022

Abstract

Cerebral cavernous malformations (CCM) are low-flow vascular lesions prone to cause severe hemorrhage-associated neu-
rological complications. Pathogenic germline variants in CCM1, CCM2, or CCM3 can be identified in nearly 100% of CCM
patients with a positive family history. In line with the concept that tumor-like mechanisms are involved in CCM formation
and growth, we here demonstrate an abnormally increased proliferation rate of CCM3-deficient endothelial cells in co-culture
with wild-type cells and in mosaic human iPSC-derived vascular organoids. The observation that NSC359984, an anticancer
drug, blocked the abnormal proliferation of mutant endothelial cells further supports this intriguing concept. Fluorescence-
activated cell sorting and RNA sequencing revealed that co-culture induces upregulation of proangiogenic chemokine genes
in wild-type endothelial cells. Furthermore, genes known to be significantly downregulated in CCM3~~ endothelial cell
mono-cultures were upregulated back to normal levels in co-culture with wild-type cells. These results support the hypothesis
that wild-type ECs facilitate the formation of a niche that promotes abnormal proliferation of mutant ECs. Thus, targeting
the cancer-like features of CCMs is a promising new direction for drug development.

Keywords Cerebral cavernous malformations - CRISPR/Cas9 genome editing - Tumor-like behavior - NSC59984 - RNA
sequencing - Co-culture
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Introduction

Cerebral cavernous malformations (CCMs), also known as
cavernous haemangiomas or cavernomas, account for 10 to
15% of all vascular lesions in the central nervous system [1].
In particular, hereditary CCMs tend to cause significant neu-
rological complications. Unfortunately, therapeutic options
are still limited. Neurosurgical resection can be indicated in
some cases but there is a substantial risk of early postopera-
tive morbidity for CCMs in the brainstem or other eloquent
areas [2].

CCMs can be found in a sporadic and an autosomal domi-
nant form. The latter is associated with pathogenic germline
variants in either CCM 1 (aka KRITT), CCM2, or CCM3 (aka
PDCDI10) [3]. Patients with familial CCMs, especially those
with a pathogenic CCM3 variant, often present at a younger
age with multiple cavernomas [3-5]. The number of vascular
lesions can even increase over time. Despite our growing
knowledge on CCM pathogenesis, it remains unclear why
CCMs almost exclusively arise in the central nervous sys-
tem. Global Cem3 gene disruption in mice induces embry-
onic lethality [6]. In acute models of conditional endothelial-
specific Cem3 inactivation, numerous CCM lesions can be
found that are primarily located in the cerebellum. Chronic
models lead to fewer but more randomly distributed CCMs
[7]. Interestingly, specific Cem3 gene knockouts in astro-
cytes, neural cells, and brain mural cells can also induce
CCM-like lesions in mice [8-10].

Genetic and immunohistochemical analyses of human
cavernoma tissues have established a Knudsonian two-hit
model for familial CCM disease [11-16]. Only when a
somatic mutation inactivates the wild-type allele in a cell
of a germline mutation carrier, CCM formation is initiated.
‘With sophisticated transgenic Cem3 mouse models, recent
studies have shed light on the stages of CCM genesis and
demonstrated that clonal expansion of mutant endothelial
cells (ECs) and recruitment of wild-type or heterozygous
ECs trigger early CCM formation and later lesion growth,
respectively [17, 18].

By using human-induced pluripotent stem cell (hiPSC)-
derived vascular organoids and EC co-cultures, we here
demonstrate that cancer-like proliferation of mutant ECs is
only triggered by direct contact with wild-type ECs. The
fact that the anti-cancer drug NSC59984, a small molecule
known to induce constitutive phosphorylation of ERK?2 and
reactivate p53 signaling in cancer cells [19, 20], blocked the
abnormal proliferation of CCM3-deficient ECs reinforced
the hypothesis that some features of CCMs are reminiscent
of tumorigenesis [17, 18]. Finally, our study reveals that
wild-type ECs activate chemokine signaling pathways in co-
culture and thus provides insight into the poorly understood
interaction of wild-type and mutant ECs.

@ Springer

Materials and methods
Cell culture

Constitutive immortalized human umbilical vein endothelial
cells (CI-huVECs, HK0, 240613, InSCREENeX, Braunsch-
weig, Germany) [21] were cultured at 37 °C and 3% CO, in
endothelial cell growth medinm (ECGM, PromoCell, Hei-
delberg, Germany) supplemented with 10% fetal calf serum
(FCS, Thermo Fisher Scientific, Waltham, MA, USA).
Clonally expanded CI-huVEC lines with biallelic loss-of-
function variants in the first coding exon of CCM3 have been
described before (Online Resource 1, [22, 23]). Pathogenic
TP53 variants in CCM3~~ CI-huVECs were excluded using
the NEXTflex TP53 Amplicon Panel (Bioo Scientific, Aus-
tin, TX, USA). CCM3J mutant and wild-type CI-huVECs
were co-cultured in 96-well plates under standard culture
conditions with the indicated mutant-to-wild-type ratios.
2500 cells were seeded per well. To investigate the role of
laminin-332, 2500 CCM3*™* or CCM3~'~ CI-huVECs were
cultured for 6 days on 96-well plates coated with 1 pg/cm?
human recombinant laminin-332 by Biolamina (LN332,
Sunbyberg, Sweden). Wells were fixed on day ¢ with 4%
PFA and immunofluorescence staining was performed for
laminin (1:50, sc-133178, Santa Cruz Biotechnology, Dallas,
TX, USA) with goat anti-mouse, Alexa Fluor 488 secondary
antibody (1:200, A-11029, Thermo Fisher Scientific).

The following endogenously tagged human iPSC lines
as part of the Allen Cell Collection (Coriell Institute, Cam-
den, NJ, USA) were used in this study: AICS-0036-006
(00003450): WTC-mEGFP-Safe harbor locus (AAVS1)-cl6
and AICS-0054-091 (00007433):WTC-mTagRFPT-CAAX-
Safe harbor locus (AAVS1)-c191. hiPSC lines were main-
tained at 37 °C and 5% CO, in Essential 8 Flex medium
(Thermo Fisher Scientific) on plates coated with growth fac-
tor reduced matrigel (Corning Inc., Corning, NY, USA), pas-
saged with 0.5 mM EDTA (Thermo Fisher Scientific), and
checked for the expression of the stem cell markers OCT4,
SSEA4, SOX2, and TRA-1-60 using the PSC 4-Marker
Immunocytochemistry Kit (Thermo Fisher Scientific). For
AICS-0036 lines, a goat anti-mouse, Alexa Fluor 555 anti-
body (1:500, ab150114, Abcam, Cambridge, UK) and a goat
anti-rat, Alexa Fluor 555 antibody (1:500, A-21434, Thermo
Fisher Scientific) were used as secondary antibodies to stain
for SSEA4 and SOX2. For the AICS-0054 line, a goat anti-
rabbit, Alexa Fluor 488 antibody (1:500, A-11008, Thermo
Fisher Scientific) and a goat anti-mouse, Alexa Fluor 488
antibody (1:500, A-21042, Thermo Fisher Scientific) were
used as secondary antibodies to stain for OCT-4 and TRA-1-
60. The hPSC Genetic Analysis Kit (Stemcell Technologies)
was used according to the manufacturer's instructions to
exclude common chromosomal abnormalities, iPSC cultures
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were regularly tested negative for mycoplasma contamina-
tion by PCR.

CRISPR/Cas2 genome editing in hiPSCs

For ribonucleoprotein (RNP)-mediated genome editing,
hiPSC lines were transfected with sgRNA:Cas9 RNP-com-
plexes with the previously described target sequence located
in exon 3 of CCM3 [23]. Briefly, 6 pM sgRNA and 6 uM
S.p. Cas9 protein (Integrated DNA Technologies, Coralville,
IA, USA) were complexed in Opti-MEM I reduced serum
medinm (Thermo Fisher Scientific), and transfection com-
plexes were formed in Opti-MEM with Lipofectamine Stem
Transfection Reagent (Thermo Fisher Scientific). Cells were
detached with StemPro Accutase (Thermo Fisher Scientific)
and reverse transfected in Essential 8 medium (Thermo
Fisher Scientific) supplemented with 10 uM ROCK inhibi-
tor Y-27632 (Stemcell Technologies, Vancouver, Canada)
on growth factor reduced Matrigel-coated 24-well plates
(30 nM final RNP concentration; 150,000 cells and 2.0 ul
Lipofectamine Stem Transfection Reagent). After 24 h,
the medium was replaced with Essential 8 Flex medium
without ROCK inhibitor. To establish clonal lines, genome-
edited hiPSCs were seeded at a density of 0.5 cells/well on
growth factor reduced Matrigel-coated 96-well plates and
cultivated with Essential 8 Flex medium supplemented with
CloneR (Stemcell Technologies). The genotypes of clonally
expanded lines were determined by Sanger sequencing.

Differentiation of hiPSCs to hBMEC-like cells

CCM3*™* A1CS-0054 hiPSCs, CCM3*'* and
CCM3~~ AICS-0036 hiPSCS were differentiated to human
brain microvascular endothelial-like cells (hBMEC-like
cells) according to the protocol of Neal and colleagues [24]
with minor modifications. Briefly, 158,000 cells were seeded
in Essential 8 Flex medium containing 10 pM Y-27632 on
growth factor reduced Matrigel-coated 6-well plates. After
24 h, differentiation was initiated by substituting Essential
8 Flex with Essential 6 medium (Thermo Fisher Scien-
tific). The medium was changed daily for 4 days. On day
4, the medium was switched to Human Endothelial Serum-
Free Medium (hESFM, Thermo Fisher Scientific) supple-
mented with FGF-2 (Miltenyi Biotee, Bergisch Gladbach,
Germany), retinoic acid (Sigma-Aldrich, St. Lounis, MO,
USA), insulin (Sigma-Aldrich), holo-transferrin (Sigma-
Aldrich), and sodium selenite (Sigma-Aldrich). After 48 h,
cells were replated on 24-well plates coated with colla-
gen IV from human placenta (Sigma-Aldrich) and human
plasma fibronectin (Sigma-Aldrich). 24 h later, medium
was changed to hESFM supplemented with insulin, holo-
transferrin, and sodium selenite until confluency was
reached. Differentiated hBMEC-like cells were passaged
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and expanded in EndoGRO-MV medium (Merck) supple-
mented with 1 ng/ml FGF-2. High expression of the tight
junction proteins ocecludin and claudin-5 was verified by
immunofluorescence microscopy. Cells were fixed with 4%
PFA, stained for occludin (1:100, OC-3F10, Thermo Fisher
Scientific) and claudin-3 (1:50, 4C3C2, Thermo Fisher
Scientific) at 4 °C overnight, and incubated with a second-
ary antibody (1:200, A-11029, Thermo Fisher Scientific
or 1:200, ab150114, abcam) for 2 h at room temperature.
HBMEC-like cells were also seeded on matrigel-coated
96-wells at a density of 20.000 cells/well in hESFM sup-
plemented with insulin, holo-transferrin, sodinm selenite,
and 50 ng/ml VEGF to verify tube formation. Images were
acquired after 18 h. To study the proliferation character-
istics of mutant h(BMEC-like cells, CCM3+* AICS-0054
hBMEC-like cells and CCM3** or CCM3™"~ AICS-0036
hBMEC-like cells were mixed in a 9:1 ratio (2500 cells per
96-well) and cultured for 6 days. On day 6, cells were fixed
with 4% paraformaldehyde (PFA) or replated on 96-well
plates (2500 cells per well). On day 12, the wells were fixed,
and Hoechst 33342 (Thermo Fisher Scientific) staining was
performed for subsequent fluorescent imaging analysis with
the EVOS FL imaging system. The ratio of EGFP-tagged
AICS-0036 cells compared to all cells was determined using
the Imagel software. Differentiated hBMEC-like cells were
used in passages 3 and 5.

