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ZUSAMMENFASSUNG

Fanconi Anamie (FA) gehort zu den seltenen Chromsomeninstabilitdts-Syndromen.
Ursachlich fur die Erkrankung sind biallelische Mutationen mit autosomal rezessiver
Vererbung in einem der bisher bekannten 21 Genen (FANCA, -B, -C, -D1, -D2, -E, -F, -G,
-, -J, -L, -M, -N, -O, -P, -Q, -R, -S, -T, -U und —V). Eine Ausnahme stellen FANCB und
FANCS dar, die X-chromosomal rezessiv bzw. mit einem dominant negativen Effekt
vererbt werden. Die Genprodukte sind als Teil des FA/BRCA-DNA-Reparatur Netzwerks
bei der Beseitigung von DNA-Interstrang-Quervernetzungen (ICL) involviert. ICLs flihren
zu einer Stagnation der Replikationsgabel und blockieren somit wichtige zellulare
Prozesse wie Replikation und Transkription, sodass eine Aufrechterhaltung der

Genomestabilitat nicht mehr gewahrleistet ist.

FA ist gekennzeichnet durch angeborene Fehlbildungen, fortschreitendes
Knochenmarkversagen und eine erhdhte Pradisposition gegeniber Krebserkrankungen.
Die Diagnose basiert auf phanotypischen Auffalligkeiten und wird auf zellularer Ebene
durch die Hypersensititvdt gegeniuber DNA-quervernetzenden Substanzen wie
Mitomycin C (MMC) bestatigt. Da nicht jeder Patient einer bisher bekannten
Komplementationsgruppe zugeordnet werden kann und herkdmmliche molekulare
Diagnostikverfahren mit der steigenden Anzahl an FA-Genen mihsam, zeitaufwandig und
teuer geworden sind, war es notig, neue molekulare Verfahren wie
Whole Exome Sequencing (WES) zu etablieren. Im Rahmen dieser Arbeit wurde das
Potential dieser Methode im Bezug auf die FA-Genotypisierung erforscht. Bei der Suche
nach einer optimalen Anwendung des WES, untersuchten wir verschiedene
Anreicherungs- und Sequenziertechniken. Dennoch fiihren Fehler in den Datenbanken
sowie Pseudogene zu falschen Dateninterpretationen und —darstellungen und stellen
somit eine Herausforderung dar. Trotzdem zeigen unserer Daten, dass WES eine
wertvolle Methode in der Molekulardiagnostik von FA ist. Dies bestatigte sich durch die
Zuordnung mehrerer, vorher unklassifizierter FA-Patienten zu den bekannten
Komplementationsgruppen und der Ergénzung eines siebten Patienten zum Subtyp FA-P,

im Rahmen von zwei Next Generation Sequencing (NGS) Publikationen.

AuRerdem wurden mit Hilfe von WES zwei neue FA-Gene (FANCQ und FANCW) im
Rahmen dieser Arbeit gefunden, wobei XPF (FANCQ) das erste Gen Uberhaupt war,
welches anhand von NGS detektiert wurde. ERCCA4/XPF ist eine strukturspezifische
Endonuklease, die durch ein Gen kodiert wird, welches bereits vorher mit den Krankheiten
Xeroderma Pigmentosum (XP) und dem segmentalen XFE progeroid Syndrom in

Verbindung gebracht wurde. Unsere Daten zeigen, dass abhangig von der Mutation in



XPF, Patienten eine der drei unterschiedlichen Funktionsstérungen aufweisen. Dies hebt
die multifunktionale Stellung der XPF Endonuklease im Rahmen der Genomstabilitat und
von humanen Erkrankungen hervor. Das zweite Gen, das wahrend dieser Arbeit entdeckt
wurde, ist die WD40-Domane tragende E3 Ubiquitin Ligase RFWD3, die kirzlich mit
DNA-Reparatur und insbesondere HR verkniupft wurde. Wir konnten zeigen, dass eine
RFWD3 Mutation in der WD40-Domane bei einem FA-Patienten mit der genetischen
Erkrankung Fanconi Andmie assoziiert ist. Die HR ist in RFWD3 (FANCW) mutierten
Zellen gestort, was auf einer verminderten Relokalisation von mutiertem RFWD3 an das
Chromatin und einer defekten Interaktion mit RPA beruht. Des Weiteren weisen
Rfwd3-defiziente Mause typische Merkmale anderer FA-Mausmodelle auf, wie
verminderte Fertilitat, ovarielle und testikulare Atrophie sowie eine reduzierte

Lebenserwartung.

Insgesamt zeigt diese Arbeit, dass neue molekulare Ansatze wie NGS ein wertvolles
Hilfsmittel in der FA-Diagnostik sind um bisher unklassifizierte Patienten einer
Komplementationsgruppe zuordnen zu kénnen. Zudem konnten mit Hilfe dieser Technik
zwei neue Gene identifiziert werden. Deren Charakterisierung tragt zu einer
Vervollstandigung und weiteren Aufklarung des FA/BRCA-DNA-Reparatur-Netzwerks bei.



SUMMARY

Fanconi anemia (FA) is a rare genomic instability syndrome. Biallelic mutations are
disease causing in any one of at least 21 genes (FANCA, -B, -C, -D1, -D2, -E, -F, -G, -I,
-J, -L, -M, -N, -O, -P, -Q, -R, -S, -T, -U and -V). All are inherited in an autosomal
recessive way, except FANCB and FANCS, which are inherited in a X-chromosomal
recessive and a dominant negative way, respectively. The gene products are involved in
the FA/BRCA DNA damage response pathway to remove interstrand-crosslinks (ICL).
ICLs cause stalled replication forks and hence block crucial cellular processes like

replication and transcription resulting in decreased maintenance of genome stability.

FA is characterized by congenital malformations, progressive bone marrow failure (BMF),
and susceptibility to malignancies. Patients are diagnosed based upon phenotypical
manifestations and the diagnosis of FA is confirmed by the hypersensitivity of cells to DNA
interstrand crosslinking agents such as Mitomycin C (MMC). Since not every patient can
be assigned to a complementation group and customary molecular diagnostics has
become increasingly cumbersome, time-consuming and expensive the more FA genes
have been identified new molecular approaches like Whole Exome Sequencing (WES)
has been established. The potential of this method for FA genotyping has been
investigated in the context of this thesis. By exploring different enrichment and sequencing
techniques, we were able to identify the pathogenic mutations in each case using WES.
However, database errors and pseudogenes pose challenges to interpret data correctly.
Nevertheless our results show that WES is a valuable tool for molecular diagnosis of FA,
since we were able to assign several previously unclassified FA patients to known
complementation groups in the framework of two Next Generation Sequencing (NGS)

studies.

In addition WES revealed two new FA-genes, XPF and RFWD3. Extraordinarily, XPF
(FANCQ) is the first gene to be detected with NGS. ERCC4/XPF is a structure-specific
nuclease - encoding a gene previously connected to xeroderma pigmentosum (XP) and
segmental XFE progeroid syndrome. Depending on the type of ERCC4 mutation
individuals present with one of the three clinically distinct disorders highlighting the
multifunctional nature of the XPF endonuclease in genome stability and human disease.
The second gene identified within this thesis is the WD40-containing E3 ubiquitin ligase
RFWD3, which has been recently linked to the repair of DNA damage by Homologous
Recombination (HR). Here, we show that an RFWD3 mutation within the WD40 domain of
a patient with typical FA malformations is connected to the genetic disease Fanconi

anemia (FA). Disordered HR is the result of depleted relocation of mutant RFWD3 to



chromatin and defective physical interaction with RPA. In addition, Rfwd3 knockout mice
show ovarian and testicular atrophy, a reduced life span and pups with sub-Mendelian
birth ratios indicating embryonal-lethality. These features resemble other FA mouse

models.

In summary, this work showed that new molecular approaches like WES are valuable
tools for FA diagnosis. Additionally, this method is a useful medium to assign FA-patients
to so far unknown complementation groups. Two novel genes have been identified and
contribute to further completion of the FA/BRCA DNA repair network in the context of

genome stability.



EINLEITUNG

1 EINLEITUNG

1.1 FANCONI ANAMIE

1.1.1 ENTDECKUNG UND ERSTBESCHREIBUNG

Vor 90 Jahren diagnostizierte der Schweizer Kinderarzt Guido Fanconi erstmals die
Fanconi Anamie (FA). Er entdeckte die Krankheit bei einer Familie, in der drei von funf
Kindern bereits angeborene Fehlbildungen wie Mikrozephalie, Pigmentierungsstérungen,
Hypoplasie der Hoden, Schieleffekte und Einblutungen der Haut aufwiesen. Die drei
betroffenen Brider starben im friihen Kindesalter an einer pernizibsen Anamie, die sich
durch macrozytare Erythrozyten, verstarkter Hamolyse und einem Vitamin B, Mangel
auszeichnet. (Fanconi, 1927) Ein ahnlicher Fall wurde im Jahre 1929 von Uehlinger
beschrieben. (Uehlinger, 1929) Dadurch erkannte Fanconi, dass bei dieser Krankheit
nicht nur die Erythropoese, sondern die gesamte Hamatopoese betroffen ist. (Fanconi,
1927; Lobitz and Velleuer, 2006)

1.1.2 DER KLINISCHE UND ZELLULARE PHANOTYP

Guido Fanconi ging davon aus, dass es sich bei FA um eine erbliche Erkrankung handelt.
Dies konnte vor allem die Gruppe um Traute Schroder-Kurth 1964 weiter belegen und
zeigen, dass FA-Patienten an einer spontanen Chromosomeninstabilitdt leiden.
(Schroeder et al., 1964) In den Chromosomen der Patienten kdnnen Briiche, Licken oder
Tri- bzw. Quadriradialstrukturen, mittels DNA-quervernetzenden Substanzen wie
Mitomycin C (MMC) oder Diepoxybutan (DEB) induziert werden. Diese Veranderungen
sind nach Giemsa-Farbung im Lichtmikroskop sichtbar. (Auerbach, 2009) Den
Schweregrad der Erkrankung, vor allem in Bezug auf die Wahrscheinlichkeit einen Tumor
zu entwickeln, konnte Fanconi noch nicht anhand der Unterschiede in der

Chromosomenstabilitat korrelieren. (Fanconi, 1927)

Der vielfaltige klinische Phanotyp der FA Uberlappt haufig mit anderen Syndromen wie
Seckel, Nijmegen Breakage (NBS), Dubowitz, Holt-Oram, Thrombocytopenia-Absent
Radius Syndrome (TAR), Townes-Brocks oder Saethre-Chotzen (TWIST1 Mutation).
Deshalb kann eine eindeutige Diagnose fur FA meist erst mit dem Eintreten
hamatologischer Stdrungen gestellt werden. (Auerbach, 2009) Zwei Drittel aller
FA-Patienten haben angeborene Fehlbildungen in verschiedenen Kérperbereichen. Die

Haut kann bspw. Café-au-lait-Flecken oder Hypopigmentierung aufweisen (bei ca. 40 %
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der Patienten). Generell wird eine intrauterine und postnatale Wachstumsstérung
beobachtet, die auch im weiteren Lebensverlauf nicht vollstdndig aufgeholt werden kann
(ca. 40 % der Patienten betroffen). Des Weiteren zeigen sich bei etwa 35 % der Patienten
Skelettanomalien wie Radius- bzw. Daumen A- und Hypoplasie, Skoliose oder Spina
Bifida. Bei ca. 22 % der Betroffenen treten Horstérungen, bis hin zur Taubheit, sowie
Stérungen des Sehapparats wie bspw. Mikrophthalmie auf. Etwa die Halfte der
FA-Patientinnen ist infertil. Das trifft auch auf einen groRen Teil der FA-Patienten auf
Grund genitaler Fehlbildungen (Mikropenis, fehlende Hoden) zu. Ebenfalls sind bei ca.
20 % der FA-Patienten renale Fehlbildungen wie eine Hufeisenniere oder das Fehlen
einer bzw. beider Nieren zu beobachten. Aul3erdem sind FA-Patienten von
gastrointestinalen und kardio-pulmonalen Stérungen betroffen sowie von Auswirkungen
auf das Zentralnervensystem (ZNS), die sich haufig in einem Mikrozephalus zeigen
(<10 % der Betroffenen). Jedoch sind bis heute nur wenige Falle von geistiger
Behinderung bzw. Beeintrachtigung bekannt. 70 % aller FA-Patienten leiden zudem unter
endokrinen Stdrungen, die neben Diabetes auch einen Mangel an Wachstumshormonen
und Schilddriisenhormonen beinhalten kann. (Auerbach, 2009; Tischkowitz and Hodgson,
2003)

Wie sich aus dem Namen der Erkrankung ableiten Ilasst, ist das Leitbild von
hamatologischen Stérungen gepragt, die auch schon Guido Fanconi in seiner
Erstbeschreibung in Teilen erkannte. Das Durchschnittsalter fir das Auftreten dieser
Veranderungen im Blutbild betragt bei FA-Patienten <7 Jahre bzw. fiir eine Leukamie
11,3 Jahre und steigt mit fortschreitendem Lebensalter dramatisch an, sodass 90 % aller
40-jahrigen FA-Patienten an Knochenmarkversagen leiden. (Alter, 2014; Rosenberg et al.,
2003) Anfangs lassen sich vor allem eine Macrozytose und eine Thrombozytopenie
beobachten, welche schnell in eine Panzytopenie (bergehen kbénnen. Durch
Duplikationen und Triplikationen des langen Arms von Chromosom 1, Monosomie des
Chromosom 7 oder dem Verlust des langen Arms von Chromosom 7, entstehen haufig
eine akute myeloische Leukamie (AML) bzw. ein myelodysplastisches Syndrom (MDS),
die wiederum mit klonalen zytogenetischen Aberrationen im Knochenmark einhergehen.
(Neitzel et al.,, 2007) Chromosomale Instabilitdten sind auch eine Ursache fir die in
einigen Komplementationsgruppen auftretenden Krebserkrankungen. Haufig
manifestieren sie sich bereits im jungen Erwachsenenalter und umfassen neben dem
hamatopeotischen System auch Plattenepithelkarzinome, vor allem im Kopf- und
Nackenbereich, sowie weitere solide Tumore bspw. der Leber, WILMS Tumore oder im
Genitalbereich. (Alter, 2014; Kutler et al., 2003)
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Generell findet man diese Erkrankung in allen ethnischen Gruppen weltweit mit einer
heterozygoten Frequenz von 1:181 in der US-Bevolkerung, wobei hdhere Frequenzen von
<1:100 bei den Ashkenasim oder den Gitanos bekannt sind. (Rosenberg et al., 2011;
Tischkowitz and Hodgson, 2003) Die Pravalenz liegt zum heutigen Stand bei ca.
4-7 Betroffenen auf 1 Million Geburten, womit FA zu den seltenen genetischen

Erkrankungen gehdrt. (Callen et al., 2005; Rosenberg et al., 2011)

1.2 DIAGNOSTIK, GENOTYPISIERUNG UND THERAPIE

1.2.1 KLASSISCHE, DIAGNOSTISCHE METHODEN

Da der klinische Phanotyp eine hohe Variabilitat aufzeigt und sich dadurch FA in manchen
Fallen schwer bzw. kaum diagnostizieren lasst, macht man sich die Hypersensitivitat
gegenluber DNA-quervernetzende Substanzen wie MMC und DEB zunutze, die bei
ahnlichen Chromosomeninstabilitats-Syndromen wie NBS, Ataxia teleangiectasia (AT),
Diamond-Blackfan Anamie (DBA) oder TAR-Syndrom nicht zu finden ist. (Auerbach,
2009; Tischkowitz and Hodgson, 2003) Im Gegensatz dazu weisen FA-Zellen keine
Sensitivitdt gegendber ionisierender Strahlung oder ultraviolette (UV)-Strahlung auf, was
wiederum der Fall bei NBS oder AT ist. (Kalb et al., 2004) Dadurch kénnen auch Félle
ohne phanotypischen und hamatologischen Auffalligkeiten friih erkannt und diagnostiziert
werden. Bei der Chromosomenbruchanalyse werden aus Blut oder aus Amnionzellen
(daher eignet sich die Methode auch als Prénataldiagnostik) isolierte Lymphozyten mit
unterschiedlichen Konzentrationen von MMC oder DEB versetzt und nach einer
Aufarbeitung und Farbung im Lichtmikroskop betrachtet. Hierbei weisen Fanconi Anamie
Patienten eine deutlich erhéhte Bruchrate im Vergleich zu gesunden Menschen auf (siehe
Abbildung 1 A). Im Durchschnitt haben FA-Patienten eine Bruchrate von 0,65 Briichen pro
Zelle, gesunde Menschen hingegen eine durchschnittliche Bruchrate von Kkleiner als
0,09 pro Zelle. (Oostra et al., 2012)

Die Chromosomenbruchanalyse war lange der Goldstandard der FA-Diagnostik, wurde
jedoch durch Zellzyklusanalysen erganzt bzw. ersetzt, da diese weniger zeitaufwandig
sind und keine zytogenetischen Kenntnisse erfordern. (Kitao and Takata, 2011;
Tischkowitz and Hodgson, 2003) Erstmals wurde 1982 von Dutrillaux et al. eine
verlangerte G2-Phase bei Kurzzeitkulturen von FA-Blutlymphozyten beobachtet.
(Dutrillaux et al., 1982) Kubbies et al. konnte im Jahr 1985 diesen Versuch bestatigen und
als diagnostische Methode mittels Durchflusszytometrie etablieren. (Kubbies et al., 1985)
Auch hier werden die aus Blut isolierten Lymphozyten mit DNA-quervernetzenden

Substanzen wie MMC oder Cisplatin versetzt um Unterschiede in der Lange des
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Zellzyklus zu beobachten. FA-positive Zellen zeigen hier eine verlangerte G2/M-Phase im
Zellzyklus, weswegen hier auch von einem Zellzyklus-Arrest gesprochen wird (siehe
Abbildung 1 B). (Seyschab et al., 1995)
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Abbildung 1: Exemplarische Darstellung der klassischen diagnostischen Methoden

bei FA
A: Chromosomenbruchanalyse einer FA-Lymphozytenkultur nach DEB-Behandlung. Es sind fur FA typische

Tri- und Quadriradialfiguren sowie Briiche und Liicken erkennbar (rote Pfeile).Verdndert nach Shimamura et
al. (Shimamura, 2006) B: Zellzyklusanalyse von isolierten Blutlymphozyten eines FA-Patienten und einer
Kontrolle. Der Patient zeigt einen typischen Anstieg an Zellen und den damit verbundenen G2-Phase Arrest
nach MMC-Zugabe, wohingegen die Kontrolle keine erhéhte Anzahl an Zellen in der G2-Phase zeigt. In grau
ist eine klassische Zellzyklusverteilung kultivierter Lymphozyten mit G1-, S- und G2-Phase dargestellt. Die
erhbhte G2-Phase des FA-Patienten ist der erhdhte Peak mit weiRem Hintergrund. Veréndert nach Vaz et al.
(Vaz et al., 2010) Fur den Abdruck der Abbildung 1 B liegt die Erlaubnis der Nature Publishing Group vor.