Differentiation of hiPSCs to vascular organoids

hiPSCs were differentiated to vascular organoids according to
the protocol of Wimmer and colleagues [25]. To study the pro-
liferation characteristics of mutant cells, CCM5+* AICS-0054
hiPSCs and CCM3*™* or CCM3~~ AICS-0036 hiPSCS were
mixed in a 9:1 ratio and differentiated to vascular organoids.
Briefly, 800,000 hiPSCs were seeded in ultra-low attachment
6-well plates (Corning) in aggregation medium for 2 days until
aggregates had formed. On day 0, mesodermal induction was
initiated with CHIR99021 (Tocris Bioscience, Bristol, United
Kingdom) and BMP-4 (Miltenyi Biotec) in N2B27 medium.
Supplementation of VEGF-A (PeproTech, Inc., Rocky Hill, NJ,
USA) and forskolin (Sigma-Aldrich) on day 3 induced vascular
differentiation. On day 5, vascular aggregates were embedded
in a collagen I-Matrigel matrix. VEGF-A, FGF-2 (Miltenyi
Biotec), and FCS (Thermo Fisher Scientific) enriched Stem-
Pro-34 medium (Thermo Fisher Scientific) was added for ves-
sel sprouting. Vascular network extraction was performed on
day 10. On day 15, fully encapsulated organoids were fixed
with 4% PFA, and nuclei staining was performed using Hoe-
chst 33342 (Thermo Fisher Scientific). Fixed organoids were
suspended in ibidi mounting medium (ibidi, Grifelfing, Ger-
many) and placed in 96-well cell imaging plates (Eppendorf
AG, Hamburg, Germany). Imaging was performed using the
Operetta CLS High-Content Imaging System (PerkinElmer,
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‘Waltham, MA, USA). Data were analyzed with the Harmony
High-Content Imaging and Analysis Software (version 4.9,
PerkinElmer).

Fusion organoids originating from the combination and
co-culture of vascular networks acquired from CCM3*/+ and
CCM37'~ cells were used to study the effect of NSC59984
in hiPSC derived vascular organoids. 8 x 10> AICS-0054
CCM3™™ cells, AICS-0036 CCM3™* cells and AICS-0036
CCM37~ cells were differentiated into vascular networks as
described previously [25]. Vascular networks derived from
ATCS-0054 CCM3*/+ hiPSCs were co-cultured with ATCS-
0036 CCM3** or AICS-0036 CCM3~'~ vascular networks
in the presence of 10 M NSC59984. Medium supplemented
with NSC59984 was changed every three days. On day 3 of
co-culture, completely encapsulated fusion organoids were
obtained and further cultivated until organoid examination on
day 5 and day 10.

Clonogenic and proliferation assays

Plating efficiencies were determined following a previously
published protocol [26]. In brief, CCM3+* and CCM3~"~
CI-huVEC were seeded in 6-well plates as near-perfect single
cell suspensions with either 100 or 250 cells per well. Colonies
were fixed and stained after eight days with a glutaraldehyde
solution (G6257, Sigma-Aldrich, final concentration 6%) and
crystal violet (HT901, Sigma-Aldrich, final concentration
0.5%). The plating efficiency was defined as the ratio between
the nmumber of colonies and the number of plated cells. The
proliferation rate of mutant and wild-type ECs in mono-cul-
ture was quantified with the CyQuant Cell Proliferation Assay
Kit (C7026, Thermo Fisher Scientific). To discriminate the
proliferation rates of CCM3** and CCM3~~ CL-huVEC in
co-culture, the CyQuant Cell Proliferation Assay results were
combined with mutant allele frequencies that had been deter-
mined by amplicon deep sequencing. In detail, measured RFU
from the proliferation assay experiment were converted to cell
mmmbers using a reference standard curve (RFU vs. cell num-
ber). These numbers represent the total cell number of a rep-
licate at a given time point in the experiment. Subsequently,
total cell number was multiplied by the allele frequency of
a specific genotype. Allele frequencies were calculated from
amplicon deep sequencing experiments performed in par-
allel with the proliferation assays. Since we used CCM3~"~
CI-huVEC in co-culture experiments that were either com-
pound heterozygous or homozygous for loss-of-function
alleles, the calculated allele frequency of a genotype cor-
responds to the proportion of cells with that genotype. For
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genotype-specific proliferation rates, the calculated cell num-
ber was normalized to the calculated cell number at day 0.

[proliferation rate (in %)genowe

(RFU * Fstandard curve ¥ Fgenotype allele frequency)day d

(RFU * Fstandard curve ¥ Fgenctype allele frequenoy)day 0
+ 100%]

Caspase-3, caspase-8, and caspase-9 activity assays

To analyze their sensitivity to apoptosis, mutant and wild-
type ECs were seeded in 96-well plates with 15,000 cells
per well and treated with staurosporine (Sigma-Aldrich)
24 h later. The Caspase-3 DEVD-R110 Fluorometric HTS
Assay Kit (Biotium, Fremont, CA, USA), the Cell Meter
Caspase 8 Activity Apoptosis Assay Kit (AAT Bioquest,
Sunnyvale, CA, USA), and the Cell Meter Caspase 9
Activity Apoptosis Assay Kit (AAT Bioquest) were used
following the manufacturer’s instructions.

Protein extraction, antibody arrays, western blot
and ELISA analyses

For the Human Apoptosis Antibody Array (ab134001,
Abcam), proteins were extracted with PeqGold TriFast
reagent (Peqlab-VWR, Radnor, PA, USA) and solu-
bilized in buffer containing 8 M Urea, 2 M Thio-Urea,
and 20 mM Tris. For the Homan MAPK Phosphoryla-
tion Antibody Array (ab211061, Abcam), proteins were
extracted according to the manufacturer's instructions.
For Western Blot analyses, proteins were extracted with
PeqGold TriFast reagent or RIPA Lysis and Extraction
Buffer (Thermo Fisher Scientific). A Qubit Protein Assay
Kit (Thermo Fisher Scientific) or a Micro BCA Protein
Assay Kit (Thermo Fisher Scientific) was used to measure
protein concentrations. The Human Apoptosis Antibody
Array-Membrane Kit was nsed according to the manufac-
turer’s instructions to analyze the expression of apopto-
sis-related proteins in CCM3™* and CCM3™~ CL-huVEC
after 24 h of treatment with 0.05 pM staurosporine. The
Human MAPK Phosphorylation Antibody Array Kit
was used according to the manufacturer's instructions
to analyze the expression of MAPK pathway markers
in CCM3** and CCM3~'~ CI-huVECs after co-culture.
600 pg of total protein was incubated for each membrane,
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and chemiluminescence signals were documented with
a ChemiDoc XRS+imager (Bio-Rad, Hercules, Califor-
nia, USA). Densitometry data were obtained using the
ImageLab software (v6.0, Bio-Rad). For CCM3 and p21
‘Western Blot analyses, protein samples were suspended
with Laemmli Sample Buffer (Bio-Rad) and heated at
95 °C for 5 min. For p53, heat denaturation was perfomed
under reducing conditions. 20 ug (p21), 30 ug (CCM3) or
40 pg (p53) of total protein were separated on a 10% TGX
Stain-Free FastCast SDS-polyacrylamide gel (Bio-Rad)
and subsequently transferred to PYDF membranes. The
iBind Flex Western System (Thermo Fisher Scientific) was
used for immunostaining according to the manufacturer’'s
instructions. The following primary antibodies were used:
Anti-PDCD10/CCM3 (1:200, ab110531, Abcam or 1:200,
ab180706, Abcam), Anti-p21 (1:1000, ab1$9520, Abcam),
Anti-pd3 (1:40, sc-126, Santa Cruz Biotechnology, Dallas,
TX, USA) and Anti-GAPDH (1:500, PA1-16777, Thermo
Fisher Scientific). A HRP-conjugated goat anti-rabbit
immunoglobulin antibody (1:400, ab205718, Abcam) or
a HRP-conjugated goat anti-mouse immunoglobulin anti-
body (1:400, ab205719, Abcam) with Precision Protein
StrepTactin-HRP Conjugate (1:2000, Bio-Rad) were used
as secondary antibodies. Detection of proteins was per-
formed using Clarity Western ECL Substrate (Bio-Rad).
Stain-free total protein and colorimetric protein bands
were documented using a ChemiDoc XRS+ imager. The
Imagel.ab software was used to calculate normalized band
intensities. To calculate the relative protein expression,
the volume intensities of the detected protein bands were
normalized to the volume intensities of the corresponding
GAPDH bands. The detection of GAPDH was performed
after stripping the membrane with ROTI Free Stripping
Buffer 2.2 plus (Carl Roth, Karlsruhe, Germany) for 1 h
at room temperature,

To examine p53 activity, the p53 Transcription Fac-
tor Assay Kit (Cayman Chemical Company, Ann Arbor,
MI, USA) was used according to manufacturer's instruc-
tions. Nuclear extracts were isolated from CCM3+* and
CCM3~"~ cells using the Nuclear Extraction Kit (Cayman
Chemical Company). 10 g of nuclear extracts were incu-
bated for each well at 4 °C overnight. Signal was measured
at OD, 5., using an Infinite M200 Plate Reader (Tecan,
Minnedorf, Switzerland).

Apoptosis compound library screen and amplicon
deep sequencing

An apoptosis compound library with 189 small molecules
was used in a high throughput screening approach [HY-
LO03(HY-LD-000001651); MedChem Express, Monmouth
Junction, NJ, USA]. Co-cultures were treated with 10 uM
of each substrate for ¢ days. Compounds were added 5 h
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and 3 days after cell seeding. NSC59984 (IUPAC: (2E)-
1-(4-Methyl-1-piperazinyl)-3-(5-nitro-2-furyl)-2-propen-
1-one, HY19726, MedChem Express), isoalantolactone
(TUPAC: (3aR,4a8,84R,9aR )-8a-Methyl-3,5-bis(methylene)
decahydronaphtho[2,3-b]furan-2(3H)-one, HY-NO780,
MedChem Express), and GSK-872 (IUPAC: N-(6-pro-
pan-2-ylsulfonylquinolin-4-y1)-1,3-benzothiazol-5-amine,
HY-101872, MedChem Express) were used for individual
experiments with the indicated concentrations. DMSO-
treatment (A994, Carl Roth) served as control. After 6 days,
the fraction of mutant alleles in co-culture was analyzed by
amplicon deep sequencing. In brief, the genomic target
region was amplified by PCR. For NGS analysis, sequenc-
ing adapters and individual barcodes were introduced in a
second PCR [22, 23]. Sequencing libraries were pooled and
sequenced on a MiSeq instrument with 2x 150 cycles (Illu-
mina, San Diego, CA, USA). Data were analyzed with the
SeqNext software (JSI Medical Systems, Ettenheim, Ger-
many). The following compounds were tested for the ability
to abrogate NSC59984-mediated inhibition of clonal expan-
sion: UC2288 (Sigma-Aldrich), SCH772984 (Hycultec,
Beutelsbach, Germany), and U0126-ETOH (Hycultec).
Substances were supplemented 5 h and 3 days after seeding.
Amplicon deep sequencing was perfomed at day 6.