Es gibt allerdings Limitierungen, vor allem wenn der Patient ein sog. ,somatisches
Mosaik® aufweist (10-25 % der FA-Patienten sind hiervon betroffen). Hierbei ist ein Teil
der Blutzellen rickmutiert bzw. hat eine kompensatorische ,cis* Mutation erlangt. Die
revertierten Zellen weisen keine erkennbare Mutation mehr auf und zeigen auch keinen
Zellzyklusarrest mehr. Des Weiteren ist bekannt, dass durch mitotische Rekombination
beide Mutationen auf ein Allel gelangen kénnen und somit das andere Allel wieder
funktionsfahig ist. Die Zellen besitzen in diesem Fall einen Selektionsvorteil und reagieren
weniger sensitiv auf DNA-quervernetzende Substanzen, da die DNA-Reparatur wieder
funktionstiichtig  ist.  (Tischkowitz ~and Hodgson, 2003) Auch bei der
Chromosomenbruchanalyse wird man hier eine andere Verteilung der Briiche beobachten

konnen. In diesem Fall werden fir eine eindeutige Diagnose Fibroblasten, gewonnen aus
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einer Hautstanze, untersucht. Diese Zellen unterliegen nicht dem Selektionsdruck und so

kann sich hier kein Mosaik entwickeln.

Beide Methoden lassen nur eine Klassifizierung in ,FA-positiv® oder ,FA-negativ® zu,
geben jedoch keinen genauen Aufschluss Uber die vorliegende Mutation und das
betroffene Gen bzw. erlauben keine Zuordnung in eine  bestimmte
Komplementationsgruppe. Hierfir sind molekulargenetische Analysen wie Next
Generation Sequencing (NGS), Sanger Sequenzierung oder Multiplex Ligation-dependent
Probe Amplification (MLPA)-Analyse unabdingbar, worauf im nachsten Abschnitt naher

eingegangen wird.
1.2.2 KOMPLEMENTATIONSGRUPPENBESTIMMUNG

Obwohl zu diesem Zeitpunkt noch keine FA-Komplementationsgruppe bekannt war,
wurde erstmals im Jahre 1980 eine sog. somatische Zellhybridisierung durchgefuhrt.
Dazu wurden FA-Zellen mit einer nichtverwandten Patientenzelllinie fusioniert und im
Anschluss auf die FA-typische Hypersensitivitat gegeniiber DNA-quervernetzenden
Substanzen getestet. Bleibt diese Hypersensitivitdt nach der Fusionierung bestehen,
gehodren beide Zelllinien derselben Komplementationsgruppe an. Bei unterschiedlichen
Komplementationsgruppen muss erneut eine Zellfusion durchgefihrt werden, bis der zu
Grunde liegende Defekt korrigiert ist. (Zakrzewski and Sperling, 1980) Spater wurde
dieses Verfahren durch die retrovirale Transduktion abgel6st. Darunter versteht man die
Behandlung von Patientenzellen mittels retroviralen Vektoren, die das gewtinschte Gen in
der Wildtyp(wt)-Variante enthélt. Die Zellen exprimieren das in den Vektoren enthaltene
FA-Gen. Ein anschlieBender Test auf die FA-typische Hypersensitivitdit gegenlber
DNA-Doppelstrangquervernetzenden Substanzen, wie bspw. MMC, zeigt ob diese
aufgehoben ist oder nicht. Bei einer nicht mehr vorhandenen Hypersensitivitat kann man
den Patienten der Komplementationsgruppe zuordnen, die in dem lentiviralen Konstrukt

enthalten war. (Hanenberg et al., 2002)

Seit 2012 hat sich die Methode der Hochdurchsatzsequenzierung in der
FA-Komplementationsgruppenbestimmung immer weiter durchgesetzt. Sie erlaubt neben
der Sequenzierung des gesamten Genoms (Whole Genome Sequencing, WGS) auch die
Analyse des Exoms oder bestimmter Gene, die in einem sog. Panel zusammengefasst
sind. 2005 wurde die erste Plattform von 454 Life Sciences eingefuhrt. (Margulies et al.,
2005) Mit den Jahren kamen verschiedene andere Systeme wie SOLID (Sequencing by
Oligonucleotide ligation and detection) von Applied Biosystems und die Plattform von
lllumina, die wie der Roche 454 auf der Sequencing by synthesis-Methode basiert, dazu.

Bei dieser Methode erfolgt die Sequenzierung zyklusweise. In jedem Sequenzierzyklus
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wird genau ein Nukleotid komplementér zu der Template-DNA eingebaut und die
Bestimmung der Basenabfolge findet zeitgleich mit der Strangsynthese statt. Ein Vortell
der Sequencing by synthesis-Methode ist die Mdglichkeit, eine sogenannte
paired-end-Sequenzierung durchzufiihren, die eine prazisere Analyse erlaubt. Mit einer
vorher festgelegten Readlange von 100-250 Basenpaaren (bp), werden die zu
sequenzierenden DNA-Fragmente von jeder Seite sequenziert. (Fullwood et al., 2009;
Mardis, 2008) AuRerdem wurde der Zeit- und Kostenaufwand mit den Jahren immer
geringer, um bspw. ein vollstandiges Genom zu sequenzieren. Somit ist es flr fast jeden
Wissenschaftler eine lohnenswerte Investition, Sequenzier-Daten mittels dieser Methode
bspw. Uber kommerzielle Anbieter generieren zu lassen. Daneben sind in den letzten
Jahren auch Benchtop-Gerate entwickelt worden, die einen Einsatz von NGS in der
Routinediagnostik ermdoglichen. Hierbei ist jedoch zu beachten, dass eine nicht
unerhebliche Datenmenge verarbeitet und ausgewertet werden muss. Des Weiteren
konnten mit Hilfe dieser Methode zahlreiche neue Varianten in schon bekannten Genen
detektiert oder neue krankheitsassoziierte Gene identifiziert werden, wie es im Rahmen
dieser Arbeit bei XPF und RFWD3 der Fall war. (Bogliolo et al., 2013; Majewski et al.,
2011) Auch bei der Aufklarung von seltenen, monogenen Erkrankungen wie bspw. dem
Miller-Syndrom spielt NGS, im Besonderen Whole Exome Sequencing (WES), eine
wesentliche Rolle. (Bamshad et al., 2011; Ng et al., 2010) Daneben erleichtert es die
Aufklarung der zugrunde liegenden Mutation bei Erkrankungen mit einer Vielzahl von
Kandidatengenen wie z. B. bei mentaler Retadierung oder heterogenen Erkrankungen wie
Retinitis Pigmentosum. (Bowne et al., 2011; Brett et al., 2014; Zuchner et al., 2011) Auch
im Bereich der Krebsforschung ist NGS ein wertvolles Tool, um etwaige Mutationen
aufzuklaren, die fur Familienangehdorige ebenfalls ein erhdhtes Krebsrisiko darstellen oder
um eine mogliche Chemoresistenz im Vorfeld zu untersuchen. Hierfir gibt es mittlerweile
auch sog. Krebspanels, die auf bestimmte Krebsarten abgestimmt sind. (Majewski et al.,
2011)

Dennoch ist NGS oder WES als Methode zur Komplementationsgruppenbestimmung per
se oft nicht ausreichend. Grof3en Deletionen oder Duplikationen, wie sie bspw. haufig in
FANCA zu finden sind, kénnen mit Hilfe von WES nicht detektiert werden. Hierbei ist es
hilfreich, eine MLPA durchzufuhren, die jedoch bisher kommerziell nur fur die Gene
FANCA und FANCC zu erhalten ist. (Gille et al., 2012) Eine Validierung der kausalen
Mutation sollte zudem immer mittels Sanger Sequenzierung erfolgen, da auch NGS kein
fehlerfreies System darstellt und es zu falsch positiven Ergebnissen, wie z. B. bei
Pseudogenen, kommen kann. (Ameziane et al., 2012; Knies et al., 2012) AulRerdem dient

die Sanger Sequenzierung zur Bestatigung oder dem Ausschluss einer bereits bekannten
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Mutation bei einem Angehorigen eines FA-Patienten und in der Pranataldiagnostik.

Hierflr ist es notig, die Mutation des Index-Patienten bereits vorher zu kennen.

Oft ist es hilfreich eine vorausgehende Einordnung des mutierten Gens in ,downstream®
oder ,upstream® bezlglich des FA/BRCA-Signalwegs durchzufiihren. Hierbei ntzt die
Erstellung eines FANCD2-Immunblots. Da, wie in 1.3.3 beschrieben, der FA-Kernkomplex
notwendig ist, um die Proteine FANCD2 und FANCI zu monoubigitinieren, fehlt diese
Monoubiquitinierung bei einer Variante in einem der Gene des Kernkomplex oder FANCI.
Nach der Erstellung eines Westernblots mit Proteinlysaten, die aus MMC-behandelten
Zellen generiert werden, fehlt die zweite Bande nach der Detektion mit einem
FANCD2-Antikdrper. Die nicht-ubiquitinierte Form von FANCD2 hat eine Grol3e von
155 kDa - wohingegen die monoubiquitnierte Form um 7 kDa gréRer ist. (Garcia-Higuera
et al., 2001) Liegt ein Defekt im FANCD2 Protein vor, so ist kein bzw. nur ein sehr
schwaches FANCD2 Protein im Westernblot nachweisbar. Bei einer Mutation in den
downstream vom ID-Komplex gelegenen Genen, zeigen sich im Westernblot sowohl die
nicht-ubiquitinierte als auch die monoubiquitinierte zweite Bande von FANCD2. Hierbei ist
keine Unterscheidung zwischen einem gesunden Menschen und einem sog.
,downstream“ Patienten mdglich. (Shimamura et al., 2002) Vor allem bei méglichen
,downstream® Patienten lohnt es sich, im Anschluss RAD51-Foci zu untersuchen, da
RAD51 als einer der Hauptfaktoren in der Koordination der homologen
Rekombinationsreparatur (HRR) und seit 2015 auch als FA-Protein bekannt ist.
(Ameziane et al., 2015; Wang et al., 2015). Hierbei werden die von RAD51 bei der HR
gebildeten Nukleofilamente durch indirektes Anfarben mit einem Fluoreszenzantikorper
sichtbar gemacht. Subtypen wie FANCD1, FANCN oder natirlich FANCR zeigen eine
stark verminderte Anzahl (<10 % Foci-positive Zellen) an RAD51 Foci-positiven Zellen.
(Ameziane et al., 2015; Godthelp et al., 2006; Reid et al., 2007; Wang et al., 2015) Als
Foci-positiv bezeichnet man Zellen mit mehr als 10 sichtbaren Foci pro Zelle. Damit lasst

sich anhand dieser Analyse ein Ausschluss bzw. eine Beteiligung an der HRR feststellen.

Gerade bei Erkrankungen wie FA, die keine Genotyp-Phanotyp Korrelation aufweisen,
haben die letzten Jahre gezeigt, dass NGS im Zusammenspiel mit den beschriebenen
Methoden die Suche nach einer ursachlichen Mutation bei bisher nicht zugeordneten

Patienten erleichtert.

1.2.3 THERAPIEANSATZE

Da FA variabel im Phanotyp als auch im Genotyp ist, muss fiir jeden Patienten eine
individuelle TherapiemalRnahme ergriffen werden. Trotzdem gibt es bis heute keine

vollstéandige Heilung und die Therapie ist somit lediglich symptomatisch.
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Des Weiteren muss zwischen der hamatologischen Seite der Erkrankung und der

Krebserkrankung im Zusammenhang mit FA differenziert werden.

Bei beginnenden Auffalligkeiten im Blutbild kann eine Androgentherapie oder
Bluttransfusion anfangs ein Fortschreiten der Erkrankung verlangsamen. Androgene, wie
Oxymetholon, werden haufig verabreicht, da sie die Produktion von Erythropoetin und
somit die Bildung roter Blutkérperchen steigern. Bei einem Therapieansprechen wird die
Dosis Uber einen Zeitraum von drei Monaten langsam erhdht, um Nebenwirkungen wie
eine Verschlechterung der Leberwerte bis hin zu Leberkrebs, Verméannlichung oder Akne

zu vermeiden. (Tischkowitz and Hodgson, 2003)

Bei Knochenmarkversagen ist die Stammzelltransplantation von einem geeigneten
Spender die einzige Therapiemdglichkeit. Idealerweise stimmen 10 von 10 HLA (human
leukocyte antigen)-Marker Uberein. Dies wurde bereits 1989 von Eliane Gluckman mittels
einer Stammzelltransplantation aus Nabelschnurblut bei einem FA-Patienten erfolgreich
durchgefuhrt. (Gluckman et al., 1989) Hierbei ist jedoch zu beachten, dass durch die
Hypersensitivitdt von FA-Zellen gegeniber Chemotherapeutika bzw. ionisierender
Strahlung, eine Vorbereitung nach klassischen Regimen kontraindiziert ist. Fludarabin hat
sich hier als ein geeignetes Mittel erwiesen, um ein mdogliches Abstol3en der neuen
Stammzellen zu vermeiden bzw. zu vermindern. (Alter BP, 1993-2015; Houghtaling et al.,
2003) Dennoch kann nicht jeder FA-Patient mittels einer Stammzelltransplantation
therapiert werden. Oft gibt es keinen geeigneten (Fremd)Spender und die Generierung
eines gesunden Geschwisterkinds, mittels Praimplantationsdiagnostik und in vitro
Fertilisation ist ethisch umstritten und die Erfolgsquote auf Grund des mendelschen
Vererbungswegs niedrig (<5 %). (Trujillo and Surralles, 2015) Deshalb richtete sich der
Fokus in den letzten Jahren immer wieder auf die Gentherapie. Die anfanglichen
Probleme bestanden vor allem in einer Ineffizienz bei der Transduktion mittels retroviralen
Vektoren und der Schwierigkeit ausreichend Vorlauferzellen aus dem FA-Patienten zu
gewinnen. Kirzlich konnte jedoch ein Fortschritt mit Hilfe von lentiviralen Vektoren erzielt
werden. Auf3erdem ist es moglich, eine Gentherapie Uber Autotransplantation von
korrigierten FA Hautfibroblasten durchzufuhren. Hierbei werden aus Hautfibroblasten
gesunde Vorlauferzellen hergestellt, die im Anschluss reprogrammiert werden und sich
dann als sog. induzierte pluripotente Stammzelle (IPS) weiter differenzieren und dann
einen Pool aus korrigierten hé&matopoetischen Zellen liefert. Die Korrektur des
fehlerhaften Gens, kann auch hier durch verschiedene Methoden stattfinden: Neben der
bereits erwahnten ungerichteten Gentherapie mittels lentiviralen Vektoren, kann diese
zielgerichtet mit Hilfe von genetischer Rekombination und eines adenoviralen

Helfervektors oder dem CRISPR/Cas9 Endonuklease System erfolgen. (Bogliolo and
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Surrallés, 2015) Dennoch sind hier noch weitere klinische Studien nétig, um diese

Methoden in der Routine zu etablieren.

Entwickelt ein FA-Patient einen soliden Tumor, so ist auf Grund der bereits erwdhnten
Sensitivitdt der Zellen gegeniber Chemotherapeutika und ionisierenden Strahlen, die
Operation das Mittel der Wahl. (Tischkowitz and Hodgson, 2003)

1.3 GENETISCHER UND MOLEKULARER HINTERGRUND

1.3.1 DI FA-GENE

Entgegen Fanconis Annahme hat sich gezeigt, dass es sich bei FA um eine autosomal
rezessive Erkrankung handelt. Ausnahmen stellen die Komplementationsgruppen FA-B,
deren Genlocus sich auf dem X-Chromosom befindet und FA-R, dem ein dominant
negativer Effekt zu Grunde liegt, dar. (Ameziane et al., 2015; Meetei et al., 2004; Wang et
al., 2015)

Bis heute sind 21 FA-Gene bekannt (siehe Tabelle 1), die alle im FA/BRCA-Signalweg
verwurzelt sind. Hierzu zahlen FANCA, -B, -C, -D1 (BRCA2), -D2, -E, -F, -G, -I, -J
(BRIP1), -L, -M, -N (PALB2), -O (RAD51C), -P (SLX4), -Q (XPF/ERCC4), -R (RAD51), -S
(BRCA1), -T (UBE2T), —U (XRCC2) und -V (REV7). Im Rahmen dieser Arbeit konnte
neben XPF, auch ein bisher nicht mit dem FA/BRCA-Sighalweg assoziiertes Gen,
RFWD3, als FA-Gen identifiziert und charakterisiert werden, welches wir mit dem Alias
FANCW betiteln werden (siehe 3.2.2.). Trotz des variablen Phanotyps sind fir die
Krankheit nur eine homozygote bzw. zwei heterozygote Veranderungen in einem dieser

Gene ausreichend. (Lobitz and Velleuer, 2006)

Sieben der 21 Gene sind auch als Préadispositionsgene fir familiaren Brust- und/oder
Eierstockkrebs bekannt. Hierzu zahlen FANCD1, FANCM, FANCN, FANCJ, FANCO,
FANCS und FANCU. Der Unterschied zu Fanconi Anamie ist, dass bereits eine Mutation
in monoallelischer Form ausreicht, um ein erhdhtes Risiko fur die o.g. Krebsarten zu
tragen. Mit der Ausnahme von FANCM, sind die mit familidren Brust- und Eierstockkrebs
assoziierten Gene alle an die homologe Rekombination (HR) gekoppelt (siehe 1.3.2.4 B).
(Bogliolo and Surrallés, 2015; Mamrak et al., 2016)

Die Entdeckung des ersten FA-Gens, FANCC, liegt heute 24 Jahre zuriick. (Strathdee et
al., 1992a) Besonders eine Mutation in diesem Gen ist hier von Bedeutung, da sie
vermehrt in Ashkenasim zu finden ist (c.345+4 A>T) und als sog. Founder Mutation gilt.
1996 wurde FANCA entdeckt, welches eines der grof3ten FA-Gene ist und dem die
meisten FA-Patienten zugeordnet werden konnen. (Apostolou S et al., 1996) Das

Mutationsspektrum in FANCA ist auf3ert heterogen. Neben Punktmutationen sind kleine
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Duplikationen und Deletionen grofRerer Bereiche bekannt. (Tischkowitz and Hodgson,
2003) FANCM nimmt eine Sonderstellung in der Reihe der FA-Gene ein. Der zuvor der
Komplementationsgruppe FA-M zugewiesene Patient wies auch biallelische Mutationen in
FANCA auf. Nach einer Komplementation mit wildtypischen FANCA konnte zudem die
zuvor fehlende Expression der monoubiquitinierten FANCD2-Bande mittels Westernblot
detektiert werden, was nach einer Komplementation mit wildtypischen FANCM nicht der
Fall war. Im Gegensatz dazu, blieb die Hypersensitivitit gegeniber
DNA-guervernetzenden Substanzen auch nach der Komplementation mit wt-FANCM
bestehen. (Meetei et al., 2005; Singh et al., 2009) Somit ist der Patient der
Komplementationsgruppe FA-A zuzuordnen. In einer weiteren Untersuchung, konnten
finnische Forscher FANCM ebenfalls als FA-Gen ausschlieRen, nachdem sie mittels
Exome Sequenzierung eine finnische Kohorte auf loss-of-function (lof) Founder
Mutationen gescreent hatten. Dabei wiesen 7 Individuen sog. lof-Mutationen auf, ohne
FA-typische Merkmale zu haben. (Lim et al., 2014) Die in den darauffolgenden Jahren
entdeckten Gene haben mit ihrer Charakterisierung wesentlich zum Verstandnis des
FA/BRCA-Signalwegs und der damit verbundenen Entstehung von Fanconi Andmie
beigetragen. Seit 2013 konnten mit Hilfe neuer Techniken - wie bspw. NGS - sechs neue
Gene gefunden werden. (Bluteau et al., 2016; Bogliolo and Surrallés, 2015; Park et al.,
2016; Shamseldin et al., 2012) So wurden auch im Rahmen dieser Arbeit mit dieser
Methode zwei neue Gene identifiziert und charakterisiert (XPF und RFWD3). Bei den neu
zugeordneten Genen gibt es meist nur einen bis wenige Patienten, die diesen
Komplementationsgruppen angehdren. Allerdings tragen v.a. die Entdeckungen dieser
Gene wesentlich zur Aufklarung des molekularen Mechanismus von FA bei. In den
kommenden Jahren ist damit zu rechnen, dass weitere Gene dem FA/BRCA-Signalweg
als Fanconi-Gene zugeschrieben werden kdnnen, da es immer noch viele Patienten gibt,

die bisher keiner Komplementationsgruppe zugeordnet werden kdnnen.

Eine Ubersicht der 21 bekannten FA-Komplementationsgruppen, die dazugehdrenden
Gen-Aliase, deren chromosomale Lokalisation, sowie die Verteilung innerhalb der
FA-Patienten und die Methode, mit welcher das Gen entdeckt wurde, sind in Tabelle 1

zusammengefasst.
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Tabelle 1: Ubersicht liber alle bis dato bekannten FA-Gene
Neben der Komplementationsgruppe sind das dazugehdrige Gen-Alias, die chromosomale Lokalisation und
die Haufigkeit unter den FA-Patienten angegeben. Des Weiteren sind die Autoren der Erstbeschreibung
genannt und die Methode, mit welcher das Gen im Zusammenhang mit FA entdeckt wurde. Die Haufigkeit ist
aus der Fanconi Anemia Mutation Database (http://www.rockefeller.edu/fanconi/) entnommen.

Co-IP: Co-Immunoprazipitation; WES: Whole Exome Sequencing; WGS: Whole Genome Sequencing

Komplementations- Gen- o o ]
) Lokalisation | Haufigkeit | Entdeckt von | Entdeckungsmethode
gruppe Alias
(Apostolou S et Expressions-/
FA-A 16g24. % . .
6924.3 63 % al., 1996) Positionsklonierung
(Meetei et al., Massenspektrometrie/
- 0
FA-B FAAP95 Xp22.3 2% 2004) Co-IP
(Strathdee et . .
- 0,
FA-C 9g22.3 12 % al., 1992b) Expressionsklonierung
FA-D1 BRCA2 13g12.3 2% (Hov;lg(t)tz?t al. Kandidatengenscreening
(Timmers et . .
- 0,
FA-D2 3p25.3 3% al., 2001) Positionsklonierung
(Winter et al., . .
- - 0
FA-E 6p22-p21 2% 2000a) Expressionsklonierung
(Winter et al., . .
- 0
FA-F 11p14.3 2% 2000b) Expressionsklonierung
(de Winter et . .
- XR . 9
FA-G CC9 9p13.3 9% al., 1998) Expressionsklonierung
(Dorsman et Kopplungsanalyse/
al., 2007; Sims ATM und ATR
FA-I KIAA1794 | 15(g25-026 1% et al., 2007; Substratscreening/
Smogorzewska bioinformatische
et al., 2007) Homologiesuche
(Levitus et al., . .
et al., 2005) 9
(Meetei et al., Massenspektrometrie/
- FAAP4 . 9
FA-L 3 2ple.1 0,5% 2003a) Co-IP
(Meetei et al., Massenspektrometrie/
- 0,
FA-M FAAP250 14921.3 0,1% 2005) Co-IP
(Reid et al.,
FA-N PALB2 16p12.2 0,6 % 2007; Xia et Co-IP
al., 2007)
FA-O RAD51C 17q22 0,1% (szle(t))"’"" Homozygosity Mapping
SLxa/ (Kim et al.,
FA-P BTBD12 16p13.3 0,5% 2011; Stoepker | Sanger Sequenzierung
et al., 2011)
XPF/ (Bogliolo et al., WES /Sanger
- 0
FA-Q ERCC4 16p13.12 0.1% 2013) Sequenzierung
(Ameziane et
FA-R RADS51 15q15.1 01% al., 2015; WGS/WES/Sanger
' ' Wang et al., Sequenzierung
2015)
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Komplementations- Gen- o o
] Lokalisation | Haufigkeit | Entdeckt von Entdeckungsmethode
gruppe Alias
(Sawyer et al.,
- 0
FA-S BRCA1 17g21.31 0,1% 2015) WES
(Hira et al., WES, Sanger
2015; Rickman Sequenzierung, RNA
FA-T UBE2T 1g32.1 0,1% et al., 2015; Sequenzierung,
Virts et al., retrovirale
2015) Komplementation
(Park et al.,
- 0
FA-U XRCC2 7q036.1 0,1% 2016) WES
REV7/ (Bluteau et al.,
- 0,
FA-V MAD2L2 1p36.22 0,1% 2016) WES

1.3.2 DI FA-PROTEINE IN DER DNA-REPARATUR

Auf Grund von exogenen (bspw. UV-Strahlen, radioaktive Strahlung oder chemischen
Substanzen) oder endogenen Faktoren (bspw. fehlerhafte Replikation oder reaktive
Sauerstoffspezies) entstehen in unserem Genom téaglich eine Vielzahl an neuen
Mutationen. Um diese Mutationen schnellstmoglich erfolgreich zu beseitigen, existieren in
unserem Organismus verschiedene, spezifische DNA-Reparatursysteme. Sie erkennen
bestimmte Mutationen und kénnen diese beheben. Betrifft jedoch eine Mutation eines
dieser Reparatursysteme, resultiert dies meist in einer schwerwiegenden Erkrankung. Im
Folgenden soll auf verschiedene Reparaturmechanismen und die Beteiligung der

FA-Proteine an diesen Mechanismen eingegangen werden.

1.3.2.1 NUCLEOTID-EXCISIONS-REPARATUR

Die Nukleotid-Excisions-Reparatur (NER) dient vor allem der Entfernung von
DNA-Schaden, die auf Pyridindimeren oder 6,4 Photoprodukten basieren und auf Grund
von UV-Strahlen entstanden sind. Vor allem bei Patienten mit Xeroderma Pigmentosum
(XP) der Komplementationsgruppe F, ist eine genetisch bedingte, fehlerhafte NER
bekannt. (Cleaver et al., 2009) Hier liegt eine Mutation im Gen XPF/ERCC4 vor, welches
zusammen mit ERCC1 einen wichtigen Bestandteil der NER ausmacht. (Gregg et al.,
2011) Die Patienten weisen vor allem eine erhdhte Sensitivitdt gegeniber UV-Strahlung
und Pigmentierungsstérungen der Haut auf. Im Gegensatz dazu, haben FA-Patienten mit
einem Defekt in XPF keine erhthte Sensitivitdt gegeniber UV-Strahlung, jedoch
gegenliber DNA-quervernetzenden Substanzen. Es wird vermutet, dass XPF an zwei
unterschiedlichen Reparaturwegen beteiligt ist. (Bogliolo and Surrallés, 2015) Generell
detektiert das Heterotrimer XPC/hHR23B/centrin2 den DNA-Schaden und die DNA wird
durch das Heterodimer XPB und XPD entwunden. XPA und RPA halten die entwundene
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DNA in einem stabilen Zustand und rekrutieren weitere Enzyme wie den
Endonuklease-Komplex ERCC1-ERCC4 und XPG. ERCC1-ERCC4 ist verantwortlich fur
das Ausschneiden des DNA-Schadens am 5'-Ende, wohingegen XPG den Einschnitt an
der 3‘-Stelle neben dem Schaden durchfihrt. Im Anschluss werden die fehlenden Basen
mittels RFC, PCNA, Pol & neu synthetisiert und die Licke mit Hilfe der DNA-Ligase
geschlossen. (Stauffer and Chazin, 2004)

1.3.2.2 BASENFEHLPAARUNGS-REPARATUR

Bei der Basenfehlpaarungs-Reparatur sind Fanconi Proteine nur indirekt beteiligt. MSH1
und MLH1 als Bindungspartner von FANCD2, regulieren im Wesentlichen diesen
Reparaturweg. Aul3erdem ist bekannt, dass FANCJ mit dem Komplex MutLa interagiert.
In diesem hoch konservierten Reparaturweg werden Basenfehlpaarungen, wie Guanin mit
Thymin, oder kleine Insertionen und Deletionen beseitigt. Im Menschen kennt man zwei
Komplexe, die an der Erkennung und Bindung der Fehlpaarung beteiligt sind: MutSa und
MutSB. MutSa besteht aus MSH2 und MSH6 und ist vornehmlich fur die Detektion der
Fehlpaarung bzw. kleiner Insertionen/Deletionen verantwortlich. MutS@, bestehend aus
MSH2 und MSH3, erkennt und repariert hingegen Insertionen und Deletionen mit bis zu
16 Extrabasen. Nach der Detektion des Schadens rekrutieren die MutS-Komplexe MutlLa,
welcher wiederum aus MLH1 und PMS2 zusammengesetzt ist und die weiteren Schritte in
der Basenfehlpaarungs-Reparatur regelt. Hierbei wird die Fehlpaarung mit Hilfe von
Exonuklease 1 und PCNA entfernt, woraufhin die entfernten Nukleotide durch die
Polymerase & neu synthetisiert werden kdnnen. Im Anschluss wird der DNA-Strang

mittels einer Ligase wieder verschlossen. (Williams et al., 2011)

Defekte in der MMR sind mit dem Hereditaren Nicht-Polypdsen Kolonkarzinom (HNPCC;

hereditary non-polyposis colon cancer) assoziiert. (Muller and Fishel, 2002)

1.3.2.3 TRANSLASIONS-DNA-SYNTHESE

Die Translasions DNA-Synthese ist ein Reparaturmechanismus, der die Eigenschaft hat,
mittels verschiedener Polymerasen Uber chemisch modifizierte Basen bzw. abasische
Stellen in der DNA hinweg zu synthetisieren. Dabei spielt v.a. die DNA-Polymerase (,
bestehend aus den Untereinheiten REV1, REV3, REV7, POLD2 und POLD3, eine
wichtige Rolle. Sie besitzt die Funktion, Nukleotide gegeniiber geschadigter DNA, infolge
von Addukten, abasischen Stellen und DNA-Quervernetzungen, einzubauen. Damit wird
das Genom stabilisiert und die Replikation kann voranschreiten. (Sharma et al., 2013)
Diese Art der Reparatur ist jedoch fehlerbehaftet und nimmt den Einbau von falschen

Basen in Kauf, um ein Fortschreiten der Replikation zu garantieren.
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1.3.2.4 REPARATUR VON DNA-DOPPELSTRANGBRUCHEN

Hierbei wird vor allem die homologe Rekombination (HR) als Reparaturmechanismus zur
Auflésung dieser Doppelstrangbriiche (DSB) verwendet. Alternativ kann bei einem
fehlenden homologen Template die Reparatur mittels Non-homologous-end-joining
(NHEJ) erfolgen.

A: Non-homologous-end-joining (NHEJ)

Non-homologous-end-joining dient wie die HR zur Reparatur von Doppelstrangbriichen,
ist aber im Gegensatz dazu fehlerbehaftet und kann in jeder Phase des Zellzyklus
durchgefihrt werden. Dieser Mechanismus lasst sich in zwei unterschiedliche Wege
einteilen: Das klassische NHEJ (cNHEJ) und das alternative End-Joining (alt-EJ) (siehe
Abbildung 2 A und C). Beim klassischen Weg bindet das Heterodimer des KU-Komplexes,
bestehend aus KU70-KU80, an die offenen Enden des DSB um ihn zu stabilisieren und
vor einer weiteren Prozessierung zu schiitzen. Dabei wird die katalytische Untereinheit
der DNA-abhéangigen Proteinkinase (DNA-PKcs) aktiviert. (Gottlieb and Jackson, 1993) Im
Anschluss wird die DNA mit Hilfe des gebundenen MRN-Komplexes und der Exonuklease
Artemis prozessiert, um 5° oder 3‘ des Bruchs einzelstrangige DNA zu entfernen. Die
freien Enden werden mittels des DNA-Ligase-IV-XRCC4-Komplex und XLF direkt
miteinander verknipft, wobei kleine Insertionen oder Deletionen entstehen kénnen.
(Lieber et al., 2003) Das alt-EJ wurde an Hefen erforscht, die fir den KU-Komplex oder
Ligase-IV defizient sind. Es findet in kurzen Bereichen 5-25 bp von Mikrohomologien
(MMEJ, microhomology-mediated end-joining) oder wahrend der S und G2-Phase des
Zellzyklus statt. Zu diesem Zeitpunkt ist das KU-Heterodimer weniger aktiv. Somit besteht
ein geringerer Schutz fur die offenen Enden, die leichter von Exonukleasen angegriffen
werden kénnen, wodurch auch groRere Deletionen mdglich sind. Nach der Bindung des
MRN-Komplexes werden die Enden mittels der Exonuklease CtIP prozessiert und
anschlieRend durch die DNA-Ligase Il verbunden. (McVey and Lee, 2008) Das MMEJ ist
eines der wenigen DNA-Reparatursysteme, das durch Uberexpression der beteiligten
Proteine zu Krebs fuhren kann, da es ein erhéhtes Fehlerpotenzial in der Reparatur hat.
(Bernstein et al., 2013; Pettan-Brewer et al., 2012)

B: Homologe Rekombination (HR)

HR ist ein fehlerfreies Reparatursystem, welches sich in Form eines Schwesterchromatids
ein homologes DNA-Template zur Vorlage nimmt, um einen Doppelstrangbruch zu
reparieren. (Haber, 2000) HR findet jedoch nur in einer bestimmten Phase des Zellzyklus
statt: in der spaten S- und der G2-Phase. Zundchst binden die Nukleasen
MRE11/RAD50/NBS1 (XRCC1) - auch als MRN-Komplex bezeichnet - an den DSB und
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vermitteln dadurch die Aktivierung von ATM. (Williams and Tainer, 2007) Das 5'-Ende des
DSB wird durch den MRN-Komplex mit Hilfe von BRCA1 prozessiert. Dies ist durch ATM
und CtIP reguliert und wird durch EXO1 und BLM unterstitzt. (Ciccia and Elledge, 2010)
Dadurch entstehen freie 3'-Enden aus einzelstrangiger DNA (single-stranded DNA,
ssDNA). An diese bindet RPA, welches durch RAD51 wieder verdrangt wird. Dieser
Prozess ist durch BRCA2 reguliert. Im Falle von repetitiven Sequenzen, kdnnen die
geschnittenen 3‘-Enden mittels RAD52 direkt miteinander verknlpft werden. Diese
Variante nennt man single strand annealing (SSA) und neben RAD52 sind auch die
Endonukleasen XPF/ERRC1 daran beteiligt (siehe Abbildung 2 D). (Hartlerode and
Scully, 2009; Motycka et al., 2004) Durch die Polymerisation von RAD51-Proteinen bilden
sich RAD51-Nukleofilamenten an ssDNA. Sie vermitteln die Strang-Invasion, indem sie
sich an den komplementéaren Bereich des homologen DNA-Strangs anlagern. (Stauffer
and Chazin, 2004) Hierbei bildet sich eine sog. D-Loop-Struktur (displacement-structure)
aus. AnschlieBend kann der 3‘-Strang mittels DNA-Polymerasen erweitert werden, um
sich dann an das prozessierte 5-Ende anzulagern und die DNA wieder zu verschlieRen.
Diese Variante des Signalwegs bezeichnet man als SDSA (synthesis-dependent strand
annealing) und wird vor allem durch die Helikase RTEL1 begunstigt. Hierbei entstehen in
der Regel Non-Crossover-Produkte. (Barber et al., 2008) Als Alternative zum SDSA
kénnen sich aus der D-Loop Struktur doppelte Holliday Junction Strukturen (dHJs)
ausbilden. Diese konnen entweder durch den BLM/TOPOIII Komplex aufgeldst oder von
den Nukleasen GEN1, MUS81/EME1 oder SLX1/SLX4 geschnitten werden. Daraus
resultieren Non-Crossover oder Crossover-Produkte. (Ciccia and Elledge, 2010) Eine

schematische Darstellung der HR findet sich in Abbildung 2 B.
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Abbildung 2: Schematische Darstellung der Doppelstrangbruch-Reparatursysteme
A: ctNHEJ = Durch die Bindung des Ku-Komplexes und den DNA-PKcs entsteht eine aktive Proteinkinase.
Nach der Anlagerung der Exonuklease Artemis werden die Enden prozessiert und Artemis wird
phosphoryliert. Die freien Enden werden mittels des DNA-Ligase-IV-XRCC4-Komplex und XLF direkt
miteinander verknupft. B: HR =» Die initiale Resektion findet durch Bindung des MRN-Komplexes statt. Die
Prozessierung der 5°-Enden erfolgt mit Hilfe von BRCAL. Die Regulation findet mit Hilfe von CtIP und ATM
statt. BLM und EXO1 férdern die Resektion sowie die Anlagerung von RPA an die DNA. Nach Bindung von
BRCA2 kommt es zur ATR-abhéngigen Anlagerung von RAD51-Filamenten sowie zur Stranginvasion in
homologe Sequenzbereiche. Ausbildung von D-Loop-Strukturen, die direkt iber MUS81/EME1 gespalten oder
durch RTEL1 wahrend SDSA aufgelost werden. Holliday Junctions (HJ) kénnen auch dber den
BLM/TOPOIII-Komplex oder durch die Nukleasen GEN1 sowie MUS81/EME1-SLX1/SLX4 aufgeldst werden.
C: alt-NHEJ=» Beim Vorliegen kurzer, homologer Abschnitte nahe des DSBs. Bindung des MRN-Komplex und
der Exonuklease CtIP, die die Enden prozessiert. Ligation der Enden mit Hilfe von XRCC1 und LIGS.
D: SSA = Im Falle von repetitiven Sequenzen werden die geschnittenen 3‘-ssDNA-Enden mittels RAD52
direkt miteinander verknupft. Weitere beteiligte Endonukleasen sind XPF und ERRCL1.