Integrin antibody-array, ITGB4 qPCR and staining,
FACS sorting

The p-Integrin-mediated Cell Adhesion Array Kit (ECM 534,
Sigma-Aldrich) was used according to the manufacturer’s
instructions to quantify cell surface expression of g, 5,
Bay By ayfis, and asfl; integrins of CCM3+* and CCM3~"~
CI-huVECs. Fluorescence intensity was measured with
the Qubit 4 Fluorometer (Thermo Fisher Scientific). For
immunofluorescent imaging, CI-huVECS were cultured on
96-well plates until confluency was reached. Mouse anti-
integrin 4 (ITGB4) antibody (1:100, MAB2059Z, Merck,
Darmstadt, Germany) was added to the culture medium, and
cells were incubated for 1 h at 37 °C and 5% CO,. Cells were
washed three times with culture medium and incubated for
1 hat37°Cand 5% CO, with goat anti-mouse, Alexa Fluor
488 secondary antibody (1:200, A-11029, Thermo Fisher
Scientifie). Subsequently, cells were washed three times
in culture medium and imaged with the EVOS FL imag-
ing system (Thermo Fisher Scientific). For gPCR analysis,
mRNA was transcribed into cDNA using the First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific). SYBR
Green-based qPCR analysis was performed on a Roche
Light Cycler 480 instrument (Roche, Mannheim, Ger-
many) to validate deregulated gene expression of /TGB4.
The gene RPLPO served as an endogenous control. The
following primer pairs purchased from Integrated DNA
Technologies were used: ITGB4—5'-CTACTACGAGAA
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GCTTCACAC-3' and 5'-GACCCAGTCCTCGTCTTC
TG-3'; RPLPO—5'-TCGACAATGGCAGCATCTAC-3' and
5-ATCCGTCTCCACAGACAAGG-3'. For FACS sorting
of co-cultured CI-huVECs, 1-2 million cells were seeded
on T75-flasks in a 2:3 ratio of mutant to wild-type cells and
cultured for three days. Cells were dissociated with Accutase
and stained with mouse anti-integrin £4 antibody (1:200)
and goat anti-mouse, Alexa Fluor 488 secondary antibody
(1:200). Cells were resuspended in PBS and flow cytometry
was used for sorting (BD FACSAria III Cell Sorter; BD Bio-
sciences, Franklin Lakes, NI, USA). The RNA of [ITGB4Mh
and ITGB4°" fractions were extracted in TRI Reagent for
fluid samples (Sigma-Aldrich). The purity of fractions was
confirmed on DNA, RNA, and protein level. DNA and
RNA were extracted to evaluate purity via amplicon deep
sequencing and gPCR, respectively. For transcript analyses,
the CCM3 qPCR assay PrimeTime Hs PT.58.38574999
(Integrated DNA Technologies) was used.

RNA sequencing and qPCR analyses

Extracted RNA was purified using the Direct-zol RNA Mini-
Prep Plus Kit (Zymo Research, Irvine, CA, USA). If neces-
sary, isolated RNA was concentrated with the RNA Clean &
Concentrator-3 Kit (Zymo Research). A Qubit 4.0 (Thermo
Fisher Scientific) and the Qubit RNA BR Assay Kit (Thermo
Fisher Scientific) were used to measure RNA concentrations.
RNA sample integrity was controlled on a 2100 Bioana-
lyzer using the RNA 6000 Nano Kit (Agilent, Santa Clara,
CA, USA). RNA-seq libraries were prepared via polyA
selection and sequenced on an Illumina NovaSeq platform
(Nlumina) with 2x 150 cycles by GENEWIZ (Leipzig, Ger-
many). Reads were trimmed to remove adapter sequences
using Trimmomatic v.0.36 and mapped to the Homo sapiens
GRCh37 genome with STAR aligner v.2.5.2b. The software
featureCounts from the Subread package v.1.5.2 was used
to extract unique gene hit counts. For targeted RNA-analy-
sis, a QIAseq Targeted Human Apoptosis and Cell Death
RNA Panel (RHS-002Z, QIAGEN, Hilden, Germany) was
used to prepare RNA sequencing libraries according to the
manufacturer’s instructions. After quality control with the
High Sensitivity DNA Kit on a 2100 Bioanalyzer instrument
(Agilent), the pooled libraries were sequenced on a MiSeq
(Ilumina) with 1 X 151 cycles. Differential gene expression
of RNA sequencing data was carried out using the QIAseq
Targeted RNA Primary and Secondary Analysis Tool (QIA-
GEN). The PrimeTime assays Hs.PT.58.40874346.¢ and
Hs.PT.58.38974274 (Integrated DNA Technologies) were
used to measure CDKNIA and GADD45A gene expression.
The gene RPLPO served as an endogenous control.
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Statistical analysis

The GraphPad Prism software (v.8.0.1, GraphPad Software,
LA Jolla, CA, USA) was used for statistical analysis. Unless
stated otherwise, all data are presented as mean and stand-
ard deviation (SD). For analyses of two or more groups,
multiple 7 tests, one- and two-tailed Student’s 7 test, and
one- and two-way ANOVA were used. Dunnett’s or Sidak's
corrections were applied for multiple comparisons. £ val-
ues or adjusted p values < .05 were regarded as statistically
significant. For genome-wide RNA-seq, differential gene
expression analysis was performed using DESeq2. P values
and log? fold changes were generated using the Wald test.
Genes were regarded as differentially expressed between
compared groups with an adjusted p value <0.05 and an
absolute log2 fold change > 1. Gene ontology analysis was
performed using the GeneSCF v.1.1-p2 software combined
with the goa_human GO list to cluster genes based on bio-
logical processes.

Results

CCM3 inactivation alone does not trigger EC
proliferation

To compare the growth and survival characteristics of wild-
type and mutant ECs, we first plated single-cell suspensions
of CCM3*™* and CCM3~"~ CL-huVECs, and analyzed their
ability to grow into colonies. We observed a significantly
higher clonogenic capacity of mutant CI-huVECs. The plat-
ing efficiency of mutant compared to wild-type ECs was
actually three times higher (Fig. 1a). However, CI-huVECs
in which the CCM3 gene had been disrupted by CRISPR/
Cas9 genome editing did not display significantly different
proliferation rates (Fig. 1b). Next, we stimulated apoptotic
cell death in CCM3~"~ and CCM3** Cl-huVECs with stau-
rosporine and found significantly higher survival rates of
mutant BECs (Online Resource 2). Two, eight, and twenty-
four hours after staurosporine treatment, the activity of cas-
pase-3, which is a major effector caspase in apoptosis, was
also significantly lower in CCM3~~ CI-huVECs (Fig. 1c).
Profiling the relative expression of 43 apoptosis-related
proteins verified the reduced fraction of active caspase-3
but revealed no other significantly up- or downregulated
targets in CCM3~~ CI-huVECs (Fig. 1d, Online Resource
3). Caspase-3 is proteolytically activated by upstream cas-
pases of the intrinsic and extrinsic pathways of apoptosis.
Qur protein array did not specifically detect the active forms
of caspase-8 (extrinsic pathway) and caspase-9 (intrinsic
pathway). Therefore, we used specific fluorogenic indica-
tors to measure their activities. Both were slightly reduced
in mutant compared to wild-type ECs after staurosporine
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Fig. 1 Inactivation of CCM3 gene expression in human ECs causes
resistance to apoptosis and increased clonogenicity. a CCM3™~ and
CCM3** Cl-huVECs were seeded as (near-perfect) single-cell sus-
pensions in 6-well plates with either 250 or 100 cells per well. Colo-
nies were stained with crystal violet after eight days. Representa-
tive images are shown for both genotypes. The plating efficiency of
CCM3™~ CI-huVECs was significantly increased under both seeding
conditions (n=4 per genotype). b CCM3 inactivation did not sig-
nificantly enhance proliferation of CI-huVECs under standard cul-
ture conditions (7=9 per genotype). ¢ CI-huVECs were treated with
staurosporine (0.05 uM or 0.25 pM) to induce apoptotic cell death.
After 2, 8, and 24 h, the caspase-3 activity was markedly reduced

treatment (Fig. le, ). These results demonstrate that mutant
ECs have a survival advantage under specific stress condi-
tions. However, unstressed CCM3~~ mono-cultures do not
show abnormal proliferation.
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in CCM3~~ Cl-huVECs (7=3 per genotype). d A human apoptosis
antibody array assay verified the reduction of active caspase-3 levels
in staurosporine-treated (0.05 pM, 24 h) CCM3~~ CI-huVECs (n=3
per genotype). Representative array membranes are shown for both
genotypes. Green rectangles mark active caspase-3. No significant
differences were found for other apoptosis markers. e, f The activities
of caspase-8 (e) and caspase-9 () were also slightly reduced in stau-
rosporine-treated (0.05 uM or 0.25 uM, 8 h) CCM3~~ Cl-huVECs
(n=3 per genotype). RFU =relative fluorescence units. Data are pre-
sented as mean and SD. Student’s two-tailed ¢ tests (a—c, ¢, ) were
used for statistical analyses: *P<0.05, **P<0.01, ***P<0.001,
P <0.0001

Only direct co-culture with wild-type cells
stimulates abnormal proliferation of mutant ECs

To mimic the mosaic endothelial pattern in CCM tissue,
in which the number of mutant ECs is usually much lower
than the number of wild-type cells [15-18], we co-cul-
tred CCM3~~ with CCM3+* CI-huVECs in a 1:9 ratio
for six days (Fig. 2a). When we combined the results of
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Fig.2 €CCM3™~ CIhuVECs demonstrate  increased  prolifera- edly increased over time (), and CCM3™~ CLhuVECs proliferated

tive activity when directly co-cultured with CCM3™ ECs. a
CCM3™™ Cl-huVECs were either directly co-cultured with COM3Y*
CI-huVECs or with conditioned medium of CCM3** CI-huVECs.
In parallel, CCM3*™ Cl-huVLECs were cultured with condi-

tioned medium of CCM3™ Cl-huVECs. Knockout and wild-type
Cl-huVECs cultured in unconditioned growth medinm served as
controls. Proliferation was analyzed at the indicated time points. b, ¢
In direct co-cullure, the proportion of CCM3 knockout alleles mark-

fluorescence-based cell proliferation assays with amplicon
deep sequencing data, we found increasing mutant allele
[requencies over time (Fig. 2b) and significantly higher pro-
liferation rates o mutant ECs compared (o wild-type cells in
co-culture (4124% vs, 793% alter 144 h, Fig. 2¢). This effect
was also evident in co-cultures with very low mutant:wild-
Lype ratios (Irom 5:95 (o 1:99, Online Resource 4). However,
it completely vanished upon reversal of this ratio (from 95:5
to 99:1, Online Resource 4). Next, we asked whether the
proliferative advantage of mutant ECs in co-culture depends
on cell—cell interactions or can also be triggered by paracrine
signaling alone. Thus, we studied the effect of conditioned
medium on the proliferation rates of CCM3™~ and CCM3™*
Cl-huVECs (Fig. 2a). When we cultured mutant ECs in con-
ditioned medium of wild-type ECs, we detected no increased
proliferation. In line with this observation, the conditioned
medium of mutant ECs did not affect the mitotic activity
ol wild-type cells (Fig. 2d). Thus, direct cell contact with
CCM3™+ Cl-huVECs is indispensable 1o trigger the prolif-
eration of CCM3~~ ECs in co-culture.
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significantly more (¢) (=3 per condition). d CCM3™" Cl-huVHECs
were cultured with conditioned medium from # CLhuVECs
and vice versa, Unconditioned growth medium was used as control.
The conditioned medium alone did not influence the proliferation rate
of CCM3™~ Cl-huVECs (n=3 per condition). Data arc presented
as mean and SD. Student’s two-tailed 7 tests were used for statistical
analyses: #P <0.05, *P <001, **P<0.001

CCM3 acts as suppressor of abnormal proliferation
in vascular ECs but not in hiPSCs

We next asked whether CCM3 gene disruption also trig-
gcrs abnormal proliferation of mutant hiPSCs in co-culture
with wild-type hiPSCs. To answer this question, we used
CRISPR/Cas9 genome editing to inactivate CCM3 gene
expression in mEGFP-tagged AICS-0036 hiPSCs (Online
Resource 5). The CCM3 knockout had neither an effect on
the morphology of the hiPSC colonies nor on the expres-
sion of the pluripotency markers TRA-1-60, SOX2, OCT4,
and SSEA4 (Fig. 3a). After we had excluded recurrent
genomic instabilities and verified the CCM3 knockout on
protein level (Fig. 3b, Online Resource 5), mEGFP-tagged
CCM3~~ AICS-0036 hiPSCs and mTagRFPT-tagged
CCM 3 AICS-0054 hiPSCs were mixed in a 1:9 ratio
and cultured for up to eight days. Interestingly, no abnor-
mal proliferation of mutant hiPSCs was observed in co-
culture with wild-type hiPSCs (Fig. 3¢, d). To exclude a
cell-type-specilic effect of the striking cancer-like prolifera-
tion of CCM3~~ CI-huVECSs in co-culture, we differenti-
ated hiPSCs into human brain microvascular endothelial-like
cells (hBMEC-like cells; Fig. 4a, Online Resource 6) and
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Fig.3 CCM3-deficient hiPSCs show no abnormal proliferation in co-
culture with wild-type hiPSCs. a CCM3™"~ AICS-0036 hiPSC dem-
onstrated typical hiPSC morphology (representative images: top left,
scale bar: 500 um) and strong expression of the pluripotency markers
TRA-1-60, OCT4, SOX2, and SSEA4 (representative images; mid-
dle and right panels, scale bar: 200 ym). The mEGFP-tagged cytosol
of CCM3™= AICS-0036 hiPSC is shown in the bottom left subpanel
(scale bar: 50 um). b Western blot analysis verified CCM3 inactiva-

co-cultured CCM3~~ and CCM3*+ hBMEC-like cells in a
1:9 ratio. Within 6 to 12 days, the percentage of mutant cells
in co-culture increased to 41.2% (SD 15.97) and 69.0% (SD
11.42), respectively (Fig. 4b, ¢). No abnormal proliferation
was observed in co-cultures of mEGFP-tagged CCM 3+
hBMEC-like cells and mTagRFPT-tagged CCM3+
hBMEC-like cells (Fig. 4b).