cNHEJ: klassisches Non-homologous-end-joining; HR: homologe Rekombination; alt-NHEJ: alternatives
Non-homologous-end-joining

Verandert nach Ciccia et al. (Ciccia and Elledge, 2010). Fur den Abdruck der Abbildung liegt die Erlaubnis von
Elsevier vor.
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1.3.3 DER FA/BRCA-SIGNALWEG

Die 21, bisher bekannten, FA-Gene lassen sich in unterschiedliche Gruppen und Bereiche
des FA/BRCA-Signalwegs einordnen, abhéngig von ihrer Funktion und der Interaktion mit
anderen Genprodukten. Die Hauptfunktion des FA/BRCA-Signalwegs besteht in der
Auflésung von DNA-Interstrang-Quervernetzungen. Diese bewirken ein Anhalten der
Replikationsgabel, das im schlimmsten Fall zu einem Doppelstrangbruch fithren kann.
Somit kann eine Aufrechterhaltung des Genoms nicht mehr gewdahrleistet werden. Als
Folge von blockierten Replikationsgabeln wird der Replikations-Kontrollpunkt des
Zellzyklus durch die ATR-Kinase aktiviert. Daraufhin erfolgt die Aktivierung des
FA/BRCA-Signalwegs, wodurch der Schaden behoben werden kann.

Im Allgemeinen lasst sich die Behebung eines DNA-Schadens, der durch
DNA-quervernetzende Substanzen induziert wurde, in drei Phasen einteilen. Die erste
Phase dient der Schadenserkennung und wird bestimmt durch die Proteine des
Fanconi-Kernkomplexes. Dieser besteht aus den Proteinen FANCA, FANCB, FANCC,
FANCE, FANCF, FANCG, FANCL und FANCM. Ferner zahlen die assoziierten Proteine
FAAP20 und FAAP100, sowie MHF1, MHF2, FAAP24 und HES1 (hairy enhance of split
1) dazu. Erst vor kurzem wurde entdeckt, dass der eigentliche Kernkomplex vermutlich in
drei weitere Subkomplexe unterteilt werden kann: FANCA-FANCG-FAAP20 (AG20),
FANCB-FANCL-FAAP100 (BL100) und FANCC-FANCE-FANCF (CEF). (Huang et al.,
2014; Rajendra et al., 2014) Uber den FANCA-FANCG-FAAP20 Komplex ist noch wenig
bekannt, von FANCC-FANCE-FANCF weil3 man hingegen, dass es als Adapter-Protein
die Interaktion von FANCD2 und anderen Kernkomplexproteinen steuert und in
zweifacher Ausfuhrung an die gegenuberliegenden Seiten des BL100 Komplexes bindet.
(Swuec and Costa, 2016; Swuec et al., 2016) Von Bedeutung ist vor allem der, als
symmetrischer Heterotrimer vorkommender, Subkomplex FANCB-FANCL-FAAP100, der
als E3 Ubiquitin Ligase agiert. Diese wird nach der Detektion von stagnierten
Replikationsgabeln aktiviert. Die E3 Ubiquitin Ligase Aktivitat liegt in der PHD (plant
homeodomain)-Finger-Doméane von FANCL. FANCB und FAAP100 dienen in diesem
Homodimer aus BL100 vor allem dazu, die beiden PHD-Finger Proteine korrekt zu
positionieren, um einen Ubertrag des Ubiquitins von der E2 auf das Substrat zu

ermoglichen. (Meetei et al., 2003a; Swuec et al., 2016)

Nach der Schadensdetektion mittels des Kernkomplexes und dessen Bindung an das
Chromatin wird mit Hilfe des E2 konjugierenden Enzyms FANCT/UBE2T der sog.
ID-Komplex, bestehend aus FANCD2 und FANCI, monoubiquitiniert. (Garcia-Higuera et
al., 2001; Machida et al., 2006; Smogorzewska et al., 2007) Dies ist die zweite Phase der
DNA-Schadensbehebung. Hervorzuheben ist auch die Rolle von FANCM: Als ein
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Homolog der archealen DNA-Helikase bzw. -Nuklease HEF, hat FANCM
DNA-Helikasemotive und eine degenerierte Nuklease. FANCM bindet zusammen mit
FAAP24, MHF1 und MHF2 bevorzugt an einzelstrdngige und verzweigte DNA und
rekrutiert den restlichen Kernkomplex an das Chromatin um einen DNA-Schaden zu
erkennen und die Kaskade zur Behebung dieses Schadens in Gang zu setzen. Dieser
Vorgang ist, wie bei einigen anderen FA-Proteinen auch, mittels der Kinase ATR reguliert.
(Collis et al., 2008) Neben seiner Funktion als Ubiquitin Ligase bildet der FA-Kernkomplex
im Zusammenspiel mit BLM, RPA und der Topoisomerase llla einen weiteren, groferen

Komplex (BRAFT), welcher mit dem Bloom Syndrom assoziiert ist. (Meetei et al., 2003b)

Das monoubiquitinierte Heterodimer des ID-Komplexes bindet an das Chromatin, wo es
die vom ID-Komplex downstream gelegenen Genprodukte von FANCP (SLX4) und
-Q (XPF) rekrutiert und aktiviert. Hierbei spielen auch FAN1 und BRCAL eine Rolle. Die
struktur-spezifische Endonuklease FAN1 bindet mittels ihrer ubiquitin-binding zinc finger
(UBZ)-Doméne an geschadigte DNA, indem sie mit monoubiquitiniertem FANCD2
interagiert. (Liu et al., 2010) Trotz der wichtigen Funktion im FA/BRCA-Signalweg konnte
FAN1 bisher als kausales FA-Gen ausgeschlossen werden, da bis heute noch kein
Patient mit Mutationen in diesem Gen gefunden wurde, der den Klinischen und zellularen
FA-Phéanotyp aufweist. (Trujillo et al., 2012) Mit Hilfe von FANCP (SLX4) und —Q (XPF)
erfolgt 3 und 5° des DNA-Schadens ein Einschnitt an der DNA um den Schaden zu
entfernen. (Douwel et al., 2014; Liu et al., 2010) Daran sind neben XPF und SLX4 noch
weitere Endonukleasen (ERCC1, MUS81, EMEL, SLX1) beteiligt, die unter anderem auch
an der Auflésung von Holliday Junction Strukturen mitwirken. Vor allem SLX4 tragt hierbei
zur Organisation der spezifischen Nukleasen bei. Im Folgenden werden die
Translasionspolymerasen REV1, POL{ und REV7 aktiviert, die mittels
Translasionssynthese (TLS) den geschadigten DNA-Strang verlangern, um ein
Ausgangsprodukt fur die anschlieBende HR herzustellen. (Bogliolo and Surrallés, 2015) In
der dritten und finalen Phase der DNA-Reparatur werden die FA-Proteine FANCD1,
FANCJ, FANCN, FANCO, FANCS, FANCR und FANCU rekrutiert um gemeinsam, mittels
HR, den Schaden zu beheben. (siehe Abbildung 3) Unter den FA-Proteinen hat hierbei
FANCD1 eine entscheidende Rolle in der Regulation der HR. Es rekrutiert FANCR
(RAD51), die Hauptkomponente der homologen Rekombination (HR). Daneben wird
FANCD1 von FANCN stabilisiert und an die DNA lokalisiert. (Xia et al., 2007) Um den
Reparaturprozess wieder zu beenden und alle Komponenten in ihre ,Ausgangslage®
zuriickzubringen, ist eine Deubiquitinierung des ID-Komplexes notig. Dies erfolgt mittels
UAF1 und USP1. (Murai et al., 2011) Hierzu ist es notig, dass sich der ID-Komplex bereits
wieder von der DNA gel6st hat. (Cohn et al., 2007; Nijman et al., 2005; Smogorzewska et
al., 2007; van Twest et al., 2016)
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Abbildung 3: Schematische Darstellung des FA/BRCA-Signalweges.

Nach einem DNA-Schaden in Form einer DNA-Quervernetzung (roter Blitz innerhalb der DNA) wird der
FA/BRCA-Signalweg aktiviert. (1) Der Kernkomplex (rote und orangefarbige Proteine) bindet nach der
Erkennung des Schadens durch FANCM (gelb) an das Chromatin. Durch die E3-Ligase-Aktivitat von FANCL
wird das vom Ubiquitin-konjugierenden Enzym UBE2T/FANCT (gold-gelb) bereitgestellte Ubiquitin auf den
ID-Komplex (griin) Ubertragen. (2) Der ID-Komplex ist ebenfalls am Chromatin lokalisiert. Mit Hilfe des aktiven,
monoubiquitinierten ID-Komplexes werden weitere Proteine zur Schadensbehebung rekrutiert. (3) Die
Endonukleasen (blau) schneiden den Schaden aus der DNA (Pfeilspitzen). (4) Die Licke wird mittels
Translasions-Synthese aufgefillt (turkis). (5) Die endgultige Reparatur erfolgt durch die Komponenten der
Homologen Rekombination (violett). Alle assoziierten Proteine sind in grau dargestellt. Verandert nach
Schindler et al. (Schindler et al., 2012) Fiur den Abdruck der Abbildung liegt die Erlaubnis des Springer
Verlags vor.

1.3.4 WEITERE ZELLULARE FA-MERKMALE

Die Wesentlichen, von Guido Fanconi entdeckten, zellularen FA-Merkmale wurden bereits
in 1.1.2 beschrieben. Dennoch gibt es weitere zellulare Dysfunktionen und -regulationen,

die ebenfalls zum klinischen Phanotyp der FA beitragen.

Bei FA-Zellen kommt es zu einem Arrest in der G2/M-Phase im Zellzyklus, die man sich
auch in der Diagnostik zunutze macht (siehe 1.2.1). Der G2/M Checkpoint spielt im
Zellzyklus in der Aufrechterhaltung der Genomstabilitat eine wichtige Rolle. Wahrend
dieser gewollten Pause findet die DNA-Reparatur statt, bevor die Zellen anschlielend in
die Mitose eintreten. Da bei FA-Patienten diese DNA-Reparatur nicht stattfinden kann,
arretieren FA-Zellen in der G2/M-Phase. (Tischkowitz and Hodgson, 2003)
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Mehrere Studien haben bestétigt, dass FA-Zellen eine erhdhte Sensitivitdt gegenuber
reaktiven Sauerstoffspezies (ROS) und Aldehyden aufweisen. Die Gruppe um Joenje et
al. konnte zeigen, dass die chromosomale Bruchrate in FA-Zellen unter niedrigen
Sauerstoffbedingungen verringert ist. (Joenje et al., 1981) AuRerdem wachsen in Kultur
gehaltene FA-Fibroblasten unter hypoxischen (5 % O,) Bedingungen besser als in
atmospharischen Bedingungen (20 % O,). (Schindler and Hoehn, 1988) Viele Substanzen
- wie auch MMC - bilden ROS, woraus die Hypersensitivitat gegenlber diesen
DNA-guervernetzenden Substanzen resultieren kann. (Clarke et al., 1997) Der oxidative
Stress, dem die Zelle durch ein Ungleichgewicht zwischen der Produktion von reaktiven
Sauerstoffspezies und der antioxidativen Bekampfung ausgesetzt ist (mitochondriale
Dysfunktion), bringt vor allem hamatopoetische Stammzellen bzw. Vorlauferzellen dazu,
vorzeitig in Apoptose zu gehen. Die gestorte Hamatopoese fiuhrt letztlich zu
Knochenmarkversagen und Leukamie. (Du et al., 2008; Pagano et al., 2013; Tischkowitz
and Hodgson, 2003) Das Labor von KJ Patel konnte in mehreren Studien an FA-Mausen
nachweisen, dass neben ROS auch endogene Aldehyde in FA-Zellen erheblich zum
zellularen Phanotyp beitragen. (Garaycoechea and Patel, 2014) Nicht nur bei
Aldh2-defizienten FA-Mausen (siehe 1.4), stellt die endogene Toxizitat von Acetaldehyd
ein Problem dar, vor allem auch fiir die japanisch-asiatische Bevolkerung, von denen
40 % ein dominant-negatives Allel fur ALDH2 tragen. Sie besitzen zudem, im Falle einer
zusatzlichen Mutation in einem Fanconi Andmie Gen, ein deutlich erhdhtes Risiko schon
in jungen Jahren ein Knochenmarkversagen zu entwickeln. AuBerdem zeigen betroffene

Japaner erhdhte Raten an FA-abhangigen Geburtsdefekten. (Hira et al., 2013)

Die erhthte Apoptoserate im Vergleich zu gesunden Zellen kann ebenfalls auf dem
zugrunde liegenden DNA-Reparatur Defekt oder an einer fehlenden bzw. fehlerhaften
Interaktion mit anderen, Apoptose-assoziierten Proteinen manifestiert sein. (Cumming et
al., 2001; Pang et al., 2001) Des Weiteren besteht bei FA-Patienten haufig ein
Ungleichgewicht an pro-apoptotischen Wachstumsfaktoren, wie Interferon-y (INF-y) oder
Tumornekrosefaktor-a (TNF-a). (Du et al., 2008)

Mehrere Studien haben gezeigt, dass FA-Zellen, vor allem Lymphozyten, eine erhéhte
Rate an verkirzten Telemoren haben bzw. diese sich schneller verkirzen als in
Kontrollzellen. (Neveling et al., 2009) Damit assoziiert ist auch eine 10-fach erhthte Rate

von einer Chromosomenendfusion. (Callen and Surralles, 2004)

Generell gilt, dass letztendlich das Zusammenspiel aller zellularen Dysfunktionen zu FA
fuhrt.
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1.4 FANCONI ANAMIE MAUSMODELLE

Die Maus wird seit Jahrzehnten in der Forschung als Modellorganismus eingesetzt. Durch
ihre kurze Generationszeit, die hohe Zahl an Nachkommen und der grof3en Homologie
des Mausgenoms mit dem des Menschen, eignet sich die Maus hervorragend um in vivo
Studien verschiedenster Erkrankungen oder Therapieansatze durchzuflihren. Mittlerweile
gibt es verschiedene knockout Mause fir die einzelnen FA-Gene (siehe Tabelle 2). Im
Durchschnitt haben die bisher bekannten FA-Mausproteine eine 50-85 %
Sequenzhomologie mit den humanen Orthologen. (Dong et al., 2015) Dennoch zeigen nur
wenige FA-Mause einen, mit dem von FA-Patienten vergleichbaren, klinischen Phanotyp.
Dieser beschrankt sich vor allem auf eine tber alle Komplementationsgruppen verteilte In-
bzw. Subfertilitat mit Hypogonadismus und ovarieller Dysfunktion. Der humane, zellulare
Phanotyp spiegelt sich hingegen in embryonalen Mausfibroblasten wider. Sie zeigen
ebenfalls eine Hypersensitivitdt gegeniber DNA-quervernetzenden Substanzen, ein
verlangsamtes Zellwachstum und eine erhohte Chromosomenbruchrate. Generell kann
man beobachten, dass knockout Mause mit Defekten in den Kernkomplex Genen einen
milderen Phanotyp aufweisen, als Mause mit einem Defekt im ID-Komplex oder den
L,downstream” Genen. Des Weiteren scheint auch der genetische Hintergrund der Maus
eine Rolle zu spielen. So sind Mause mit einem C57BL/6J Hintergrund starker betroffen,
als bspw. Mause mit einem 129SV oder 129S4 Hintergrund. Man geht hier davon aus,

dass sog. ,modifier” Gene diese erhthte Penetranz auslésen. (Parmar et al., 2009)

Den schwersten Phanotyp weisen Fancdl defiziente Mause auf. Sie sind embryonal
lethal. Lediglich eine homozygote Deletion von Exon 27 ist lebensféhig, zeigt jedoch eine
spontane Chromosomeninstabilitdét und eine erhéhte MMC-Sensitivitéat im Vergleich zu
Fanca’ Mausen. Des Weiteren bilden diese Mause keine RAD51-Foci nach Bestrahlung
oder Behandlung mit DNA-quervernetzenden Substanzen aus. Auffallig ist jedoch, dass
diese Mause keine verminderte Fertilitdt aufweisen — ein Merkmal, das alle anderen

FA-Mause gemeinsam haben. (Atanassov et al., 2005; McAllister et al., 2006)

Ein weiterer Vorteil eines Mausmodells ist die Untersuchung von Doppelmutanten. Mittels
Kreuzung zweier FA-knockout Mause bekommt man eine Doppelmutante flr beide Gene.
So gibt es Doppelmutanten fiir Fanca’/Fancc”, Fancc’/Sodl”, Fancc’/p537,
Fancd2’/p53"", Fancd2”/Fancj” und Fancd2”/Aldh2". (Langevin et al., 2011; Matsuzaki
et al., 2015; Parmar et al., 2009) Vor allem Doppelmutanten mit p53-Defizienz geben
Aufschluss Uber die Entstehung von Tumoren und die Mdglichkeit, eine Strategie zu
entwickeln, um diese Tumore bei FA-Patienten in Zukunft vermeiden zu kénnen bzw.
mittels Chemotherapie erfolgreich behandeln zu kénnen. (Freie et al., 2003; Houghtaling
et al., 2005)
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Vergleichbar mit FA-Zellen, zeigen auch mouse-embryonic-fibroblasts (MEFs) eine
erhbhte Sensitivitdit gegentiber Actealdehyd und reaktiven Sauerstoffspezies.
Homozygote Doppelmutanten von Fancd2” und Aldh2™ sind nicht lebensfahig, insofern
das Muttertier Aldh2" ist. Selbst wenn das Muttertier heterozygot fiir Aldh2 ist, sterben die
Nachkommen innerhalb von 3-6 Monaten an akuter lymphatischer Leukamie (ALL).
(Langevin et al., 2011) Jedoch ist dieses Phanomen bisher nur bei Fancd2 defizienten
Mausen zu erkennen. (Noda et al.,, 2011) Dies steht im Gegensatz zu einer Studie von
Yabe et al., die japanische FA-Patienten und ihre Miutter bezlglich ihres ALDH2 Status
untersuchten. Hierbei scheint ein normales, maternales ALDH2-Allel nicht nétig zu sein,
um eine normale fetale Entwicklung zu férdern. Alle Kinder von ALDH2 defizienten
Muttern sind lebensfahig. Dennoch entwickeln alle FA-Patienten mit einer homozygot oder
heterozygot defizienten ALDH2-Mutter schon frih ein Knochenmarkversagen oder

myelodysplastisches Syndrom. (Yabe et al., 2016)

Den abweichenden Phanotyp von FA-Mausen im Vergleich zu FA-Patienten, vor allem in
Bezug auf die Entwicklung von Knochenmarkversagen und Krebsentwicklung, lasst sich
zum einen durch die verkirzte Lebensdauer einer Maus (ca. 3 Jahre) und zum anderen
mit den sterilen Bedingungen, unter denen Labortiere gehalten werden, erklaren. Sie sind
in dieser Umgebung keinen exogenen Noxen ausgesetzt, die auch im endogenen System
somit nicht zu bspw. ROS oder Acetaldehyd metabolisiert werden. Dies sollte ein Hinweis
fur FA-Patienten sein, sich — wenn mdoglich — dem Einfluss von exogenen Noxen zu
entziehen. (Bakker et al., 2013)
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Tabelle 2: Ubersicht liber die aktuellen FA-Mausmodelle.
Neben dem deletierten Gen, den phanotypischen Auffalligkeiten und den zellularen FA-Merkmalen, sind die
Publikation mit der Erstbeschreibung eines jeden Mausmodells, angegeben. Des Weiteren ist der genetische
Hintergrund des Mausstammes angegeben, auf dem der Knockout basiert.

) Zellulare Genetischer )
Gen Phanotyp . Erstbeschreibung
FA-Merkmale Hintergrund
Hypogonadismus,
verminderte Fertilitat,
Mikrozephalie, Hypersensitivitat 129/0Ola und C57BL/6
Fanca . . (Cheng et al., 2000)
Thromobzytopenie, gegenuber MMC Deletion Exon 4-7
Lymphome, Sarkome und
Eierstocktumore
. ) Hypersensitivitéat C57BL/6J
Fancb Testikulare Atrophie ) (Kato et al., 2015)
gegenuber MMC Deletion Exon 2
Hypogonadismus, o
. . Hypersensitivitat
verminderte Fertilitat,
. . . gegeniiber MMC und
Mikrophthalmie und nicht- 129/Sv und C57BL/6J
Fancc DEB, erhéhte ) (Chen et al., 1996)
mendelsche Geburtenrate, Deletion Exon 8
. Chromosomen-
Sarkome, Adenokarzinome
) bruchrate
(bei M&usen >1 Jahr)
o C57BL/6J
Embryonal lethal Hypersensitivitéat ) )
Fancdl A7In2T ) Deletion Exon 10-11 (Suzuki et al., 1997)
Fancdl Karzinome gegenliber MMC und IR
bzw. 27
Pra- und postnatale
Wachstumsstorung,
Hypogonadismus,
yp 9 B Hypersensitivitéat
verminderte Fertilitat, )
) gegeniiber MMC, 129/S4 und C57BL/6J (Houghtaling et al.,
Fancd2 Adenome und Karzinome; . )
. schwach sensitiv Deletion Exon 26/27 2003)
nicht-mendelsche
gegenuber IR
Geburtenrate und
Mikrophthalmie (bei
C57BL/6J Hintergrund)
) - ) FVB/N
Fance Verminderte Fertilitét Nicht getestet . (Fu et al., 2016)
Insertion Intron 8
Erhohte Rate an ovariellen Hypersensitivitat 129/0Ola und FVB
Fancf (Bakker et al., 2012)

Tumoren, Hypogonadismus

gegeniiber MMC,

Deletion Exon 1
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Zelluléare Genetischer .
Gen Phanotyp . Erstbeschreibung
FA-Merkmale Hintergrund
Hypogonadismus,
yp_ 9 B Hypersensitivitéat
verminderte Fertilitat, B
B gegeniiber MMC und 129/Sv und C57BL/6
Fancg Wachstumsverzégerung, ) (Yang et al., 2001)
) ) DEB, erhéhte Deletion Exon 2-9
Mikrozephalie,
. . Chromosomenbruchrate
Mikrophthalmie,
Verringertes Geburtsgewicht,
] 129/Sv und C57BL/6
embryonal lethal bei 129/Sv .
) ) 150kb groRRe Deletion )
Fancl oder C57BL/6 Hintergrund, Nicht getestet (Agoulnik et al., 2002)
. . . auf Chromosom 11
jedoch lebensfahig bei
) (umfasst Exon 4-14)
C57BL/6xFVB Hintergrund
Verkirzte Lebensdauer, Hypersensitivitéat
erhdhte Krebsrate, gegeniiber DNA- FVB und C57BL/6
Fancm ) ) (Bakker et al., 2009)
verminderte Rate an quervernetzenden Deletion Exon 2
homozygoten Weibchen Substanzen
) ) 129/0Ola und
Homozygote Tiere sind
C57BL/6N
embryonal lethal, ) )
Fancn Nicht getestet Ersatz von Exon 1 (Rantakari et al., 2010)
heterozygote ohne
o durch 3-geo
Auffalligkeiten
Homozygote Tiere sind
embryonal lethal, ) 129/5v und C57BL/6J
Fanco ) Nicht getestet . (Kuznetsov et al., 2007)
Hypomorphes Allel zeigt Deletion Exon 2/3
keine Auffalligkeiten
Mikrophthalmie, erniedrigte
Zahl an Blutplattchen und
Lymphozyten, nicht- Hypersensitivitat
mendelsche Geburtenrate, gegeniber DNA- C57BL/6N
Fancp ) ) B ) (Crossan et al., 2011)
kleiner, verminderte Fertilitat, quervernetzenden Deletion Exon 3
Entwicklungsstérung im Substanzen
Gehirn, Stérungen im
Zuckerhaushalt
Genetischer
Hypersensitivitéat Hintergrund nicht
Postnataler Minderwuchs, )
Fancq ) gegeniiber MMC und bekannt (Tian et al., 2004)
verkurzte Lebenszeit )
UV-Strahlen Deletion Exon 8
Embryonal lethal, o
) ) Hypersensitivitat C57BL/6 )
Fancr hetrerozygote Tiere zeigen . ) (Lim and Hasty, 1996)
. o gegeniber IR Deletion Exon 5
keine Auffalligkeiten
Hypersensitivitat
Embryonal lethal,
) gegeniber DNA- C57BL/6
Fancs Tumorgenese abhéngig von (Hakem et al., 1998)

Mutation

quervernetzenden

Substanzen

Deletion Exon 1-3
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Zellulare Genetischer _
Gen Phéanotyp ) Erstbeschreibung
FA-Merkmale Hintergrund
Hypersensitivitat C57BL/6
Fancu Embryonal lethal . ) (Deans et al., 2000)
gegenuber y-Strahlen Deletion Exon 3
Wachstumsverzégerung, C57BL6J/129Sv]
Fancv Infertilitat, teilweise Nicht getestet Deletion Exon 1 und 2 | (Watanabe et al., 2013)

embryonal lethal
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1.5 ZIEL DER ARBEIT

Diese Arbeit ist in zwei grof3e Abschnitte gegliedert. Im ersten Teil wird die Methode
Whole Exome Sequencing als neues diagnostisches Werkzeug im Zusammenhang mit
Fanconi Andmie etabliert. Dadurch konnen nicht Kklassifizierte Patienten einer
Komplementationsgruppe zugeordnet und gleichzeitig eine genaue Mutationsanalyse
durchgefihrt werden. Die hierflr nétigen Vorarbeiten, die sich im Wesentlichen auf die
Eingruppierung in ,Upstream® oder ,Downstream® im Sinne des FA/BRCA-Signalwegs
beziehen und mit Hilfe von FANCD2-Westernblots oder RAD51-Foci erfolgten, werden

ebenfalls in Teilen im Rahmen dieser Arbeit, geleistet.

Der zweite Bereich beinhaltet die Entdeckung und Erforschung neuer FA-Gene und deren
Zusammenhang im FA/BRCA-Netzwerk. Hierzu dient ebenfalls das WES, das mittels
nachfolgender in silico Analysen eine weitere Eingrenzung der Kandidatengene und einen
Ausschluss der bereits bekannten FA-Gene zulasst. Anhand anschliel3ender funktioneller
Studien, wurden wahrend dieser Arbeit zwei neue Fanconi Anamie Gene bestétigt, die zur
weiteren Aufklarung dieser seltenen Erkrankung beitragen. Im Vordergrund steht hier vor
allem RFWD3, das bisher nicht mit dem FA/BRCA-Netzwerk in Verbindung gebracht
wurde. Eine detaillierte Charakterisierung des Gens und der molekulare Zusammenhang
mit dem zellularen FA-Phanotyp findet mittels verschiedener RFWD3-defizienter Zelllinien
statt. Als ein weiteres in vivo Modell neben der Patientin, diente ein neu designtes

knockout Maus-Modell, das RFWD3 als neues FA-Gen zusatzlich bestatigt.
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2 MATERIAL UND METHODEN

Alle verwendeten Materialien und Methoden sind in den einzelnen Abschnitten der

enthaltenen Publikationen explizit dargestellt und erklart.

2.1 GENOTYPING OF FANCONI ANEMIA PATIENTS BY WHOLE EXOME

SEQUENCING: ADVANTAGES AND CHALLENGES

Details zu den verwendeten Materialien und den Methoden der Veréffentlichung
~Genotyping of Fanconi Anemia Patients by Whole Exome Sequencing: Advantages and
Challenges® (siehe 3.1.1) befinden sich auf den Seiten 35-40. Explizit beschrieben sind
die Durchfuhrung des WES, die Datenanalyse und Filterstrategie. Des Weiteren werden
Details zu Sanger Sequenzierung, Westernblot und ,Homozygosity Mapping“ zur

Validierung der Daten angegeben.

2.2 WHOLE EXOME SEQUENCING REVEALS NOVEL MUTATIONS IN THE

RECENTLY IDENTIFIED FANCONI ANEMIA GENE FANCP

Die detaillierten Materialien und Methoden der Veréffentlichung “Whole Exome
Sequencing reveals novel mutations in the recently identified Fanconi Anemia gene
FANCP“ (siehe 3.1.2) sind auf den Seiten 49-51 enthalten und im gesamten Text
integriert. Sie beschreiben die Analyse der WES Daten und die Mutationsvalidierung
mittels Sanger Sequenzierung auf gDNA und cDNA Ebene. Die proteinanalytischen
Methoden wie Zellfraktionierungen, Westernblot und Immunoprézipitation, sowie
Zellzyklusanalyse sind detailliert im Abschnitt 3.2.2 auf den Seiten 86-90 dargestellt.
Details zur Durchfihrung von Immunofluoreszenz Versuchen finden sich ebenfalls im
Abschnitt 3.2.2 auf Seite 88-89.

2.3 MUTATIONS IN ERCC4, ENcCODING THE DNA-REPAIR ENDONUCLEASE

XPF, CAUSE FANCONI ANEMIA

Nahere Angaben zu den verwendeten Materialien und Methoden in der Verdéffentlichung
-Mutations in ERCC4, Encoding the DNA-Repair Endonuclease XPF, Cause Fanconi
Anemia“ (siehe 3.2.1) sind in den jeweiligen Bildunterschriften der einzelnen Abbildungen
angegeben (siehe Seiten 54-57). Beschrieben sind die Sequenzanalyse nach Sanger und
die Auswertung der WES Daten, sowie Wachstumskurven in Abhangigkeit von
verschiedenen DNA-quervernetzenden Substanzen oder UV-Strahlung von den

Patientenzelllinien, den komplementierten Linien, Referenzzelllinien und MEFs. Des
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Weiteren werden Chromosomenbruchanalysen nach MMC oder DEB Schadensinduktion
naher beschrieben. Material und Methoden zur Durchfihrung der NER-Tests finden sich
unter Abbildung 3 auf Seite 56. Proteinanalytische Methoden zur Validierung der
Nuklease-Aktivitat finden sich unter der Abbildung 4 auf Seite 57.

Weitere Validierungsexperimente sind in den Supplements dieser Verdffentlichung

angegeben und befinden sich auf den Seiten 61-64.

2.4 BIALLELIC MUTATIONS IN THE UBIQUITIN LIGASE RFWD3 CAUSE FANCONI

ANEMIA

Die detaillierten Materialien und Methoden der Veréffentlichung ,Biallelic mutations in the
ubiquitin ligase RFWD3 cause Fanconi anemia“ (siehe 3.2.2) sind auf den Seiten 84-92
explizit dargestellt. Die beschriebenen Methoden umfassen molekulargenetische
Arbeitsweisen wie DNA-Extraktion, PCR, die Sequenzanalyse nach Sanger und die
Auswertung der WES-Daten. Des Weiteren wurden Chromosomenbruchanalysen
unterschiedlicher Zelllinien, sowie Wachstumskurven in Abhéngigkeit von verschiedenen
DNA-quervernetzenden Substanzen durchgefihrt. AuRBerdem sind die Herstellung
komplementierter Zelllinien, DT40 Zelllinien, CRISPR/Cas9 Zelllinien und die genaue
Beschreibung der Mausgenerierung enthalten. Zudem werden die proteinanalytischen
Untersuchungen mittels Westernblot, Proteinfraktionierung, Immunfluoreszenz und Ko-
Immunoprazipitation detailliert beschrieben. Die verwendeten Primer, Antikérper und

Southernblot-Sonden erscheinen in den Supplemental Data auf Seite 110-114.

2.5 THE E3 LIGASE RFWD3 PROMOTES TIMELY REMOVAL OF BOTH RPA AND
RAD51 FrRoM DNA DAMAGE SITES TO FACILITATE HOMOLOGOUS

RECOMBINATION

Alle Details zu den verwendeten Materialien und den Methoden der Veréffentlichung “The
E3 Ligase RFWD3 promotes timely removal of both RPA and RAD51 from DNA damage
sites to facilitate homologous recombination” (siehe 3.2.3) sind auf den Seiten 136 und

167-173 (im Rahmen der Supplemental Data) zu finden.
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3 ERGEBNISSE

Die folgenden Arbeiten sind von den jeweiligen Journalen zur Veréffentlichung im

Rahmen dieser Dissertation als (Co-)Autor genehmigt.

3.1 WHOLE EXOME SEQUENCING ALS NEUE METHODE DER GENOTYPISIERUNG

3.1.1 GENOTYPING OF FANCONI ANEMIA PATIENTS BY WHOLE EXOME

SEQUENCING: ADVANTAGES AND CHALLENGES
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Abstract

Fanconi anemia (FA) is a rare genomic instability syndrome. Disease-causing are biallelic mutations in any one of at least 15
genes encoding members of the FA/BRCA pathway of DNA-interstrand crosslink repair. Patients are diagnosed based upon
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crosslinking agents. Customary molecular diagnostics has become increasingly cumbersome, time-consuming and
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D2. Different WES strategies had no critical influence on the individual outcome. However, database errors and in particular
pseudogenes impose obstacles that may prevent correct data perception and interpretation, and thus cause pitfalls. With
these difficulties in mind, our results show that WES is a valuable tool for the molecular diagnosis of FA and a sufficiently
safe technique, capable of engaging increasingly in competition with classical genetic approaches.
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Introduction a variety of them are still extraordinarily common compared to the
general population [5]. The reason for the overall increased cancer
risk may be due to the DNA repair defect that characterizes the
cellular phenotype [6]. FA cells show elevated rates of chromo-

Fanconi anemia (FA) is an autosomal or X-chromosomal
recessive disorder characterized by variable yet typical develop-

mental lllkllﬁ)rlnilll()llﬁ, bone marrow ﬁulun' l\ll(l predlsp()sm()n to SOanl] br(‘akﬂg(‘ an(l [ypi(‘ﬂl mdial l‘(‘arrang(‘m(‘m ﬁgur(‘s. T]](‘S(‘

features occur spontancously but are exaggerated following
exposure of cultured cells to DNA crosslinking agents such as
-G, -D1,-D2, -E, -F, -G, -1, ], -L, -M, -N, -O and -P. Biallelic or diepoxybutane (DEB) or mitomycin C (MMC) [7-9]. Since this
in the case of FA-B hemizygous mutations in any one of the hypersensitivity is typical for FA cells, chromosomal breakage

leukemia and solid tumors. As much as 15 genes define
corresponding complementation groups designated as FA-A, -B,

underlying genes lead to FA, while monoallelic mutations in
FANCDI (BRCA2), FANC] (BRIPI), FANCN (PALB2) or FANCO
(RAD51C) increase the risk of carriers for developing breast and
ovarian cancer [1]. FA patients commonly suffer from physical

analysis is used as a diagnostic tool. Alternatively, cell cycle studies
or cellular survival assays using flow cytometric methods are
utilized for diagnosis because FA cells are hindered to pass the G2
checkpoint control, accumulate in G2 phase of the cell cycle and
show increased death rates after DNA damage induction [10,11].
On the molecular level diagnosis is more complicated. Even
though about 60% of FA patients carry mutations in FANCA 3],
14 other FA and several associated genes remain that may contain
discase-causing defects. While there is so far no cure for FA,

abnormalities like short stature, abnormal skin pigmentation,
radial ray defects and malformations of the ears, eyes and inner
organs. More than 80% of FA patients develop progressive bone
marrow failure which makes pancytopenia a highly suggestive
clinical feature [2-4]. In addition, FA patients show not only
greatly elevated frequencies of myelodysplastic syndrome and
acute myeloid leukemia in childhood, but there is also markedly
increased prevalence of non-hematologic malignancies. They

knowledge of the individual complementation group and the
specific mutations of patients may be important for differential,
prenatal or preimplantation diagnosis, prognosis or upcoming
gene therapy trials. Biallelic mutations of FANCDI, for example,
are associated with early-onset acute myelogenous leukemia and
[3,5]. Other solid tumors are less frequent among FA patients but blastomas [12,13]. Subtyping of FA patients can be performed by

experience an up to 700-fold higher risk of squamous cell
carcinomas especially of the head and neck or anogenital region
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cell fusion experiments, retroviral complementation analysis or in
some cases by Western blotting, but the specific mutations have to
be analyzed by Sanger sequencing. Because of the high number of
FA and FA-associated genes and because some of these genes have
more than 40 exons, DNA sequencing by Sanger technique is
becoming increasingly tedious, time-consuming and costly.
Recently, an efficient and reliable technique, Next Generation
Sequencing (NGS), emerged to improve and accelerate conven-
tional methods of molecular diagnostics. In the present study we
demonstrate the versatility of Whole Exome Sequencing (WES) in
four independent projects. The four patients involved had
previously been confirmed to be afflicted with FA by non-
molecular procedures but were not assigned to any complemen-

Genotyping FA Patients by Whole Exome Sequencing

tation group and thus lacking accountable mutations. Using WES
we genotyped each patient by the identification of their disease-
causing mutations in one of three different FA genes. Thus we
consider WES an efficient tool to compete with traditional
approaches for the molecular diagnosis of FA.