In vivo, endothelial proliferation acts in concert with dif-
ferentiation, migration, and interaction of ECs with other
cell types and the extracellular matrix [27]. This complex
interplay can hardly be reproduced in 2D cultures alone.
Thus, we utilized hiPSC-derived vascular organoids which
have been described as powerful tool to study vasculopathies
in 3D cultures [28]. When we differentiated co-cultures of
mutant and wild-type hiPSCs to mosaic vascular organoids
(Fig. 4d), we found no apparent defects of the vascular net-
work but a strikingly increased proliferation of mutant cells
(Fig. 4e, f). Like in human CCM lesions, CCM3-deficient
cells did not form clusters but were found in a mosaic pat-
tern with wild-type cells instead. Together, these results

Seite | 90

merge

b

1.5

control CCM3"

o

ccm3
(25 kDa)

o
o

GAPDH
(36 kDa)

Relative CCM3 expression

o

control CCM3*

o

o~ 10 % CCM3**
~- 10 % CCM3"

o
(=]

@
o

2]
(=]

passage

N
o

n
=]

]

$

Area of mMEGFP tagged cells /
total area of iPSC colonies (%)

L) T T J T T L T
1 2 3 4 5 6 7 8
days

tion in CCM3~= AICS-0036 hiPSCs. GAPDH was used as a loading
control (n=3 per genotype). ¢, d CCM3™'= AICS-0036 hiPSCs were
mixed with CCM3** AICS-0054 hiPSCs in a 1:9 ratio and co-cul-
tured for 8 days. CCM3** AICS-0036 mixed with CCM3** AICS-
0054 hiPSCs served as controls (2=3 per genotype). Representative
images from day eight are shown in ¢ (scale bar: 500 um). Data are
presented as mean and SD. Student’s two-tailed 7 tests (b, d) were
used for statistical analyses: **P <0.01

prompted us to address the abnormal mutant cell prolifera-
tion and their interaction with wild-type cells in more detail.

Co-culture activates cytokine signaling in wild-type
and cell proliferation pathways in mutant ECs

A better understanding of the interplay between mutant ECs
and wild-type or heterozygous ECs in mosaic CCM lesions
appears to be essential for the development of targeted thera-
peutic approaches. Therefore, we decided to study the gene
expression profiles of CCM3~~ and CCM3**+ CI-huVECs
in mono-culture and direct co-cultures. Using a B-integrin-
mediated cell adhesion array and specific immunofluores-
cence imaging, we identified high expression of the integrin
subunit 4 (ITGB4), which is known to form a heterodi-
mer with integrin a6, as a marker for CCM3~~ CI-huVECs
(Fig. 5a, b). Consistent with published gene expression data
of other groups (Online Resource 7), ITGB4 mRNA levels
were upregulated 20-fold in CCM3~~ CI-huVECs (Fig. 5¢).
Integrin a6f4 is a specific receptor for laminin-332 and the
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Fig.4 Human iPSC-derived CCM3™~ ECs exhibit a tumor-like pro-
liferative behavior in co-culture with wild-type ECs and in mosaic
vascular organoids. a—¢ Brain microvascular endothelial-like cells
(hBMEC-like cells) were differentiated from CCM3™~ AICS-
0036 (mEGEP), CCM3** AICS-0036 (mEGFP), and CCM3**
AICS-0054 (mTagRFPT) hiPCS (a) and mixed in a 1:9 ratio (b, ¢).
CCM3~'~ hBMEC-like cells (green) demonstrated an abnormal pro-
liferation in co-culture with CCM3** hBMEC-like cells (n=4 per
genotype: b, scale bar: 200 pm). d CCM3™~ AICS-0036 (mEGFP)
and CCM3** AICS-0054 (mTagRFPT) hiPCS were mixed in a

ability of mutant ECs to bind exogenous laminin-332 was
consequently increased (Online Resource 8). However,
exogenous laminin-332 did not trigger the proliferation of
CCM3~~ CI-huVECs (data not shown).
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1:9 ratio and differentiated to vascular organoids. CCM3** AICS-
0036 mixed with CCM3** AICS-0054 hiPSCs served as controls.
e Abnormal proliferation of CCM3™"~ cells was observed in mosaic
vascular organoids (lower left panel, scale bar: 300 pm). f Statisti-
cal analyses from 77 KO/WT to 75 WT/WT mosaic organoids dif-
ferentiated in three independent biological replicates. Shown is the
mean mEGFP fluorescence intensity. Data are presented as mean and
individual data points. One sample 7 test (¢) or Student's two-tailed
r test (f) was used for statistical analyses: *P <0.05, **P<0.01,
*EE P <0.0001

FACS sorting of co-cultured CCM3~~ and CCM3++
CI-huVECs for ITGB4"=" and ITGB4"*" cells resulted in
two distinct populations (Fig. 5d). Amplicon deep sequenc-
ing, qPCR and western blot analyses verified high purities
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of sorted wild-type and mutant ECs, respectively (Online
Resource 8). Based on these results, we set up a genome-
wide gene expression profiling experiment (Fig. 5e). Focus-
sing on CCM3~~ and CCM3+* CT-huVECs in mono-cul-
ture, 1043 genes were found to be significantly upregulated,
and 1025 were downregulated upon CCM3 gene disruption
(Fig. 5f, g, Online Resource 9). Interestingly, CCM3~~
CI-huVECs in direct co-culture with CCM3™* CI-huVECs
upregulated 99 genes and downregulated another 18 genes
(Fig. 5f, g). A GO term enrichment analysis revealed
deregulation of cell adhesion and proliferation pathways in
CCM3~~ CI-huVECs under co-culture conditions (Fig. 37).
It was surprising to notice that among the upregulated
genes in CCM3~~ Cl-huVECs under co-culture conditions
were especially those that were highly downregulated upon
CCM3 gene disruption (Fig. 5g, h). For example, POSTN
gene expression, which was hardly detectable in CCM3 ™"~
CIl-huVECs under mono-culture conditions, was upregulated
to near-normal levels in co-culture (Fig. 5h). Once in con-
tact with wild-type ECs, mutant ECs also upregulated the
expression of genes coding for other extracellular matrix
components, e.g., FRLNS (fibulin-5) and COLIZAI (col-
lagen type XII alpha 1 chain). Furthermore, genes coding
for cadherin superfamily members, e.g., CDH2 (N-cad-
herin), CDH4 (R-cadherin), CDHII (OB-cadherin), and
PCDH7 (protocadherin-7), were significantly upregulated
(Online Resource 9). In CCM3+*+ CL-huVECs, on the other
hand, chemokine/cytokine-related pathways were found to
be deregulated by co-culture with CCM3~~ CI-huVECs
(Fig. 5i). In particular, wild-type ECs upregulated various
chemokine genes, e.g., CCL2 (MCP-1), CX3CL! (frac-
talkine), CCL7 (MCP-3), CXCL2 (MIP-2a/GRO2), CXCL3
(MIP-2b/GRO3), and CXCL& (IL-8), but downregulated
POSTN and CDHI1I in co-culture with mutant ECs (Online
Resource 9). Taken together, these observations prove that
mutant and wild-type ECs interact with each other and sug-
gest that CC and CXC chemokines play a role in this com-
plex regulatory interplay.

Compound screening identifies NSC59984
as candidate drug to block abnormal proliferation
of mutant ECs

In a proof-of-concept approach, we next tested a library of
189 small compounds known to modulate apoptosis, sur-
vival, and proliferation in our CI-huVEC co-culture assay.
After 6 days, the relative proportions of knockout alleles
were quantified by amplicon deep sequencing (Fig. 6a).
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As expected, the knockout allele frequency in DMSO-
treated co-cultures increased to 33.5%. Two compounds,
isoalantolactone and NSC59984, suppressed the abnormal
proliferation of mutant ECs by more than 80% (adjusted p
value < 0.01; Fig. 6b). Knockout allele frequencies were
7.7% and 10.2%, respectively. NSC59984 had minimal
effects on EC morphology and moderately reduced the via-
bility of CCM3** and CCM3~~ CI-huVECs (Fig. 6c, d).
Isoalantolactone induced an abnormal endothelial morphol-
ogy and significant cell death. In contrast, GSK-872, which
is a potent inhibitor of RIP kinase 3 (RIPK3), even enhanced
mutant EC expansion (65.1%, p,q; <0.0001; Fig. 6b, d).
Interestingly, RIPK3 is a critical player in necroptosis, a reg-
ulated form of necrosis that allows programmed cell death
even under apoptosis-deficient conditions [29, 30].

p21- and ERK2-independent inhibition of abnormal
mutant cell proliferation by NSC59984

We decided to focus on the candidate NSC59984 in
our further experiments and were able to demonstrate
that it blocked the cancer-like proliferation of CCM3~"~
CI-huVECs in a concentration-dependent manner (Fig. 7a,
b). NSC59984 inhibited mutant EC expansion even at
high knockout:wild-type ratios (Fig. 7¢). Pre-treatment of
CCM3™~ CI-huVECs with NSC59984 before co-culture
completely abolished mutant EC expansion, and knockout
alleles were hardly detectable in co-cultures after six days
(Fig. 7d). Even after release from NSC59984 treatment,
abnormal proliferation of CCM3~~ CT-huVECs was blocked
for at least another 7 days (Fig. 7e). An inhibitory effect on
mutant cell proliferation was also observed when we fused
hiPSC-derived CCM3+* and CCM3~~ vascular networks
and treated them with NSC59984 (Fig. 7f). This is consistent
with our RNA sequencing data demonstrating a cytostatic
effect of NSC59984 on mutant ECs. However, there were
also side-effects. For instance, we found significant deregu-
lation of proliferation-associated pathways in wild-type ECs
(Fig. 8 a, b, Online Resources 9 and 10). NSC59984 has pre-
viously been shown to reactivate p33 signalling via p73 acti-
vation and ROS-ERK2-MDM?2-dependent degradation of
mutant p53 in cancer cells [19, 20]. In CCM3 =~ CI-huVECs
we could neither detect a pathogenic 7P53 mutation nor
significantly different p53 protein levels. Interestingly, we
even found a slightly increased p53 transcription factor DNA
binding activity in nuclear extracts of CCM3~'~ CI-huVECs
which indicates that there might be a downstream block of
P33 signaling (Online Resource 10). NSC59984 treatment
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«Fig.5 Chemokine signaling in wild-type ECs becomes deregulated in
co-culture with CCM3 ™~ ECs. a A P-integrin-mediated cell adhesion
array was used to analyse the surface expression of different integrin
B subunits on CCM3~~ CI-huVECs (r=3 per group). b, ¢ Immuno-
fluorescence imaging and RT-qPCR analysis verified upregulation of
ITGB4 gene expression in CCM3™~ CI-huVECs (scale bar: 100 pm).
Data are presented as mean and SD (n=3 per group). d Using high
integrin beta 4 expression as marker for CCM3™~ CI-huVECs,
mutant ECs could be efficiently sorted from mutant/wild-type co-
cultures by fluorescence activated cell sorting. Sanger sequencing
of sorted ITGB4®% (I) and ITGB4™# (II) cell populations verified
high purity of CCM3™* and CCM3™~ Cl-huVECs, respectively.
e CCM37* and CCM3™" CI-huVECs were co<cultured, sorted by
FACS and analyzed by RNA sequencing, CCM3** and CCM3~~
CI-huVEC mono-cultures served as controls. f, g Venn diagrams
illustrate the overlap of genes significantly up- or downregulated in
CCM3~~ CI-huVEC mono-cultures (group I vs group I) and genes
that are significantly up- or downregulated in CCM3~~ CI-huVECs
by co-culture with CCM3™* CI-huVECs (group IV vs group II).
h Shown is a heatmap with the 20 most downregulated genes in
CCM3™~ CI-huVEC mono-cultures (left column; group II vs group
I). The right column illustrates how co-culture with wild-type ECs
affects the expression of these genes in CCM3~~ CI-huVECs (group
IV vs group II). i, j Significantly up- or downregulated genes were
also subjected to gene ontology analysis. Shown are the top 20 of
significantly enriched biological process GO terms (n=3 per group
for e—j). *via plasma membrane cell adhesion molecules. Multiple
t tests (a), Student’s two-tailed ¢ test (¢), and Fisher exact test (i, j)
were used for statistical analyses: *¥*P < 0.001, ***¥P < 0,0001. Pag
= adjusted p value

of mutant ECs induced moderate upregulation of CDKNIA
(p21), which is a target gene of p53, on mRNA level (Online
Resource 10). However, p21 protein levels were unchanged
and blocking p21 with UC2288 did also not revert the inhibi-
tory effect of NSC59984 on mutant EC expansion in co-
culture (Fig. 8c, Online Resource 10). We also addressed
MAPK/ERK signaling in mutant ECs with protein array
analyses and specific inhibitors but did not detect any sig-
nificant deregulation either (Fig. 8d, Online Resource 10).
Taken together, these results show that pharmacological
inhibition of the abnormal proliferation of mutant ECs is
possible. Nevertheless, side effects need to be addressed, and
it remains to be clarified whether agents such as NSC59984
act through specific pathways in mutant ECs or have a gen-
eral cytostatic effect on multiple signaling cascades.

Discussion

CCM is not a genuine malignant disease. The lesions do not
metastasize or grow invasively. However, there is growing
evidence that cancer-like mechanisms play an important role
in CCM pathogenesis [17, 18, 31]. In line with this concept,
we here demonstrate that the presence of wild-type cells
upregulates mutant EC proliferation and that this tumor-like
behaviour can be blocked by treatment with the anti-cancer
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drug NSC59984. In addition, we show that gene expression
in wild-type and mutant ECs differs in mono- and co-culture.

Previously, we have shown that CCM3~/~ ECs exhibit
areduced sensitivity to apoptotic signals in mono-culture
[22]. Bringing together in vitro angiogenesis, endothelial
co-culture and cell-based assays from cancer research, we
now demonstrate that mutant ECs have an abnormally high
clonogenic capacity but develop tumor-like growth charac-
teristics only when co-cultured with wild-type ECs. This
observation is highly relevant because mutant ECs (CCM"*)
coexist in a mosaic state with heterozygous or wild-type
ECs (CCMF®) in CCMs [15, 16]. Indeed, the number of
CCM"™ e cells within CCMs is relatively low. Despite some
high-frequency mutations, somatic CCM variants are usu-
ally found with alternate allele frequencies of less than 15%
in human CCM lesions [11-14, 16, 31]. Given that (1) only
one somatic mutation has ever been identified in CCM tis-
sues in addition to the preexisting germline variant, and (2)
multiple somatic mutation events all leading to the same
variant in different ECs are highly unlikely, solely expansion
of the first CCM™2 EC can explain the endothelial mosai-
cism found in CCMs [16-18]. Furthermore, our finding
that biallelic inactivation of CCM3 did not induce abnor-
mal proliferation of undifferentiated hiPSCs in co-culture
with wild-type cells but specifically disturbed the balance
between proliferation and cell death in vascular ECs sup-
ports the intriguing concept that CCM genes are not bona
fide tumor suppressor genes but act as “vascular suppressor
genes” [31]. This tumor-like vascular transformation seems
to occur only under specific conditions and may be triggered
in vivo by additional somatic gain-of-function mutations in
PIK3CA which can act as a “vascular oncogene” [31].

The endothelial cell mosaicism observed in CCM tissues
could also be reproduced in CRISPR’ed hiPSC-derived
3D blood vessel organoid cultures. CCM3™ cells were
not located in clusters but found in a mosaic pattern with
CCM3P® cells in CCM3P*/CCM3" vascular organoids.
Thus, CCM3™# ECs apparently need contact with CCM32%°
ECs and a supportive microenvironment. Interestingly,
sophisticated in vivo studies in confetti reporter mice have
also demonstrated that abnormal expansion of CCM3™5
ECs and incorporation of CCMFP** ECs are essential steps in
CCM genesis [17, 18]. Targeted inhibition of CCM progeni-
tor ECs, blocking the clonal expansion of mutant ECs and
inhibiting the recruitment of neighboring CCMFP* ECs into
a growing CCM lesion have, therefore, been proposed as
therapeutic approaches [32].

Our data allow an exciting insight into the poorly under-
stood interaction of CCM3P°® and CCM3"*2 ECs. As a
marker for CCM3"8 ECs, we used high expression levels
of integrin £4, which is known to form a heterodimer with
integrin «6 and is primarily expressed on epithelial cells,
endothelial cells, and Schwann cells [33]. Upregulation
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of ITGB4 gene expression has previously been observed
in human CCM3~/~ CI-huVECs (|34]; GEO data set:
GSE137425), mouse CemlIZ“% brain microvascular
endothelial cells ([35]; GSE85657), and cardiac tissue of
cem2™* mutant zebrafish embryos ([36]; GSE64753).
Although its functional significance in CCM disease
remains to be elucidated, it is noteworthy that ITGB4
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expression is increased on various cancer cells and is
thought to be involved in the regulation of cancer stem
cells [37-39]. RNA-Seq analysis of FACS-sorted CCM32
ITGB4' and CCM3"# ITGB4"€" ECs demonstrated that
chemokine-mediated signaling pathways are induced
by direct co-culture. In particular, CCL2, CX3CL1, and
CCL7 were upregulated more than fourfold in CCM3F%*
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«Fig. 6 NSC59984 cfficiently blocks the abnormal proliferation of
CCM3™~ CI-huVECs in co-culture. a Depicted is a scheme of the
apoptosis library screening approach. Co-cultures of CCM3~~ and
CCM3*Y* CI-huVECs were treated with 10 uM of each library com-
pound on day O and day 3. DNA samples collected at day 6 were
used to determine frequencies of CCAM3 knockout alleles with ampli-
con deep sequencing (ADS). DMSO treatment served as control. b
NSC59984 and isoalantolactone reduced the portion of CCM3 knock-
out alleles in co-culture. In contrast, GSK-872 further enhanced the
abnormal proliferation of CCM3™~ CI-huVECs (n=4 per group).
¢ Bright-field microscopy demonstrated that cells treated with
NSC59984 had a normal EC morphology while isoalantolactone
treatment induced severe morphological changes and significant cell
death (10 pM of each compound; scale bar: 200 um). After GSK-872
treatment, cells had a compact morphology that is a known feature
of CCM3™~ CI-huVECs (n=3 per group). d No cell viability differ-
ences were observed between CCM3™* and CCM3™~ CI-huVECs
72 h after NSC59984 or isoalantolacone treatment, whereas CCM3+™
CI-huVECs were more sensitive to GSK-872 treatment than mutant
ECs (n=3 per group). Comp. = library compound. p; = adjusted p
value. Data are presented as mean and SD. One-way ANOVA (b) was
used for statistical analyses

ECs. These genes encode for chemokines (CCL2/MCP-
1; CX3CL1/Fractalkine; CCL7/ MCP-3) that modulate
the immune response but have also frequently been found
to be enriched in the tumor microenvironment [40-472].
Notably, it has been demonstrated that they can orchestrate
the cross-talk between cancer and stromal cells, stimu-
late angiogenesis, and trigger proliferation [41, 43, 44].
Additionally, the CXC chemokine genes CXCL2, CXCL3,
and CXCLS& were upregulated more than twofold. CXCL2,
CXCL3, and CXCLS8/IL-8 belong to the group of CXC
chemokines with a Glu-Leu-Arg sequence motif (ELR*
CXC chemokines) which are not only potent neutrophil
chemoattractants but have also been reported to trigger
angiogenesis and EC chemotaxis [45-47]. The results of
our in vitro model are also consistent with recently pub-
lished analyses in Com3E% mice. Using an acute, “fast
progression” and a chronic, “slow progression” model of
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CCM, the authors demonstrated that the expression of
Cel2, Cxcl2, Cx3cll and other immune-related genes was
significantly upregulated in brain microvascular ECs of
Cem3EK? mice [48]. In general, the proportion of cells
with a Cem3 deletion is relatively low (< 15%) in the
chronic model [48]. In the acute model, it is much higher
(> 80%) but cells with Cem3 wild-type alleles are still pre-
sent [17]. Our data now suggest that not only the mutant
ECs themselves but also the wild-type ECs in contact with
the mutant ECs upregulate immune-associated genes.
Taken together, these results strengthen the intriguing
hypothesis that CCM3F°* ECs contribute to the formation of
a supportive niche for CCM3"%8 ECs and that the cancer-like
nature of CCMs warrants testing of anti-cancer therapies.
Two facts substantiate this concept: (1) NSC59984, a drug
with anti-tumor activity [19], has a significant anti-prolif-
erative effect on mutant ECs; and (2) ponatinib, a kinase
inhibitor that is used to treat chronic myeloid leukemia and
Ph* acute lymphoblastic leukemia, has been reported to stop
CCM formation and lesion growth in Ceml KD mice [49].
However, NSC59984 also induces growth arrest in wild-
type ECs. Similarly, the kinase inhibitor ponatinib has a
broad spectrum of side effects that would likely limit its
therapeutic use in CCM, e.g., thrombocytopenia, abdominal
pain, anemia, and even cardiac arrhythmias [50]. Thus, the
identification of new drug candidates is required. Because
of their side effects, cytotoxic agents might not be a real
option for CCM patients who can have severe neurological
complications but are also often asymptomatic. Modulat-
ing the microenvironment of CCMs instead would be an
exciting approach. Several chemokine receptor inhibitors are
currently under investigation in the context of solid tumors
[51]. Our next-generation sequencing-based read-out sys-
tem allows tracking mutant cell expansion in co-culture on
a genetic level and will facilitate the testing of thousands
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Fig.7 NSC59984 has cytostatic effects on CCM3™~ ECs. a,
b NSC59984 blocked the abnormal proliferation of CCM3™~
CI-huVECs in co-culture in a dose-dependent manner and predomi-
nantly inhibited the proliferation of mutant ECs (#=3 per group). ¢
NSC59984 (10 pM) reduced the abnormal proliferation of mutant
ECs even at high knockout:wild-type ratios [#=3 per group: mutant
allele frequency after seeding (0 h) from left to right: 25.5%, 31.9%,
41.6%, 51.4%. 65.4% and 74.8%]. d CCM3~" Cl-huVECs were
treated with NSC359984 prior to co-culture with untreated CCM3**
Cl-huVECs (=CCM3™" pre-treated; red). As control, untreated
CCM3™" Cl-huVECs were co-cultured with CCM3** Cl-huVECs
that had been pre-treated with NSC59984 (= CCM3** pre-treated:
green). Pre-treatment of CCM3™~ Cl-huVECs blocked their abnor-
mal proliferation (red). In contrast, pre-treatment of CCM3** led to
an extremely strong proliferation of mutant ECs (n=3 per group).
e Endothelial mutant:wild-type co-cultures were treated with
NSC59984 on day 0 and day 3, released from drug treatment on day
6, and cultured for another 7 days. NSC59984 retained its effect after
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treatment release. DMSO treated cultures served as control (n=3 per
group). I NSC59984 inhibited mutant EC proliferation in vascular
organoids. CCM3™~ AICS-0036 (mEGEP) and CCM3™™ AICS-0054
(mTagRFPT) hiPSC-derived vascular networks were fused and differ-
entiated to vascular organoids under NSC59984 treatment for 10 days
(CCM3-KO). Images were acquired on days 5 and 10. Fusions of
CCM3*™ AICS-0036 and CCM3+ AICS-0054 hiPSC-derived vas-
cular networks served as controls (scale: 500 pm). Statistical analysis
was performed for 36 KO/WT fusion organoids differentiated in three
independent biological replicates. 21 WT/WT fusion organoids were
used as controls. Shown is the mean mEGEP fluorescence intensity
on day 10 normalized to day 5. Data are presented as mean and SD
(a, b, ¢, e) or as mean and single data points (d, f). Multiple com-
parison test (Fisher's LSD: a), two-way ANOVA with multiple com-
parison test (h). multiple t-tests (¢), two-way ANOVA with Dunnett’s
multiple comparison test (d), and Student’s two-tailed r test (f) were
used for statistical analyses: *P <0.03, **P <0.0]1, ****P.<0.001
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Fig.8 p21 and ERK-independent effect of NSC59984. a, b CCM3~~
and CCM3Y* CLhuVECs were co-cultured, treated with NSC59984
(10 uM), sorted and subjected to RNA sequencing. DMSO-treated
co-cultures served as controls. Shown are the top 20 of signifi-
cantly enriched biological process GO terms (n=3 per group). ¢, d
Co-cultures of CCM3™" and CCM3** Cl-huVECs were treated
with NSC39984 (10 uM) and the p21 inhibitor UC2288 (n=4 per