Materials and Methods
Study design

The study scope, patient information and consent form were
approved by the Ethical Review Committee of the Medical
Faculty of the University of Wuerzburg.
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Figure 1. Cell cycle analysis. (A) Graphic presentation of the results of flow cytometric cell cycle analysis. Peripheral blood lymphocytes were
exposed to MMC. The ratio “sum of all G2 phases vs. growth fraction” was calculated from individual cultures and plotted against the GO/G1 phase
compartment. Cells from patient 1 and the siblings 2-1, 2-2 and 2-3 show high ) G2/GF ratios (blue squares) similar to those from other persons with
FA (red diamonds), but were distinct of normal controls (green dots). (B) Flow histograms of fibroblast cultures from patients 3 and 4 show increased
G2 arrest after exposure to MMC, in contrast to a control cell line (arrows).

doi:10.1371/journal.pone.0052648.g001
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Table 1. Summary of statistical data from four independent WES projects.

Project 1 Project 2 Project 3 Project 4
Total read number 33,661,920 121,791,357 152,961,886 27,371,419
Average read lenght 86bp 45bp 40bp 72bp
Reads passing QC 32,251,042 82,558,019 117,526,556 27,371,419
Reads on target (whole exome) 29,837,615 (93%) 67,361,646 (82%) 83,597,787 (71%) 20,707,708 (76%)
Reads on target (FA genes) 17,518 93,806 76,257 31,925
Average exome coverage 22x 77x 71x 36x
Average coverage of FA genes 21x 56x 53x 31x
Total number of variants 20,065 13,466 14,978 18,885
Known SNPs/MNPs 15,213 9,846 13,563 15,469
UVincs 4,652 3,567 1,386 3,281
UV at ess 200 46 29 136
Homozygous UV (cs+ess) 107 201 44 30
Heterozygous UV (cs+ess) 4,745 3,419 1,371 3,387
Silent UV (cs) 1,012 het 73 hom 286 het 884
Missense UV (cs) 2,736 het 102 hom 920 het 2,289
Nonsense UV (cs) 113 het 1 hom 44 het 23
Unknown InDels (cs+ess) 766 het 24 hom 101 het 77
Multiply heterozygous mutated genes 683 - 207 411
Homozygous mutated genes = 102 - =

polymorphism.

doi:10.1371/journal.pone.0052648.t001

Cell cycle analysis
For confirmation or exclusion of FA we used flow cytometric
cell cycle analysis as described earlier [11,14].

DNA sample preparation

Genomic DNA was isolated from patient-derived fibroblasts
(patients 1, 3 and 4) using the GeneJet™ Genomic DNA
Purification Kit (Fermentas, patients 1 and 3) or the QIAamp
DNA isolation kit (Qiagen, patient 4) following the manufacturer’s
instructions. For isolation of gDNA from peripheral blood of
patient 2-1, his siblings 2-2 and 2-3 and their parents we used a
salting-out technique.

Whole Exome Sequencing

Enrichment and sequencing of the exomes of projects 1 to 3
were commissioned to different service providers on an exclusively
commercial basis. Sample 1 was enriched by means of the
NimbleGen SeqCap EZ Human Exome Library v2.0 and sequenced on an
Hllumina HiSeq2000. For sample 2 the Agilent SureSelect Human All
Exon 38 Mb it (hgl8) was used together with the SOLD
sequencing technology by Applied Biosystems. In project 3 WES
was performed with SOLiD4 technology after enrichment using the
Agilent SureSelect Human All Exon 50 Mb Kit (hgl9). Raw data from
Hlumina sequencing were provided in fg format. SOLiD raw data
were provided in cgfasta format along with gual files containing
corresponding quality information. For project 4 we used the
SureSelect Human All Exon Kit (Agilent) targeting approximately
38 Mb, following the manufacturer’s instructions. The enriched
sample was sequenced on one lane of the Zllumina GAIIx instrament
using a paired-end sequencing protocol, which is available upon
request.

PLOS ONE | www.plosone.org

QC, quality control; UV, unknown variants; cs, coding sequence; ess, essential splice sites; SNP, single nucleotide polymorphism; MNP, muitiple nucleotide

The initial number of genes with homozygous or double heterozygous mutations was counted without filtering for low mutation scores or benign sequence changes.

Data analysis

Analysis of the WES data of projects 1 to 3 was performed using
the alignment and analysis software NextGENe™  v2.18 by
Softgenetics. The raw data were filtered for low quality reads before
alignment. Based on the enrichment kits being used, reads that
passed the quality filter were aligned to the whole human genome
hgl8 in project 2 and hgl9 in projects 1 and 3. The average
exome coverage was determined using a complete list of human
exons generated by the UCSC Table Browser. The same procedure
was performed for FA gene coverage. The following analytical
steps were performed only with reads that matched exonic regions
including exon-intron-boundaries. SNP and insertion/deletion
(indels) analysis was done by different filtering steps depending on
whether consanguinity was suspected or not. In patient 2-1 of
consanguineous descent only homo-/hemizygous variants were
taken into account. In patients 1 and 3 with non-consanguineous
background genes with at least two heterozygous changes in the
DNA sequence were considered to be most likely disease-causing,
even though homozygous variants were not completely with-
drawn.

For sample 4 we used a data analysis pipeline for the evaluation
of single nucleotide variants and small indels, which was
comprised of tools freely available on the web. The paired-end
reads were mapped by the Burrows-Wheeler Aligner (BWA) [15]
to the reference genome built according to NCBI hgl9.
Subsequently, SNPs and small indels were called using Samtools
[16] and Varscan [17]. The resulting list of variants was annotated
with Annovar [18] that summons and utilizes information from
external databases to assess implications and consequences of a
given sequence alteration, such as an ensuing amino acid change,
location within a canonical splice site, and information from
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Figure 2. Genotyping of patient 1. (A) The heterozygous FANCD2 splice site mutation c.3888+2T>G in patient 1. The upper panel demonstrates
mutation calling in NGS data format. The lower panel shows an electropherogram of Sanger cDNA sequencing depicting heterozygous skipping of
exon 39. (B) The heterozygous FANCD2 missense mutation ¢.2204G>>A. The upper panel demonstrates the substitution in NGS data format, while the
lower panel shows the confirmation by Sanger sequencing of gDNA. (C) An immunoblot shows very faint FANCD2-S and -L bands after exposure of
fibroblasts from patients 1 to MMC (lane 3). This was similar to other FA-D2 patients (example on lane 2) but contrasted markedly to normal controls

(example on lane 1). RAD50 was used as loading control.
doi:10.1371/journal.pone.0052648.g002

dbSNP along with the SNP frequency if available. Finally, a
manual filtering step was carried out to prioritize relevant
mutations.

Filtering strategy

Holding for all samples, the variant detection frequency was set
at a minimum of 20% of the reads covering any aberration. A
minimum coverage by 10 reads was set as threshold for any
variant to be considered a real mutation. In each case all variants
listed in the most recent version of the NCBI (National Center for
Biotechnology Information) dbSNP database were excluded as
well as silent mutations. Low frequency frameshift and truncating

PLOS ONE | www.plosone.org

mutations in any FA gene were considered pathogenic. Unreport-
ed non-synonymous amino acid variants were analyzed i silico by
Align-GVGD (data not shown), MutationTaster (http://www.
mutationtaster.org), Polyphen-2  (http://genetics.bwh.harvard.
edu/pph2) and SIFT (http://sift.jcvi.org) to assess any potentially
damaging effect. Variants passing these filtering steps were
considered to be most likely disease-causing and forwarded to
validation process by Sanger sequencing and other techniques.
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Figure 3. Genotyping of patient 2.

(A) Homozygous mutation call c.1878A>T in FANCJ detected in NGS data of patient 2-1. (B) Autozygosity

mapping with SNP data of the family of project 2. The figure schematically presents chromosome 17 (positions in Mb) of each family member.
Heterozygous SNP calls are displayed in yellow, homozygous calls in black. The three affected siblings share a homozygous region between 53.3 Mb
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and 68.8 Mb. (C) Confirmation of homozygosity of the mutation in patient 2-1 and heterozygosity in his parents by Sanger sequencing
electropherograms, consistent with Mendelian segregation.
doi:10.1371/journal.pone.0052648.g003

Sanger sequencing rabbit IgG (HRP) (ab97200, Abcam), Donkey pAb to mouse IgG
Potential mutations were verified by Sanger sequencing (HRP) (ab98665, Abcam).
generally using an Applied Biosystems 3130xl instrument. Primer

sequences and PCR conditions are available upon request. Autozygosity mapping
Autozygosity mapping was performed with SNP data generated
Immunoblotting with the Illumina SNP array HumanHap300v2. Genotypes were

FANCD?2 expression analysis was performed with whole protein analyzed using AutoSNPa software [19].
extracts isolated from patient-derived fibroblasts. Cell lines were

treated with hydroxyurea or MMC before analysis. We used Results

primary antibodies including mouse monoclonal anti-FANCD2
(sc20022, Santa Cruz Biotechnology), mouse monoclonal anti-
RAD50 (GTX70228, GeneTex), rabbit polyclonal anti-RADS51
(ab63801, Abcam), rabbit polyclonal ant-FANC]J (NB 100-416A,
Novus) and mouse monoclonal anti-Vinculin (sc-25336, Santa
Cruz Biotechnology). Secondary antibodies included Alexa Fluor
594 goat anti-rabbit IgG (H+L) (A11012, Invitrogen), Goat pAb to

Confirmation of the FA diagnosis

In each project the clinical diagnosis was confirmed by flow-
cytometric cell cycle analysis. In patients 1 and 2 FA was evident
from studies of peripheral blood lymphocyte cultures. After 72 h
incubation with 10 ng/ml MMC the ratio “sum of all G2 phases
vs. growth fraction” was above 0.4 which is characteristic of FA
patients (Fig. 1A) [20]. Patients 3 and 4 showed distinct cell
accumulations in the G2 phase (>20%) in fibroblast cultures
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Figure 4. Genotyping of patient 3. (A) NGS data in the upper panel show the insertion ¢.7890_7891insAA in FANCD1 detected in patient 3. The
electropherogram in the lower panel demonstrates corresponding validation by Sanger sequencing. (B) The upper panel misleadingly displays the
single-bp substitution ¢.7795G>A in the NGS data of patient 3 as a SNP, highlighted in pink. Confirmation by Sanger sequencing is shown below.
doi:10.1371/journal.pone.0052648.g004
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Figure 5. Genotyping of patient 4. (A) Displayed is the FANCD2 mutation c.1370T>C in patient 4 in NGS data as well as validated by Sanger
sequencing. (B) The upper panel shows NGS data with low coverage of FANCD2 exon 5 containing the substitution c.376A>G. The electropherogram
in the lower panel depicts validation by Sanger sequencing. (C) Hydroxyurea (HU) treated (+) and untreated (—) fibroblasts of patient 4 show very low
levels of both the S and L species of residual FANCD2 protein. Vinculin was used as loading control.

doi:10.1371/journal.pone.0052648.g005

exposed to 12 ng/ml MMC for 48 h, likewise consistent with
other FA patients (Fig. 1B).

Mutation detection by WES and validating experiments

Statistical data of each WES project are summarized in Table 1
and Table S2. The exome was covered on average between 22x

PLOS ONE | www.plosone.org

and 77x. The FA and FA-associated genes with homozygous or at
least two potentially heterozygous mutations were first assessed.
Assignment of the mutations to different alleles and screening for
their pathogenicity revealed the following results.

Project 1. We employed 3 pg gDNA isolated from cultured
fibroblasts of patient 1 to enrich the whole exome. WES revealed
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two heterozygous mutations with a score =10 (probability 1:100
for being false positive) exclusively in FANCDZ2. They included the
single-base substitution ¢.2314G>T, resulting in a premature stop
codon at amino acid position p.772, and the canonical splice site
change ¢.3888+2T>G in exon 38. Sanger sequencing confirmed
the splice site alteration in gDNA and showed an in_frame skipping
of exon 39 at the cDNA level (Fig. 2A). Because of the pseudogene
FANCD2-P2, containing an incomplete copy of the active gene
region [21], validation of the nonsense mutation by Sanger
sequencing was performed on long range PCR product (exon 22 to
exon 26). Re-sequencing of this super-amplicon did not confirm
the substitution ¢.2314G>T (Fig. S1A). Thus we concluded that
this variant had occurred in the pseudogene and therefore could
not be causative of FA in that patient. By decreasing the filter
settings we additionally detected the missense substitution
c.2204G>A in exon 24 resulting in the amino acid change
p-R735Q). Even though this base is alsopresent in the pseudogene
sequence, its assessment by gene-specific super-amplification
rendered it an authentic FANCD2 mutation (Fig. 2B). We
confirmed the maternal segregation of p.R735Q), whereas the
splice site change was not present in maternal gDNA and may
have occurred de novo or was, more likely, inherited from the
father, of whom no material was available. Finally, decreased
abundance of FANCD2 protein in the patient’s cells confirmed
our DNA sequencing results (Fig. 2C).

Project 2. Parallel to WES we performed a genome-wide
SNP study in patient 2-1, his two affected siblings (2-2, 2-3) and
their parents. Autozygosity mapping using these data revealed a
large homozygous region on chromosome 17 (Fig. 3A). The whole
exome was enriched from 3 pg gDNA, isolated from peripheral
blood of patient 2-1. Analysis of the color-spaced SOLiD4
sequencing data revealed the homozygous single base substitution
c.1878A>T in exon 13 of FANCY (Fig. 3B) compatible with the
outcome of the discase gene mapping. This point mutation results
in the amino acid change p.E626D (Fig. 3B) that is predicted to be
pathogenic (Table S1). Sanger sequencing confirmed the homo-
zygous mutation of the patient (Fig. 3C) and his siblings (data not
shown). These results and the heterozygous detection of the
mutation in both parents (Fig. 3C) were consistent with Mendelian
segregation. Additionally we could detect reduced FANCJ protein
levels by Western blot analysis of whole protein extracts from
patient derived-cell lines (data not shown).

Project 3. 3 pug gDNA of patient 3 were isolated from
fibroblasts. Initial analysis of the WES data failed to show FA or
FA-associated genes with biallelic mutations. Re-examination of
all unknown variants and listed SNPs resulted in the identification
of a 2-bp insertion ¢.7890_7891dupAA in exon 17 of BRCA2/
FANCDI (Fig. 4A) with the effect p.L2631Nfs16X. Three
additional variants were found in the same gene, of which only
c.7795G>A was predicted to be pathogenic (Fig. 4B, Table S1).
The SNP rs80359682 listed at this position is a deletion of three
bases (¢.7795_7797delGAA) in exon 16, which is of unknown
pathogenicity, whereas our detected single-bp substitution results
in the probably damaging missense mutation p.E2599K. We
confirmed both mutations of patient 3 by Sanger sequencing, even
though the allele carrying the insertion was detectable only at a
very low level (Fig. 4A). In accordance with those results we
detected proficient FANCD2 monoubiquitination and impaired
RAD5]1 foci formation in the patient derived fibroblastic cell line
(data not shown).

Project 4. In contrast to projects 1 to 3, where data have been
analyzed by means of the alignment and analysis software
NextGENe™ v2.18 by Softgenetics, we used for project 4 an in-
house variation detection pipeline to score sequence variants [21].
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We focused on rare variants within the coding and splice site
regions of all known FA genes. Only one already reported
heterozygous base substitution was detected in FANCDZ2 exon 16,
c.1370T>C (p.L.457P), which had previously been recognized to
be pathogenic [22]. Initially we failed to detect a second mutation
in FANCD?2. After visual inspection of the mapped reads in the
IGV browser, FANCD? exon 5 was shown to be covered by a
single read. Therefore, the data appeared unreliable for mutation
detection. Subsequent Sanger sequencing of that exon demon-
strated a ¢.376A>G base substitution resulting in another
missense mutation p.S126G, that had previously been shown to
be pathogenic and affects splicing (23] (Fig. 5A). Western blotting
revealed distinct deficiency of the FANCD2 protein (Fig. 5B).