of potential drug candidates. Such high-throughput screens
may bring drug discovery in CCM research onto the next
level.

In summary, there is increasing evidence that cancer-
like mechanisms promote early CCM formation and lesion
growth and that these mechanisms need to be addressed with
new therapeutic approaches. In this context, it is essential to
focus not only on CCM™® but also on CCMP® cells and to
clarify their role in CCM pathogenesis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-022-04355-6.
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group: ¢), the ERK1/2 inhibitor SCH772984 or the MEK1/2 inhibi-
tor U0126-EtOH (n=3 per group; d). Mutant allele frequencies
were determined after 6 days. DMSO-treated co-cultures served
as controls. Fisher exact test (a, b) and one-way ANOVA with
multiple comparison test (¢, d) were used for statistical analyses:
*HEP < 0.001: ###*P <0.0001. p,y; = adjusted p value
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Abstract: Deletions in the CCM1, CCM2, and CCM3 genes are a common cause of familial cerebral
(CCM). targeted
next-generation sequencing or multiplex ligation-dependent probe amplification are mostly used
to identify copy number variants (CNVs). However, both techniques are limited in their ability to

cavernous malformations In current molecular genetic laboratories,

specify the breakpoints of CNVs and identify complex structural variants (5Vs). To overcome these
constraints, we established a targeted Cas9-mediated nanopore sequencing approach for CNV de-
tection with single nucleotide resolution. Using a MinION device, we achieved complete coverage
for the CCM genes and determined the exact size of CNVs in positive controls. Long-read se-
quencing for a CCM1I and CCM2 CNV revealed that the adjacent ANKIBI and NACAD genes were
also partially or completely deleted. In addition, an interchromosomal insertion and an inversion in
CCM2 were reliably re-identified by long-read sequencing. Finally, we reduced the costs of our
approach by using Flongle flow cells. Fine mapping of CNV breakpoints is highly desirable as it
enables fast and inexpensive PCR-based variant detection in subsequent family analyses. In con-
clusion, Cas9-mediated nanopore sequencing is a cost-effective and flexible tool for molecular
genetic diagnostics which can be easily adapted to various target regions.

Keywords: nanopore sequencing; long-read sequencing; CRISPR/Cas9% copy number variants;
cerebral cavernous malformations; structural variants

1. Introduction

Cerebral cavernous malformations (CCMs) are thin-walled vascular lesions in the
central nervous system which are prone to hemorrhage. Depending on their location,
they can cause a wide range of neurological complications such as stroke-like symptoms
or seizures. The familial form of CCM, which is characterized by the presence of multiple
CCMs, follows an autosomal-dominant inheritance pattern with incomplete penetrance
and is caused by heterozygous germline variants in the CCM1 (KRIT1), CCM2, or CCM3
(PDCD10) gene [1].

Disease-causing variants are found in more than 90 % of all familial cases [1].
Frameshift mutations account for the vast majority of pathogenic variants, followed by
nonsense, splice site, and copy number variants (CNVs) [1-4]. Indeed, up to 18 % of
pathogenic variants found in CCM patients are large deletions [5]. Standard diagnostic
techniques for CNV detection are multiplex ligation-dependent probe amplification
(MLPA) and shert-read gene panel sequencing in combination with specific bicinfor-
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matic pipelines. However, both methods have limitaticns. For example, they cannot
identify the precise breakpoints of CNVs, pathogenic variants in non-coding regions and
complex structural variants (5Vs), e.g., inversions or interchromosomal insertions. This is
particularly relevant since all these types of genetic variation have been described for
CCM patients in the recent literature [6-9]. In the context of analyses for CNVs segregat-
ing within CCM families, cost-effectiveness is also an issue.

The Oxford Nanopore technology, which enables read lengths of more than 30 kb
[10], has already revolutionized the sequencing landscape in biomedical research and
also has the potential to overcome some limitations of current short-read sequenc-
ing-based molecular genetic diagnostics. Long-read sequencing allows bridging and
precise identification of SV breakpoints, making it a reliable tool in CNV detection
[11,12]. In combination with Cas9-mediated target selection, amplification-free sequenc-
ing of genomic DNA is possible [13] and has already been successfully used to identify
SVs in clinically relevant genes like BRCA1 [14]. In particular, the highly flexible and yet
affordable Min[ON platform can be a valuable tool for almost any diagnostic lab.

In this study, we show that nanopore sequencing in combination with
Cas9-mediated target selection can serve as an excellent complement to diagnostic
short-read sequencing of the CCM genes. Detection of CNVs at single nucleotide resolu-
tion enables cost-effective and rapid PCR approaches for subsequent cascade analyses in
CCM families. Furthermore, we demonstrate that even complex SVs can be reliably de-
tected with targeted nanopore sequencing.

2. Results
2.1 Cas9-mediated nanopore sequencing confirmed a 2,552 bp deletion in CCM1

To cover the entire genomic loci of CCM1, CCM2, and CCM3 with long reads, we
first designed specific ctRNAs to facilitate nanopore sequencing (Table S1). For each
gene, the crRNAs were located approximately 15 kb apart from each other to avoid in-
complete coverage of the target regions. Enrichment was performed in three separate
reactions, allowing parallel sequencing of the three CCM genes in one sequencing run
and ensuring that sequencing reads would not be terminated early by another
CRISPR/Cas9-induced double-strand break. Whenever possible, crRNAs were designed
to facilitate the same sequencing direction in a walking approach.

To validate our new crRNA-panel, we sequenced a sample with a known two-exon
deletion in CCM1. High-molecular-weight genomic DNA was extracted, and target se-
lection was performed by Cas9-mediated induction of double-strand breaks and ligation
of sequencing adapters to cleaved ends following the Oxford nanopore protocol (Fig-
ure la). Long-read sequencing successfully mapped the CCM1 deletion which started in
intron 11 and ended in intron 13 with a mean sequencing coverage of 89.5x for CCM1
(SD=19.5; Figure 1b). In the same run, sequencing of CCM2 and CCM3 confirmed the
absence of other SVs in the sample, while achieving a mean sequencing coverage of 71.9x
(SD = 25,3) and 31.0x (SD = 18,9), respectively (Figure Ic,d). Fine-mapping revealed the
exact breakpoints of the 2,552 bp deletion in CCM1I (Figure 1e) and made it possible to
design deletion-specific primers for variant confirmation by PCR and Sanger sequencing
(Figure 1f; Table 52).

Because the initial sequencing depth for some areas in CCM2 and CCM3 was rela-
tively low, we revised our CCM crRNA-panel for the following sequencing runs. The fi-
nal panel combined the walking approach with the dual-cut excision approach, in which
two cuts are made, one upstream and one downstream of the target region, to generate
optimal coverage for CCM1, CCM2, and CCM3 (Table S1}.
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Figure 1. Cas9-targeted nanopere sequencing of the CCM genes precisely re-identified a
two-exon deletion in CCMI1. (a) Schematic representation of the sample preparation protocol used
for Cas9-targeted nanopore sequencing. (b) CCM1 sequencing data showed a two-exon deletion
spanning from intron 11 to intron 13 (red star). CrRNA binding sites and sequencing orientation
are symbolized by yellow arrows. The coverage with a peak at 127x is displayed in gray. An ex-
cerpt of the generated reads is shown in red and blue. (¢, d) CCM2 and CCM3 long-read sequencing
data. The highest coverage was 119x and 87x for CCM2 and CCMS3, respectively. The generated
reads are shown in red and blue. () Fine-mapping revealed the exact breakpoints of the 2,552 bp
deletion in CCMI. (f) Deletion-specific PCR detected a 511 bp band in the proband sample (P) and
its absence in a healthy control {C) and negative control sample (-). Sanger sequencing of the ex-
tracted band confirmed the breakpoints. The genomic location is based on the GRCh37 reference
genome. Read data (b-e) were visualized in Integrated Genomics Viewer (IGV) [15]. The Locus
Reference Genomic (LRG) transcripts are shown (b-e).

2.2 Targeted nanopore sequencing revealed the exact size of large deletions in familial CCM cases

Current detection methods focus on intragenic CNVs in CCM patients. For this
reason, the size of variants that are partially extragenic cannot be further characterized.
Therefore, we wanted to test whether our long-read sequencing approach could accu-
rately fine-map the breakpeints of large deletions spanning gene boundaries, since this
would allow the development of cost-effective PCR-based assays for familial analyses.
We used a targeted approach by using crRNAs located upstream of the first deleted exon
that had been previously identified by NGS or MLPA analysis.

CNV analysis by MLPA for the proband presented in Figure 2 identified a
heterozygous deletion of the CCM1 exons 2 to 6 (Figure 2a). No data could be generated
for the noncoding exon 1 of CCM1 because the commercially available MLPA kit did not
contain specific probes for this region. Over the next three years, nine relatives were
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chr7:91,868 271 chr7.91,878,609

tested for the presence of the variant using MLPA. We reanalyzed the DNA of the index
proband by nanopore sequencing which revealed the deletion to be larger than
anticipated. Fine-mapping showed that the deletion actually spans from intron 1 of the
adjacent ANKIBI gene to intron 6 of CCM? (Figure 2b). These results were confirmed by
deletion-specific PCR and Sanger sequencing (Figure 2¢). Long-read sequencing not only
enabled the design of a deletion-specific PCR assay which can be used for further familial
analyses but also demonstrated partial deletion of ANKIBI. So far, however, little is
known about the function of ANKIB1.

a
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Figure 2. Nanopore sequencing of a large deletion in CCM1 identified by MLPA revealed a par-
tial deletion of ANKIRB1. (a) MLPA revealed the heterozygous deletion of exons 2-6 of CCM1 {RPA
= relative product area). An exon is considered to be deleted or duplicated if the ratio RPA is below
75 % or above 125 %, respectively (blue area}. (b) Subsequent nanopore sequencing showed that the
deletion comprises 10,337 base pairs, spanning from CCMT intron 6 to ANKIBI intron 1. Read data
was visualized in IGV [15]. (¢} Deletion-specific PCR detected a 650 bp band in the sample of the
index proband ('} and its absence in a healthy control (C) and negative control sample {-}. Sanger
sequencing of the extracted band confirmed the deletion breakpoints. The genomic location is
based on the GRCh37 reference genome. The Locus Reference Genomic (LRG} transcript (CCMTI)
and RefSeq transcript (ANKIBI) are shown (b}).