Discussion

The present study proposes the application of WES for the
molecular diagnosis of FA. Major concerns with WES are ethical
issues, less its performance. Potentially, WES data could be used to
analyze any gene, or even all genes, for any purpose. In our
projects the patients had given informed consent for FA
diagnostics. We addressed and resolved the discrepancy to WES
in the way that we used the whole body of data only for quality
control, statistical analyses, and to apply general filtering settings.
For mutation screening we solely regarded FA and FA-associated
genes.

We performed four independent sequencing projects with
disparate exome enrichment and sequencing technologies. Al-
though the performances differed slightly, we were able to identify
the disease causing mutations in all index patients. Except for the
mutations in patient 4, all of the detected pathogenic variants had
not yet been listed in the Fanconi Anemia Mutation Database (http://
www.rockefeller.edu/fanconi/) such that we consider the identi-
fication of missense, nonsense and splice site mutations as well as a
2-bp insertion in FANCDI, FANCD2 and FANCJ by WES a
challenging task and major accomplishment. The successful
outcome led us to conclude that WES generally is a reliable tool
for the molecular diagnosis of FA. It also proved to be efficient in
time and adequate in expense. Including sample quality control,
target enrichment, sequencing and basic bioinformatics each of
our projects was brought to completion within two to three
months. Alignment and mutation calling afforded another few
days, followed by validation processes. The cost of each of the four
projects was highly variable and ranged from 800$ to 45008, but
decreased in tendency over time. Sanger sequencing of all FA
genes would have exceeded the projects’ current term and cost
several times. Sanger sequencing of the 43 FANCA exons only
would be comparable to the price of exome sequencing but would
fail to detect the mutation in more than 40% of cases. Enrichment
of the FA gene regions followed by NGS would be an effective
alternative, because it could increase the locus-specific coverage
and decrease cost and sequencing time. Although this approach
has been published recently [21], so far this application is not
commercially available for the FA genes. In some instances WES
holds some advantages compared to a target enrichment
approach, because there are still FA patients who cannot be
assigned to any of the reported complementation groups. In
agreement with the patient WES data can be used for further
screenings not only including FA-associated genes such as
FAAP100, but also of other candidate genes. An additional
agreement between patient and the diagnostic lab addressing this
issue is required.

In all presented cases we found point mutations or small
insertions to be disease-causing. Therefore we can safely assume
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that those patients do not carry additional large insertions or
deletions, which would have been difficult to identify by WES. In
the case of large and complex variations this technical drawback
can, however, be avoided if WES is combined with MLPA or
microarray techniques. Additionally a recent report by Ameziane
ct al. (2012) detected large deletions after NGS of enriched FA
gene regions by evaluating the Log2 ratio of the local read depth
divided by a read depth reference [21]. None of the FA patients in
our four projects had mosaicism in the hematopoietic system as
shown by diagnostic procedures preceding WES. If there was
indication for such a situation it would have been appropriate to
use fibroblast DNA for WES. Deep intronic mutations, which
could affect splicing, might be the only kind of sequence changes
that are not detectable by WES. However those mutations are rare
in FA and would anyway be difficult to identify by classical
approaches. Our study also raised technical issues and revealed
methodical difficulties that should be addressed. For each project
we analyzed the exome coverage and in particular the coverage of
the FA genes (Table 1). Even though the average exome coverage
in the SureSelect enrichment projects clearly exceeded the coverage
in the NimbleGen project, we found coverage of the FA gene regions
in the latter to be more consistent and complete (Table S2). A
similar observation was reported by Clark et al. (2011) for the
whole exome in general. Most of the entirely unsequenced exons
in our study had a high GC or high AT content leading to the
conclusion that excess GC content is still a limiting factor for
efficient hybridization and amplification during target enrichment
[24]. In project 4 initially only one pathogenic mutation was
detected, while the other mutation was missed because of
insufficient coverage. In this case the GC and AT content of
FANCD?2 exon 5, where the second mutation later was identified, is
balanced with 44% and 56 %, but probably the high AT content of
the adjacent intron regions that were included in enrichment may
explain the low coverage. Nevertheless, the identification of the
first mutation led to close examination of that gene and subsequent
identification of the second mutation. On the other hand it is a
rare but recurrent experience that a single heterozygous mutation
in one FA gene may accompany compound heterozygous, discase-
causing mutations in another FA gene.

We observed a lower rate of sequencing errors in SOLD data.
The two-base-encoding technology leads to lower rates of false
positive or false negative base calls and facilitates the discrimina-
tion of sequencing errors from authentic mutations [25,26].
Incomplete or even contradictory gene databases can complicate
the validation process and can cause confusion by wrong and
incomplete or misleading mutation calling. In project 3 we
experienced a problem even with SNP databases. A truly
pathogenic mutation was designated as a SNP because there was
a known polymorphism that included the mutated base pair. To
avoid such pitfalls as far as possible and because mutation
screening becomes easier the more polymorphisms are excluded,
we recommend using always the latest version of the dbSNP
database in combination with minor allele frequencies and
information from other sources such as the 1000 Genomes project.

Another issue to consider during i silico pathogenicity
assessment is the choice of mutation prediction software. For the
mutations described in this study we compared the performance of
three different mutation prediction tools (SIFT, PolyPhen-2 and
MutationTaster). While SIFT and Polyphen-2 often failed to ascertain
the pathogenic effect of the mutations, MutationT aster generally was
able to provide a reliable prognosis for all genes and every type of
mutations.

Finally, in this and other NGS studies we noticed that the
existence of pseudogene sequences can complicate the detection of
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genuine mutations residing in functional genes and thus may result
in false positives. In project 1 re-sequencing showed that the
¢.2314G>T mutation call in FANCD2 was due to incorrect
mapping of the variant containing reads, which should have
mapped to the pseudogene, FANCD2-P2. 'The missense mutation
c.2204G>A likewise represented FANCDZ2-P2 pscudogene  se-
quence. In this case it proved to be a true FANCD2 mutation at
the same time. In that same exon we identified two more base
substitutions representing pseudogene sequence but the correspond-
ing reads were misleadingly mapped to FANCDZ2. Only gene-specific
re-sequencing resolved the correct sequence (data not shown). We
recognized this problem not only in FA genes. For example, another
project had revealed a hemizygous deletion including the CDC27
locus, but WES unexpectedly showed heterozygous base variants of
that gene. On closer inspection we found three related pseudogenes,
containing the complete cDNA sequence of CDC27 from exon 3 to
14. This led us to re-check the putative gene variants by Sanger
sequencing. All of them turned out to be false positives attributable
to pseudogene sequences (data not shown). We suggest that this
problem may be due to the short read length produced by SOL:D
and Jllumina NGS and ambiguous mapping during alignment with
the genome. Pseudogenes are characterized by high sequence
similarity with their corresponding functional genes and therefore
ambivalent mapping in the analysis of NGS data cannot always be
avoided. In terms of FA genes, special attention needs to be paid to
FANCD? for which only FANCD2-PI LOC 100421239 is listed in the
NCBI database but not the other reported pseudogene, FANCD2-P2
[22]. For FANCL and the FA-associated gene MHFI at least partial
copies have been disclosed.

Notwithstanding the challenges with WES data analysis, we
would recommend it as a valuable tool for FA genotyping. In our
opinion, WES, if carefully applied, is able to compete with classical
molecular approaches in diagnostics and research not only for FA
but generally for other disorders with locus heterogeneity.

Supporting Information

Figure S1 Validation by Sanger technique. (A) Sanger
sequencing of ¢DNA revealed a false positive result of ¢.2314
G>T in FANCD2 being a mutation of patient | due to interference
with the pseudogene FANCD2-P2. (B) Confirmation of Mendelian
segregation of ¢.2204 G>A and ¢.3888+2 T>G. The missense
mutation is inherited from the mother. The healthy sister is a
heterozygous mutation carrier. The canonical splice site change
must have occurred de novo or been inherited from the father whose
DNA was not available. It was not detectable in other family
members.

(DOCX)

Table S1 Predicted effect of the mutations detected in
FANCD1, FANCD?2 and FANC].
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Table $2 Coverage of FA genes.
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Supporting information

Table S1. Predicted effect of the mutations detected in FANCD1, FANCD2 and

FANCJ
Mutation Taster Poly-Phen 2 SIFT
FANCD2 55 % disease 100 % probably _
_ , damaging, score 0.01
C.2204G>A causing damaging
FANCD?2 72 % Polymorphism,
€.3888+2T>G | Splice Site Change
FANCD2 _ 100 % probably _
86 % Polymorphism , damaging, score 0
c.1370T>C damaging
FANCD2 . 100 % probably _
74 % Polymorphism _ damaging, score 0.02
c.376A>G damaging
FANCJ 71 % disease 100 % probably
c.1878A>T causing damaging
100 % disease
FANCD1 .
_ causing, - -
€.7890insAA
NMD, FS
83 % disease
FANCD1 _ damaging, score 0.01
causing, -
C.7795G>A rs 80359682
rs80359682

The percentages denominate probability of being pathogenic.
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Supporting information

Table S2. Coverage of FA genes.

Project 1 |Project 2 |Project 3 |Project 4
1 (7 9%),

FANCA | 1(79%) | 1 (79 %) | 1 (79 %) |22 (63 %)
FANCB
FANCC
FANCD1 12 (31 %)
FANCD2 5 (44 %)
FANCE | 1(76%) | 1 (76 %) | 1 (76 %) 1 (76 %)
FANCF
FANCG
FANCI 23 (36 %) 23 (36 %)
FANCJ
FANCL
FANCM
FANCN
FANCO
FANCP 8 (72 %)

Listed are the completely unsequenced exons of 15 FA genes in the four independent WES

projects. Corresponding GC contents are given in percent.
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Supporting information

Figure S1
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ABSTRACT: Fanconi anemia (FA) is a rare genetic disor-
der characterized by congenital malformations, progressive
bone marrow failure (BMF), and susceptibility to malig-
nancies. FA is caused by biallelic or hemizygous mutations
in one of 15 known FA genes, whose products are involved
in the FA/BRCA DNA damage response pathway. Here,
we report on a patient with previously unknown mutations
of the most recently identified FA gene, SLX4/FANCP.
Whole exome sequencing (WES) revealed a nonsense mu-
tation and an unusual splice site mutation resulting in the
partial replacement of exonic with intronic bases, thereby
removing a nuclear localization signal. Immunoblotting
detected no residual SLX4 protein, which was consis-
tent with abrogated interactions with XPF/ERCC1 and
MUS81/EMEL1. This cellular finding did not result in a
more severe clinical phenotype than that of previously re-
ported FA-P patients. Our study additionally exemplifies
the versatility of WES for the detection of mutations in
heterogenic disorders such as FA.

Hum Mutat 34:93-96, 2013. © 2012 Wiley Periodicals, Inc.

KEY WORDS: Fanconi anemia; FANCP, SLX4; nuclear
localization signal
1

Fanconi anemia (FA; MIM# 227650) is an autosomal or
X-chromosomal recessive disorder first described in 1927 by the
Swiss pediatrician Guido Fanconi [Lobitz and Velleuer, 2006].
Recently, the carrier frequency in the United States was estimated
to be 1:181, corresponding to an incidence of FA of less than
1:100,000 [Rosenberg et al., 2011]. Higher rates have been reported
for certain ethnicities or due to isolation or founder effects [Callen
et al., 2005]. The clinical manifestations of FA are variable yet
characteristic. Typical congenital malformations include short
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stature, skin hyper- or hypopigmentations, radial ray defects, and
malformations of ears, eyes, and inner organs. Most FA patients de-
velop progressive bone marrow failure in childhood. Furthermore,
they have an increased risk of myelodysplastic syndrome (MDS)
and hematological malignancies, in particular acute myelogenous
leukemia [Alter and Kupfer, 1993; Rosenberg et al., 2003; Seif,
2011]. In addition, they are predisposed for solid tumors occurring
in young adulthood. FA patients have an up to 700-fold increased
risk for squamous cell carcinomas, which arise most frequently in
the mucosa of the head and neck or genital regions [Rosenberg
et al., 2008, 2011]. The reasons for the increased susceptibility of FA
patients to neoplasms are not fully understood. Most likely, this is
due to a DNA repair defect and genomic instability that characterize
the cellular phenotype [Deans and West, 2011]. FA cells show
highly increased rates of chromosomal breakage especially after
exposure to DNA-crosslinking agents, accumulate in the G2 phase
of the cell cycle, and encounter diminished survival [Auerbach,
1993; Schindler et al., 1987; Schroeder et al., 1964]. Like the clinical
phenotype, the genetic background of FA is very heterogeneous. To
date, 15 complementation groups (FA-A, -B, -C, -D1, -D2, -E, -F
-G, -1, -], -L, -M, -N, -O, and -P) have been delineated. The first
identified FA gene, FANCC (MIM# 613899), was reported in 1992
[Strathdee et al., 1992]. Since 2000, nearly every year a new FA gene
has been added, most recently FANCP (MIM# 613951), encoded by
the gene SLX4/BTBDI2 (approved symbol SLX4; MIM# 613278)
[Kim et al., 2011; Stoepker et al., 2011]. Its product interacts with
different structure-specific endonucleases such as XPF/ERCC1
(MIM#s 133520, 126380), MUS81/EME1 (MIM#s 606591, 610885)
and the Holliday junction resolvase SLX1, by coordinating their
activity in DNA repair and recombination [Andersen et al., 2009].
FANCP is involved in the FA/BRCA pathway and the network
of DNA interstrand crosslink (ICL) repair. A key step in this
pathway is FANCD2 (MIM# 613984) and FANCI (MIM# 611360)
monoubiquitination through the FA core complex following DNA
damage and replication fork stalling. FANCP acts downstream of
these protein modifications, similar to FANCD1 (MIM# 600185),
FANC] (MIM# 605882), FANCN (MIM# 610355), and FANCO
(MIM# 602774). FANCP-mutated cells are proficient of RAD51
foci formation, unlike FA-D1- or FA-O cells. Given these facts,
a role in the coordination of DNA incision for ICL unhooking
seems more likely than one in Holliday junction resolution, even
though the precise function of FANCP in the FA/BRCA pathway
remains elusive [Crossan et al., 2011; Stoepker et al., 2011]. Four
families with a total of six affected children have been assigned to

© 2012 WILEY PERIODICALS, INC.
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Figure 1. G2-phase arrest and SLX4/FANCP mutation. A: Cell cycle distribution of patient-derived lymphoblastoid cells shows increased G2
arrest without (21.4% of cells in G2) and especially after exposure of cultures to 15 ng/l MMC (55.4% of cells in G2) compared to a control cell
line (0 MMC: 9.1% of cells in G2, 15 ng/u| MMC: 10.9% of cells in G2). B: The graphic chart shows the splice site mutation ¢.1367-2A>G (upper
panel) and the nonsense mutation c.1538G>A (lower panel) by color-space WES data according to NextGENe™ software presentation. The cutout
displays from top to bottom the number of the coding exon and the gene name, the chromosomal position, followed by the reference and the patient
consensus nucleotide sequences, the corresponding amino acids and, below the horizontal line, the original WES reads. Since FANCP (BTBD12)
is encoded on the minus-strand of gDNA, the sequences and base changes are displayed in reverse complementary manner. C: Depicted is an
excerpt from exon 6 to 7 of the Ensemb/ gDNA sequence of SLX4/FANCP (ENSG00000188827). Red circles indicate the wild-type and cryptic splice
sites. The 51 bases of exon 7 which are interchanged with the same number of bases of intron 6 are highlighted in yellow.

Figure 2. Mutant SLX4/FANCP expression and function. A: Ideograms of the SLX4/FANCP domain structure (modified after Svendsen et al.,
2009). Wild-type (WT) protein (top) contains in addition to reported domains (UBZ, yellow; BTB, blue; SAP, purple; and SBD, green) five potential
nuclear localization signals (NLS, red) predicted by the Web tool http;/psort.hgc.jp/form2.htmi, spanning amino acid (aa) positions 109_124 (NLS
1), 397_412 (NLS 2), 460_464 (NLS 3), 1079_1085 (NLS 4), and 1814_1830 (NLS 5). The ideograms below (middle and bottom) show the predicted
protein effect of the SLX4/FANCP mutations in the present patient. c.1538G>A leads to protein truncation at p.W513X, whereas c.1367-2A>G leads
to p.E456_472Ldelins17 and the loss of NLS 3. B: Inmunoprecipitation and Western blot analysis shows SLX4/FANCP deficiency in fibroblasts of the
patient compared to WT and FA-P controls. There is no co-precipitation of XPF, MUS81 and ERCC1 with the mutant protein. SE and LE indicate short
and long exposure of the blot, respectively. C: Subcellular fractionation of patient’s fibroblasts fails to demonstrate SLX4/FANCP protein in any
fraction. Chromatin loading of XPF and MUS81 were not detected. Tubulin, p300 and HDAC1 served as loading controls for the cytoplasmic fraction
(CE), nuclear extract (NE), and chromatin fraction (CB). The faint band observed in NE slightly below SLX4/FANCP is unspecific. D: Formation of
nuclear ERCC1 foci is abolished in patient's fibroblasts as in other FA-P cells (EUFA1354) in contrast to the wild-type control line (LN9SV). The

ERCC1 antibody FL297 was used for inmunofluoresence and TOPRO3 as a nuclear counterstain.

complementation group FA-P. Their underlying SLX4 mutations re-
sult in protein truncation and degradation. The presence of residual
protein, retained function, and other factors may explain the vari-
able severity of clinical FA manifestations [Andersen et al., 2009;
Kim et al.,, 2011; Stoepker et al., 2011].

In this study, we report on an additional FA-P patient who was
assigned to that complementation group due to SLX4 mutations
identified by whole exome sequencing (WES). SLX4 proved to be
the only FA gene carrying compound heterozygous pathogenic se-
quence changes that were confirmed by Sanger sequencing. A non-
sense and a splice site mutation followed Mendelian segregation in
the family of the patient.

The 21-year-old girl of German descent was diagnosed with FA
at the age of 5 years, showing FA-typical features including prena-
tal dystrophy, short stature, hypoplasia of the right thumb, micro-
cephaly, speckles of skin hyperpigmentation at the arms and legs,
minor café-au-lait and vitiligo spots, trivial mitral valve prolapse,
and hypothyroidism. Apart from the platelets (reduced since age 5,
lowest number about 20,000/x1) her blood counts were relatively
stable until she developed MDS at 19 years of age. She was suc-
cessfully transplanted with hematopoietic stem cells from a 10/10
matched unrelated donor. The patient has not developed malignan-
cies up to her current age of 21; nor does she have a strong family
history of cancer.