For the proband presented in Figure 3, CNV analysis by MLPA was able to identify
a multi-exon deletion in CCM2, spanning from exon 6 to exon 11 (Figure 3a). Nanopore
sequencing revealed the true size of the deletion to be 23,777 bp, covering the complete
NACAD gene located downstream of CCM2 (Figure 3b). So far, the function of NACAD is
unknown. A review of the CNV breakpoints in IGV suggested that this deletion origi-
nated from Alu-mediated recombination (Figure 3b). Since breakpoints were localized in
these highly repetitive regions, sequence alignment was not able to confidently deter-
mine the exact distal breakpoint. Nevertheless, specific PCR primers could be designed to
confirm the deletion by PCR and identify the exact breakpoints by Sanger sequencing
which also revealed an additional 15 bp indel variant between the breakpoints (Fig-
ure 3¢).
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Figure 3. Nanopore sequencing of a large CCM2 deletion suggest an Alu-mediated origin.

(a) MLPA revealed a heterozygous deletion of exons 6-11 of CCM2 {RPA = relative product area).
An exon is considered to be deleted or duplicated if the ratio RPA is below 75 % or above 125 %,
respectively (blue area). (b) Subsequent nanopore sequencing showed that the deletion comprises
23,777 bp, starting in intron 5 of CCM2 and encompassing the neighboring gene NACAD. Deletion
breakpoints are located inside of an AluSq2 and an AluSg repeat, respectively (green blocks). Read
data was visualized in IGV [15]. () Deletion-specific PCR detected a 1,839 bp band in the sample of
the proband (P} and its absence in a healthy control (C) and negative control sample (-). Sanger
sequencing of the extracted band was able to specify the deletion breakpoints and revealed a 15 bp
indel variant. The genomic location is based on the GRCh37 reference genome. The Locus Refer-
ence Genomic (LRG) transcript (CCM2) and RefSeq transcript (NACAD) are shown (b).

2.3 Targeted nangpore sequencing can be used to identify complex SVs in CCM

The detection of complex SVs is hard or even impossible with short-read gene panel
sequencing. Since the identification of an interchromosomal insertion and an inversion in
CCM2 [8,9] suggest that 5Vs must be considered as a possible cause of familial CCM
disease, we wanted to test whether long-read sequencing could accurately detect these
variants. Therefore, we reanalyzed a heterozygous 24 kb inversion on chromosome 7
(Figure 4a) which covers the first coding exon of CCM?2 [8] with long-read sequencing
(Figure 4b). We used crRNAs that were part of our CCM crRNA-panel to facilitate a du-
al-cut excision approach covering roughly half of the coding region of CCM2. The ctRNA
located upstream of CCM2 was within the variant boundaries of the 24 kb inverted re-
gion, whereas the downstream ctRNA was located in CCM2 intron 3. The wild-type al-
lele was present in roughly half of all reads. Two different kinds of reads covering the
inversion were present. In both cases, mapping orientation flipped after passing one of
the inversion breakpoints (Figure 4b). Due to the different types of reads generated by
sequencing the inversion allele, we were able to identify both breakpoints of the 24 kb
inversion. This variant was discovered previously only using short-read WGS [8]. As the
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variant is copy number neutral and the breakpoints lie in non-coding regions, detection
via targeted panel sequencing, whole-exome sequencing, or MLPA was impossible.
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Figure 4. Nanopore sequencing confidently detected a 24 kb inversion in CCM2. (a) Schematic
representation of the inversion in CCM2. (b) A dual-cut approach was used to re-sequence a sam-
ple with a known heterozygous 24 kb inversion in CCM2. CrRNAs facilitated sequencing in op-
posing directions. One binding site was located inside of the inversion (yellow arrow) and the other
one was located downstream of the variant (green arrow). Sequencing of the wild-type allele re-
sulted in one type of reads localized between both ctRNA cut sides. Two distinct read patterns
visualizing the inversion could be observed depending on which ctRNA initiated sequencing of the
inversion allele {inversion reads 1; inversion reads 2). Read data was visualized in IGV [15]. The
Locus Reference Genomic (LRG) transcripts are shown (b).

Long-read sequencing of a previously identified heterozygous interchromosomal
insertion in CCM2 {Figure 5a) [9] provided single reads with lengths of more than 20 kb.
These reads spanned the breakpoint located in CCM2 exon 6 with subsequent mapping
of bases to chromosome 1 {Figure 5b}. Due to read length, confident mapping of sup-
plementary alignments on chromosome 1 was possible. In short-read sequencing data, on
the other hand, the insertion was barely noticeable. Only a reduction in coverage of four
bases at the breakpoint location was visible (Figure 5b}. Short-read sequencing data
contained some reads that were crossing the variant breakpoint but had poor alignment
confidence. In our previous report, we had to use fluorescence in situ hybridization
(FISH} analysis to confirm the interchromosomal insertion [9].
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Figure 5. Nanopore sequencing confidently detected an interchromosomal insertion in CCM2.
(a) Schematic representation of the interchromosomal insertion in CCM2. (b} Long-read sequencing
data of a previously described heterozygous interchromosomal insertion revealed about 50 % of
reads covering CCM2 terminate in exon 6 {green). These reads all had a supplementary alignment
mapping to chromosome 1. Short-read data showed consistent coverage of CCM?2 exon 6. Only a
small reduction in coverage at the position of the variant breakpoint in CCM2 could be observed
(red star). Most reads bridging to chromosome 1 had an alignment confidence of 0% ¢hollow
reads}. Read data was visualized in IGV [15].

2.4 Targeted nanopore sequencing on the Flongle flow cell is also able lo determine variant
breakpoints

To reduce analysis costs, we next wanted to see if Cas9-mediated nanopore se-
quencing was also possible on the much cheaper Flongle flow cells. In this approach, we
were able to detect the exon 12 and 13 deletion in CCM1? mentioned earlier (Figure 1)
from high molecular weight DNA (Figure 6a). Additionally, we used a Flongle flow cell
to re-sequence a heterozygous deletion of exons 4 and 5 in CCM2 (Figure 6b) from me-
dium-sized DNA typical used for routine diagnostics after size selection with the Short
Read Eliminator Kit. As both variants were located intragenic and the deleted exons were
previously identified, a dual-cut approach with two flanking crRNAs was used. We also
tested if a single-cut approach in conjunction with Flongle sequencing was possible.
Although we were able to detect the deletion in CCM1 described in Figure 2, just one
read covered the target region (Figure 51).

Consequently, Cas9-mediated Flongle sequencing can be used to characterize CNVs
in CCM, but a dual-cut approach is recommended for intragenic variants. Therefore,
breakpoint mapping of variants by nanopore sequencing on a Flongle flow cell as a sec-
ond-line approach is the most cost-effective way to enable PCR-based assays for familial
analyses.
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232
233 Figure 6. Sequencing on Flongle flow cells detected wvariant breakpoints in a shallow
234 Cas9-medisted long-read approach. (&b Sequencing data from two dual-cut excision approaches
235 sequenced on a Flongle flow cell. (a) Detection of the two-exon deletion (red star) of exons 12 and
236 13 in CCMI (Figure 1) with a sequendng coverage of 6x. (b} Re-sequencing of a heterozygous
237 two-exon deletion (red star) of exons 3 and 4 in CCM2 with a Flongle flow cell yielded a sequendng
238 coverage of 4x. No wild-type reads were generated. Read data was visualized in IGV [15]. The
239 Locus Reference Genomic (LEG) transcripts are shown (a,b).
240 3. Discussion
241 In this study, we demonstrate that the implementation of Cas9-mediated long-read
242 sequencing can significantly improve the sensitivity and accuracy of molecular genetic
243 diagnostics for CCM patients when used as a complementary analytical approach. It al-
244 lows not only fine mapping of CNV breakpoints, but also detection of complex germline
245 5Vs that can be easily missed by targeted NGS approaches.
246 Large deletions have been reported for all three CCM genes [2,16-24]. Their size
247 ranges from a few hundred kilcbases to 1.9 megabases [16,22,23]. However, the actual
248 size of CNVs in CCM1, CCM2, or CCM3 is often unknown because the identification
249 methods do not allow accurate mapping of the breakpoints [16,18,23,25]. Indeed, we
250 show here that the deletion of the first six exons of CCM? was much larger than initially
251 thought and also induded parts of the neighboring ANKIEI gene. Other studies also
252 identified CCM2 gene deletions with a breakpoint in ANKIET [22]. Variants involving
253 neighboring genes are also known for CCM?2 [4,17,25] and CCM3 [20].
254 In molecular diagnostics, a variety of wet lab assays can be used to sereen for CNVs.
255 The MLPA technique, for example, is widely used to detect large deletions and duplica-
256 Hons in many well-known disease genes. The resoluton depends on the design of the
257 MLPA probes and non-coding exons might not be completely covered. Microarray-based
258 high-density comparative genomic hybridization (aCGH) offers high-throughput anal-
259 yses with a minimum resolution of 500 bp [26]. However, aCGH requires special
260 equipment and is limited in detecting small duplications [27]. Bicinformatic advances
261 have also made it possible to detect CNVs from high-throughput short-read panel se-
262 quencing data, allowing parallel detecion of SNVs, indels, and CNVs with exon-level
263 resolution [3,28]. Nevertheless, all techniques have disadvantages regarding targeted
264 analyses for a familial CNV. Short-read panel sequencing is rarely used to detect known
265 familial CNVs due to its rather high costs. However, even MLPA analysis can become
266 time-consuming and expensive if parallel analyses of multiple samples are impossible
267 [28]. Espedially in large CCM families, several relatives often need to be screened for the
268 familial CNV at different timne points [29]. For example, in one family described here
269 (Figure 2), nine members were sequentally tested for the identified CCM1 deleton by
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MLPA. The use of less expensive and simpler assays such as allele-specific PCR [or var-
iant confirmation is therefore highly desirable. ITowever, the exact breakpoints of a CNV
must be known to establish these assays. Long-read sequencing is a very good option for
this purpose. Since it would be performed only once in the index patient to map the exact
hreakpoints of a CNV, long-read sequencing would also be a cost-efficient option: Sub-
sequenl analyses could be done wilh inexpensive PCK. For prediclive analyses, this can
reduce lhe hands-on-lime to a few hours, while keeping reagenl cosls very low. Moreo-
ver, the MIinION platform can be used in anv lab and has low initial investment costs [30].
Furthermore, we here demonstrate that mapping of CNV breakpoints with a Flongle
flow cell is an option to further reduce the costs to less than $100 per flow cell and sam-
ple.

Breakpoint mapping by long-read sequencing nol enly enables Lhe development of
efficient PCR-based assays for familial analyses but can also provide insight into the
origin of CNVs. Mechanisms leading to CNV fermation often involve the recombination
of hemologous DNA sequences. Alu-repeats, for example, belong te the short inter-
spersed nuclear elements (SINES) that largely facilitate structural variation in the ge-
nome. They are characterized as repetitive regions about 300 bp in size and contribute to
almosl 11 % of the human genome [31]. Because ol their high homology, Alu-repeats are
responsible for genomic instability. Following a double-strand break, non-allelic ho-
mologous recombination mediated by Alu-repeats can lead to deletions, duplications,
and complex SVs [31]. Ahr-mediated CNVs and 5Vs have been found in varions disor-
ders, like chronic granulomatons disease [32], limb-girdle musanlar dystrophy 5 |33, and
glaucema [34]. In CCM, Alu-repeat recombinalion is also a known disease mechanism.
Liquori and colleagues discovered a founder multation resulting from recombination in
CCM2 between an AluSx- and an AluSg-repeat region which led to the deletion of exons
2 to 10 [4]. In our second familial casc, breakpoint mapping with long-read sequencing
also revealed Alu-mediated recombination as a possible cimise of the identified deletion
(Figure 3). Variant breakpuoints were located in an AluSq2- and an AluSg-repeat, respec-
tively.

Beyond accurate characterization of variant breakpoints, the utility of long-read
sequencing as a complementary analysis to gene pancel sequencing is alse demonstrated
by its ability to detect more complex SVs that are usually not captured by targeted
short-read sequencing approaches |33]. Inversions or translocations, for example, might
easily be missed when breakpoints are not located in coding regions. Unfortunately,
short-read WGS, which has higher sensitivity for complex 5Vs, is not yet an option for
routine diagnosis of monogenic diseases with well-established risk genes due to high
investment costs and bicinformatics requirements. Targeted long-read scquencing, on
the other hand, is relatively easy to implement and can confidently close the diagnostic
gap for 5Vs [36]. Consistent with the experience of other groups in resolving complex
structural rearrangements, our targeted long-read sequencing assay easily detected an
interchromosomal insertion and a copy number-neutral inversion in the CCM2 gene that
had previously been identified in short-read approaches and elaborately validated [8,9].
Despite continuous advances in scquencing chemistry and computational compensation
[37-39], however, nanopore sequencing is not vet suitable as a stand-alone diagnostic
approach. In particular, the relatively high error rate of nanopore sequencing and the risk
of missing whole gene deletions in Cas9-mediated targeted long-read sequencing cur-
rently limit its diagnostic power. While short-read panel sequencing remains the most
cost-cffective method for detecting SNVs, indels, and CNVs as a first-line approach,
complementary nanopore sequencing can reduce costs and tarnaround time for patho-
genic familial CNVs and may also be used as second-line approach to screen for complex
SVs.

Thus, we demonstrate that the implementation of long-read sequencing can be a
great benefit to CCM diagnostics. Our experience also suggests that this approach can
very casily be transferred to other diagnostic questions.
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324
325
326 4. Materials and Methods
327 4.1. Nanopore sequencing
328 All sludy parlicipants gave writlen informed consent [or genelic analyses.
329 High-molecular-weight genomic DNA was isolated from fresh blood or frozen blood
330 samples using the Monarch HMW DNA Extraction Kit (New England BioLabs, Ipswich,
331 MA, USA}. The NucleoSpin Blood L Kit (Macherey-Nagel, Ditren, Germany) was used to
332 isolate medium-sized DNA fragments that are typically nsed in routine diagnostics. To
333 eliminale shorl teads the Short Read Eliminator Kit (Circulomics, Ballimore, MD, USA)
334 was used. Il necessary, additional purilicalion of genomic DNA samples was performed
335 by magnetic bead clean-up with AMPure XP beads (Beckman Coulter, Brea, CA, USA).
336 Target selection was performed either with the Cas9 Sequencing Kit (SQK-CS9109,
337 Oxford Nanopore Technologies) or the Ligation sequencing Kit (SQK-C59109, Oxford
338 Nanopore Technelogies) in combination with the following additional components:
339 dATP Selulion, NEBNext Quick Ligalion Module, Quick CIP, Tag DNA Polymerase
310 {New England BicLabs) and IDTE pt1 8.0 (Integrated DNA Technelogies, Coralville, LA,
341 USA}. For Cas9 cleavage, Alt-R S.p. Cas9 Nuclease V3 (Integrated DNA Technologies),
342 Alt-R CRISPR-Cas9 tractRNA (Integrated DNA Technologies), and Alt-R CRISPR-Cas9
343 (rRNAs (Integrated DNA lTechnologies; Table S1) were nsed. Briefly, for targeted
344 sequencing of a known varianl, up 1o 5pg of genomic DNA was used for
315 dephosphorylation. DNA was then cleaved by RNP complexes with crRNAs localed
346 directly up- or downstream of the variant. After polv-A-tailing and AMPure XP bead
347 purification, sequencing adapters were ligated, and sequencing was started.
348 Long-read-sequencing was performed on a MinlON  device (Oxford Nanopore
349 Technologies, Oxford, United Kingdom) equipped with R9.4.1 flow cells (Oxford
350 Nanopore Technologies).
351 For combined sequencing of CCMI, CCM2Z, and CCM3, up to 15 pg of genomic DNA
352 were divided and dephosphorylated in three separate tubes. The tubes were treated with
353 RNP complexes originating from one of three aRNA-pools (Table 51). After
354 poly-A-tailing, the three tubes were mixed and AMPure X bead purification, adapter
355 ligation, and sequencing were performed as usual. Targel seleclion for Cas9-medialed
356 nanopore sequencing on Flongle flow cells (Oxford Nanopore Technologies) was per-
357 formed with the Cas9 sequencing kit as mentioned above. Loading of the Flongle flow
358 cell was done with the Flongle Flow Cell Priming Kit (EXP-FSEQ01, Oxford Nanoporce
359 Technologics) and according to the “Loading the Flongle flow cell” section of the
3600 SOQK-1L5K109 sequencing protocol.
361 Live basecalling was performed wilh the MinKNOW {Oxford Nanopore Technolo-
362 gies) software. FASTO files were combined with cygwin4 and alignment to the GRCh37
363 reference genome was carried out with the MinKNOW software utilizing the Guppy
364 toolkit. Index files were generated with igvtools and sequencing data was visualized and
365 evalnated in IGV 2.13.0|15].
366 4.2, Multiplex ligation-dependent probe amplification, PCR, and Sanger sequencing
367 For copy number variation analysis by MLPA, the kits P130-A3 and P131-B1 con-
368 taining probes for CCM1, CCM2, and CCM3 were used according to the manufacturer’s
e instrictions (MRC-Holland, Amsterdam, The Netherlands). Fragment analysis was por-
a70 formed on a SeqShadio Genetic Analyzer (Applicd Biosystems, Waltham, MA, USA) or
371 an ABI 310 Genetic Analyzer (Applied Biosystems), and the data was analvzed with the
372 SeqPilot software (v5.1.0, JSI Medical Systems, Ettenheim, Germany). Visualization was
373 performed with the GraphPad Prism software {v.8.0.1, San Diego, CA, USA).
374 For breakpoint confirmation, variant-specific primers (Integrated DNA Technolo-
375 gies) were designed, and PCR reactions were carried ont with the Taq [N A-Polymerase
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(Thermo Fisher Scientific, Waltham, MA, USA). To amplify GC-rich regions the OneTaq
DNA Polymerase (New England BicLabs} or the GC-RICH PCR-System (Roche, Basel,
Switzerland) was used with GC-Rich Buffer. PCR products were evaluated on a 1.5 %
agarose gel imaged on a ChemiDoc XRS+ system (BioRad, Hercules, CA, USA}. Bands
were cut from the gel and extracted with the Zymoclean Gel DNA Recovery Kit (Zymo
Research, Irvine, CA, USA). The sequencing reaction was done with the BigDye Termi-
nator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific). After cleanup, the samples
were sequenced on a SeqStudio Genetic Analyzer. Sequencing data were evaluated with
SnapGene Viewer (Dotmaticsm, Boston, MA, USA)}.

4.3. Mumina sequencing

Hybridization capture-based target enrichment of genomic DNA samples for CCM1,
CCM2, and CCM3 was performed using an Agilent SureSelect?T custom enrichment kit
(Panel ID: 3152261, Agilent Technologies, Santa Clara, USA). Illumina sequencing was
petformed on an Nlumina MiSeq platform with 2x150 cycles (Illumina, San Diego, USA).
Basecalling and alignment to the GRCh37 reference genome were performed with the
MiSeq Reporter Software v.2.6.2. Data was visualized with IGV 2.13.0 [15].

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/sl, Table S1: Sequencing reactions for SV screening in CCM and used crR-
NAs, Table S2: PCR primers for breakpoint confirmation and familial analyses, Figure S1: Se-
quencing of the familial CCMT exon 2 — 6 deletion (Figure 2) on a Flongle flow cell was able to
identify the variant breakpoints. The variant was covered by one sequencing read. A single-cut
approach was used. Read data was visualized in IGV [15].
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Supplementary Material

Table 81. Sequencing reactons for 5V screening in CCM and ctRNAs,

Reartion  Gene  No. e ctRNA sedquence Used in targeted sequencing
CCOMZ 24kb inversion
1 CDCasY RFSHSS1AA | ATTCTCGGTGTAGTGGTCAA Figuure &)
con -
IV | CDCasoKHSKsd04AA | GGTTAGACAATAATCTTGAT COMI eon 12-13 deletion
(Figure &a)
1 CDCasd CLYJ%92.AD | GTGCCCCTAACCAATCACTT
1 —
comp | | cDcasvNZNEz2AC | GGTGGGATAATCAACTACTA CCW;?;’T:‘KTSM‘
V | ODCaswIRHZEARAQ | TTGCAGGTCGACTCCCATGT COMZ econ d-5 deletion
(Figure &b)
coms | m | cocasoveMssziap | TorascTeeeacascToocc
comt |1 Hs.Casd KRITLLAA ACCAGTTAGATAGTGACCAC | COMEexon 1218 deletion
(Figure o)
I | CDCastGVVHRNATF | TCGTATGAGGCAGGTACCAT
conz -
VI | CDCass]XFDSB52AA | GCAAGGCCATGTTCAACCAG COMZ exond -5 deletion
2 ([Figtre 61)
1 D Cas9 SFRXS440AF | TCCAATATTCCAGAGCCACT
comz | v CD.Cast BVPB2FITAL | CCACCTCGTCCTCAATTAGE
VI | CDCastMRWCDIAA | AATGCTATAAACGACCAAGG
|
comt | T | CD.Caso.XDPHMESSAA | TGACTAATCTGGATCCTCAA
IV | CD.CastVIFGI96.4A | TGGGTTGAAACGTTTGGCAA
I | CDCas9HWXB249.AB | TAACTCTGTTCTATTGCTAC
. CCM2 CCM3 exon 6 — 11 deletion
V1 He.Casd.CCM2.1.AB GRICAGTTAACGTCCATACE | | (Figure SpCCMR
ittet chromosam al insertion
(Figtate 5)
i CD.Cas0 JTY]9047 AL ATAAGTACTCCGUTCTTTGA
COME
IV | HsCas9PDCDIBAAA | CACGGAGTCCCTTCTTCOGTA

For tat geted sequencing of the fatmilial CCM1 exon 2 - 6 deletion (Figure 2), a ot RNA not itcluded in the COM patiel was used:

Hs.Cas9. KRIT1.1AC (GGAGCTCCTAGACCAAAGTA).

Table 52. PCR primers for breakpoint confirmation and familial analyses.

Gene Variant Forward Primer (5-37 Reverse Frimer (5°-37%
cci Exon (fi;i ‘i‘;le“““ GOTTAATGOCTGGAGAGGCT GUATGGACAAACATTACCATACT
comt E"m‘(;;f::‘;l}e““ TGCCTTCTGTGGGCAGGTAA AAACAACCTTGCAACAGGGTC
comz Exen ;i;ied;}le“m TGGCTTAGAAGGCTGGGTTG GCCTGGOTTGCTGACCTTTC
CCM1
b =-—a—a ANKIB1

Figure 1. Sequencing of the familial CCMI exon 2 - 6 deletion {Figure 2) on a Flongle flow cell was able to
identify the variant breakpoints. The variant was covered by one sequencng read. A single-cut approach was
used. Read data was visnalized in IGV [25). The Locus Reference Genomic (LRG) franscript (CCAT) and RefSeq
transcript (ANKIE1) are shown.
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