Initially, the clinical suspicion of FA was confirmed by elevated
spontaneous and mitomycin C-induced chromosome breakage rates
(data not shown) and G2-phase accumulation in lymphocyte, lym-
phoblastoid (Fig. 1A), and fibroblast cultures, which was shown by
flow cytometric cell cycle analysis as described in Vaz et al. (2010).

We isolated genomic DNA from fibroblasts using the GeneJet™
Genomic DNA Purification Kit (Fermentas, St. Leon-Rot,
Germany). For isolation of RNA, we employed the Quick-RNA™
MiniPrep Kit (Zymo Research, Freiburg, Germany). Translation into
cDNA was performed by SuperScript” II Reverse Transcriptase (In-
vitrogen, Darmstadt, Germany).

Because the patient was among those who remained with-
out detected mutation or assignment to a distinct subtype, we
got interested in the significance of WES for molecular diag-
nostics of FA. We commissioned enrichment and sequencing
of the patient’s exome to a service provider. Target enrichment
was achieved by means of the SureSelect Human All Exon 50
Mb Kit (Agilent, Boeblingen, Germany) and was followed by

next-generation sequencing on a SOLiD5500x!] instrument (Ap-
plied Biosystems, Darmstadt, Germany). Afterward we performed
in house analysis of the WES data using NextGENe™ v2.18
software (Softgenetics, State College, PA, USA). The data revealed
a total of 103,222,641 reads (Supp. Table S1). Sixty-one percent of
these mapped on target and resulted in an 87-fold average cover-
age of the exome. Altogether we detected 32,013 variants, including
novel mutations as well as listed SNPs. Because of the patient’s
nonconsanguineous descent, we restricted our search to compound
heterozygous changes and detected 14,715 unknown (excluding re-
ported polymorphisms) heterozygous variants in coding sequences
and adjacent intron portions. In particular, 15 base substitutions
were detected in 21 FA and FA-associated genes (91% of exons
covered by =5 reads). SLX4 (NM_032444.2) carried two bona fide
pathogenicvariants. Even though WES could have missed pathogenic
mutations in other FA genes, the compound heterozygous finding
in SLX4 makes this most unlikely. The mutated positions were cov-
ered by 6 and 15 reads, respectively. We observed the nonsense
mutation ¢.1538G>A in exon 7 resulting in a premature stop codon
with the predicted effect of protein truncation, p.W513X, and the
splice acceptor mutation ¢.1367-2A>G in intron 6 (Fig. 1B). Mu-
tation nomenclature is based on ¢cDNA sequence of SLX4 tran-
script ENST00000294008 and nucleotide numbering reflects cDNA
numbering with +1 corresponding to the A of ATG initiation
codon.

Mutation validation was performed by Sanger technique on a
3130xl instrument (Applied Biosystems, Darmstadt, Germany). The
primers for gDNA sequencing included FANCP_exon7_for
5'-CCAGAAGCAGGTTTGTGTGA-'3 and FANCP_exon7_rev 5'-
CCTTCCTGGACTTTCCATCA-'3. We resequenced the corre-
sponding regions of SLX4 in the patient and additionally confirmed
the biallelic mutation status and Mendelian segregation of the mu-
tations by sequencing genomic DNA from both parents. The re-
sults showed that the splice site mutation was paternally inherited,
whereas the nonsense mutation was transmitted maternally (Supp.
Fig. S1A).

We analyzed the consequences of ¢.1367-2A>G by Sanger se-
quencing of patient’s cDNA using the primers FANCP_c.1-65_for
5'-CAGTACTTTTTGTTCAATTGTGCAAACTC-'3 and FANCP_c.
1570_rev 5'-CACAGAAAGCTCTGCTTGCGTTC-'3. This analysis
demonstrated that a cryptic splice acceptor in exon 7 at position
c.1417_1418 is used instead of the mutated in intron 6, as it was
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predicted by in silico analysis. Splice site score calculation using the
Web tool http://rulai.cshl.edu/new_alt_exon_db2/HTML/score.html
revealed a score of 1.2 of the cryptic splice acceptor at positions
c.1417_1418 and a score of -1.7 of the mutated one. Of note, this
change of the splice acceptor altered the usage of the unaffected
wild-type splice donor of intron 6 (score 5.4) to that of a cryptic
splice donor at position ¢.1366+52_1366+53 (score 10). This fact is
indicated by the substitution of the 5’-terminal 51 bases of exon 7
with the 5'-terminal 51 bases of intron 6. The electropherogram of
cDNA sequencing demonstrates this finding by the superposition
of exactly 51 bases starting at cDNA position 1,367 and ending at
1,417 (Fig. 1C and Supp. Fig. S1B), designated as r.1367_1417delins
gtttgtgtgatcagaagagtgaccctgggagaggecatcageaggtecegg. The length of
the open reading frame does not differ as a result of this aber-
rant splicing pattern. Other in silico analyses revealed that the de-
duced wild-type amino acids at positions p.456_472, ENKSRKKKP-
PVSPPLLL, are predicted to include at positions p.460_464 one
of five potential SLX4/FANCP nuclear localization signals (NLS)
(http://psort.hgc.jp/form2.html) (Fig. 2A). The mutation, denoted
p.E456_14772delinsGLCDQKSDPGRGHQQVP, results in the loss
of that potential NLS.

Further experiments similar to those described by Stoepker et al.
(2011) showed that no residual protein is present. Neither by im-
munoprecipitation (Fig. 2B), nor in a cell fractionation assay (Fig.
2) SLX4/FANCP was detected on Western blots. We conclude that
the allele carrying the stop mutation gives rise to a truncated protein
that is unstable and rapidly degraded. Similarly, the allele with the
splice mutation does not express a stable protein, which could locate
to the nucleus. Therefore, it is not surprising that interactions with
the structure-specific nucleases XPF/ERCC1 and EME1/MUS81 are
disrupted (Fig. 2B) and that ERCC1 is not able to form nuclear
foci (Fig. 2D), as described for other FA-P patients [Stoepker et al.,
2011].

In summary, our study adds a seventh patient to the most re-
cently described FA subtype, FA-P. Neither of her compound het-
erozygous mutations has previously been reported. They extend
the mutation spectrum of the latest member of the FA gene fam-
ily, FANCP, and have been added to the Fanconi Anemia Mutation
Database (http://www.rockefeller.edu/fanconi/). In contrast to the
FA-P patients reported so far, cells derived from the present patient
do not seem to be able to express any SLX4/FANCP protein [Kim
et al., 2011; Stoepker et al., 2011]. The failure of coordination of
structure-specific nucleases in ICL unhooking due to the absence of
SLX4/FANCP does not result in a more severe phenotype as that of
other FA-P patients previously reported, which is not comparable
to the cancer-prone phenotype of subtypes FA-D1 or -N, but falls
into the clinical spectrum of the other FA groups. These insights
were facilitated by WES that proved a valuable tool for molecular
diagnostics of FA, as of other heterogeneous diseases, by the identi-
fication of disease-causing genes so that it may increasingly replace
classical genetic approaches.
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Supp. Figure S1. Validation of Whole Exome Sequencing results by Sanger resequencing. (A)
Mendelian segregation of the FANCP mutations in the patient’s family. The splice site change
c.1367-2A>G was inherited from the father, while the nonsense mutation c.1538G>A is of
maternal origin. (B) Consequence of ¢.1367-2A>G on transcript level. Sequencing the patient’s
cDNA revealed the replacement of exactly 51 exonic bases starting at cDNA position 1367 and
ending at 1417 by the first 51 bases of the following intron.
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Supp. Table S1. Statistical summary of WES results including read counts and detected

variants

Total read number 109,637,890
Reads passing QC 103,222,641
Reads on target 62,868,844 (61%)
Average exome coverage 87x
Total number of variants 32,013
Known SNPs/MNPs 17,194
Unknown variants in coding sequence 13519
Unknown variants at canonical splice sites 377
Unknown homozygous variants 91
Unknown heterozygous variants 14,715
Unknown silent variants 2,983
Unknown missense variants 9,629
Unknown nonsense variants 510
Unknown insertions/deletions 468
Genes with heterozygous variants (> 2 altered bases) 131
Heterozygous variants in FA and FA associated genes 15

QC: quality control; SNP: single nucleotide polymorphism;

polymorphism

MNP: multiple nucleotide
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3.2 NEUE FANCONI ANAMIE GENE UND DEREN CHARAKTERISIERUNG IM
RAHMEN DES FA/BRCA-SIGNALWEGS

3.2.1 MUTATIONS IN ERCC4, ENCODING THE DNA-REPAIR ENDONUCLEASE
XPF, CAUSE FANCONI ANEMIA

REPORT

Mutations in ERCC4, Encoding the DNA-Repair
Endonuclease XPF, Cause Fanconi Anemia

Massimo Bogliolo,!2.10 Beatrice Schuster,?10 Chantal Stoepker,* Burak Derkunt,> Yan Su,5 Anja Raams,®
Juan P. Trujillo,! Jordi Minguillén,! Maria J. Ramirez,!2 Roser Pujol,!2 José A. Casado,2? Rocio Bafios,2”
Paula Rio,27 Kerstin Knies,3 Sheila Zuniga,8 Javier Benitez,2° Juan A. Bueren,?7” Nicolaas G.J. Jaspers,®
Orlando D. Schirer,5 Johan P. de Winter,4 Detlev Schindler,3* and Jordi Surrallés!.2.*

Fanconi anemia (FA) is a rare genomic instability disorder characterized by progressive bone marrow failure and predisposition to cancer.
FA-associated gene products are involved in the repair of DNA interstrand crosslinks (ICLs). Fifteen FA-associated genes have been
identified, but the genetic basis in some individuals still remains unresolved. Here, we used whole-exome and Sanger sequencing on
DNA of unclassified FA individuals and discovered biallelic germline mutations in ERCC4 (XPF), a structure-specific nuclease-encoding
gene previously connected to xeroderma pigmentosum and segmental XFE progeroid syndrome. Genetic reversion and wild-type ERCC4
c¢DNA complemented the phenotype of the FA cell lines, providing genetic evidence that mutations in ERCC4 cause this FA subtype.
Further biochemical and functional analysis demonstrated that the identified FA-causing ERCC4 mutations strongly disrupt the function
of XPF in DNA ICL repair without severely compromising nucleotide excision repair. Our data show that depending on the type of
ERCC4 mutation and the resulting balance between both DNA repair activities, individuals present with one of the three clinically

distinct disorders, highlighting the multifunctional nature of the XPF endonuclease in genome stability and human disease.

Fanconi anemia (FA) is characterized by bone marrow
failure (BMF), congenital malformations, hypersensitivity
to DNA interstrand crosslink (ICL)-inducing agents, chro-
mosome fragility, and a high susceptibility to cancer. Since
the discovery of the first FA-associated gene 20 years ago,
all together, 15 genes associated with FA have been identi-
fied; these include FANCA, FANCB, FANCC, FANCDI1
(BRCA2), FANCD2, FANCE, FANCF, FANCG (XRCC9),
FANCI, FANC] (BRIP1), FANCL (PHF9), FANCM, FANCN
(PALB2), FANCO (RADSIC), and FANCP (SLX4)"? (MIM
227650, 300514, 227645, 605724, 227646, 600901,
603467, 614082, 609053, 609054, 614083, 614087,
610832, 613390, and 613951, respectively). Studies to un-
ravel the genetic basis of this rare disorder uncovered a
genome-maintenance pathway that protects dividing cells
against replication-blocking DNA lesions. To identify addi-
tional FA-associated genes, we used the SOLiD 4 platform
for whole-exome sequencing on peripheral-blood DNA
from a Spanish FA individual (FA104) who was previously
excluded from all known FA complementation groups
(this study was approved by the Institutional Committee
on Ethical Research in Human Samples, and proper
informed consent was obtained). FA104 was born to unre-
lated parents and was diagnosed neonatally with a malfor-
mative syndrome suggestive of FA, the symptoms of which
included bilateral absent thumbs, microsomy, esophageal
atresia, a ventrally translocated anus, and dysplastic and

low-set ears. She did not show any dermatological abnor-
mality such as skin hyperpigmentation, photosensitivity,
sunlight-induced scarring, or atrophy. FA104 developed
BMF at the age of 2 years and died as a result of a hemor-
rhagic shock after bone marrow transplantation at the
age of 4 years. A positive chromosome-breakage test unam-
biguously confirmed the FA diagnosis: 92% of the cells
showed on average 4.4 diepoxybutane (DEB)-induced
breaks. Lymphoblasts from this individual were hypersen-
sitive to mitomycin-C (MMC) and melphalan but were
insensitive to the topoisomerase I inhibitor camptothecin
and the PARP inhibitor KU58948 (data not shown) and
showed normal FANCD2 monoubiquitination and
RADS1 focus formation.® This suggests a defect down-
stream within the FA pathway, which does not involve ho-
mologous recombination. On the basis of a recessive mode
of inheritance, exome sequencing identified 17 candidate
disease genes for FA104 (Table S1, available online); of
these, ERCC4 (MIM 133520; also known as XPF) immedi-
ately caught our attention given the involvement of the
XPE-ERCCl-structure-specific nuclease in ICL repair.*
Both ERCC4 mutations were predicted to be pathogenic:
a5 bp deletion in exon 8 (c.1484_1488delCTCAA) was pre-
dicted to lead to a frameshift and a premature stop codon
(p.Thr495Asnfs*6), and a missense mutation in exon 11
(c.2065C>A [p.Arg689Ser]; RefSeq accession numbers
NG_011442.1, NM_005236.2, and NP_005227.1) was
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Figure 1. ERCC4 Mutations and XPF
Deficiency in FA Individuals

(A) Sequence analysis of blood DNA from
FA104 revealed a missense mutation in
exon 11 (c.2065C>A [p. Arg689Ser|) (up-
per panel) and a 5 bp deletion in exon

T
Ll ”’I“»‘ ,\; f\’it».\A i

c.1484_1488delCTCAA

8 leading to a frameshift and prema-
ture termination of translation (c.1484_
1488delCTCAA [p. Thr495Asnfs*6]) (lower
panel).
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(B) Sequence analysis of blood DNA
from 1333 revealed a missense mutation
in exon 4 (c.689T>C [p.Leu230Pro])
(upper panel) and a 28 bp duplication
in exon 11 (lower panel) leading to a
frameshift and a premature stop codon
(¢.2371_2398dup28 [p.11e800Thrfs*24]).

(C) Immunoblot analysis showing XPF
expression in lymphoblasts from 1333
and FA104. Lymphoblasts from a healthy
individual (Con), the parents of 1333
(1333-F and 1333-M), and an unrelated

-+ WT FANCA

\\
\
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« MEF Xpf KO + Empty Vector
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ERCC4 mutation carrier (Het) were used as

= i controls. XPF levels are expressed as a ratio
relative to the loading control (RADS0).

(D) Genetic complementation of MMC

+MEP Xol KO + WT XPF sensitivity in FA104 lymphoblasts by

wild-type XPE but not by p.Arg689Ser
altered XPFE Site-directed mutagenesis
was used for introducing point muta-
tions into the pWPXL-XPF hemag-
glutinin (HA)-tagged plasmid with the
QuickChange method (Stratagene) as
described.® Lentiviral supernatant produc-
tion and transduction were done as previ-

MMC (nM)

ously described,® and cells were grown for
10 days in the presence of MMC. Data
represent a typical result of at least three
independent experiments.

(E) Genetic complementation of MMC sensitivity of 1333 lymphoblasts by wild-type XPF (experiments were performed as in D).
(F) MMC-induced growth inhibition of Ercc4-knockout MEFs transduced with lentiviral particles coding for GFP (negative control
vector), wild-type XPF, and p.Arg689Ser and p.Leu230Pro altered XPF. Data represent means and SD of at least three independent

experiments.

predicted to change a highly conserved arginine within
the nuclease active site of XPF. Sanger sequencing on blood
DNA confirmed these mutations (Figure 1A) and their cor-
rect segregation (data not shown). In MMC-resistant
FA104 lymphoblasts (FA104R) obtained after long-term
exposure to a low dose of MMC, we detected a mutation
that restored the ERCC4 reading frame (Figure S1A), sup-
porting the notion that MMC sensitivity is due to ERCC4
mutations. Consistently, XPF levels were reduced in
FA104 lymphoblasts but were normalized in the reverted
FA104R lymphoblasts (Figure S1B). Immunoblotting did
not detect a truncated XPF, indicating that only the
p.Arg689Ser altered XPF was present in the FA104 cell line.

Sanger sequencing on 18 unclassified FA individuals
from Germany revealed biallelic ERCC4 mutations in
another individual (1333). Individual 1333 was born in
2002 and was unambiguously diagnosed with FA at the
age of 5 years as a result of multiple FA-related features,
such as perinatal growth retardation, short stature, pro-
nounced microcephaly, café-au-lait spots, an ostium-pri-
mum defect, biliary atresia with fibrosis of the liver, BMEF,

and a positive chromosome-fragility test (0.2, 6.7, and
9.4 breaks per cell at 0, 50, and 100 ng/ml MMC, respec-
tively). Individual 1333 is redheaded and has pale skin
color, but no spontaneous or UV-light-induced skin
lesions were reported at the age of 10 years. Similar to
those of FA104, lymphoblasts from individual 1333 were
normal with regard to FANCD2 monoubiquitination and
RADS1 focus formation and were sensitive to MMC and
melphalan but insensitive to the topoisomerase I inhibitor
camptothecin and to the PARP inhibitor KU58948 (data
not shown). Individual 1333 carries a 28 bp duplication
in exon 11 of the maternal allele (c.2371_2398dup28
[p.11e800Thrfs*24]; Figure 1B), and this duplication is pre-
dicted to result in a truncated XPF that lacks the double
helix-hairpin-helix (HhH;) domain involved in heterodi-
merization with ERCC1 and DNA binding.” The paternal
allele contains a missense mutation that changes a highly
conserved amino acid residue within the helicase-like
domain (c.689T>C [p. Leu230Pro]; Figure 1B). Immuno-
blot analysis showed that a missense altered XPF and a
truncated 90-95 kDa XPF are present at very low levels
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Figure 2. UV-Light and ICL Sensitivities
of ERCC4 Mutants Leading to FA

(A) UVC-light-induced apoptosis in FA104
lymphoblasts. Cells were analyzed for
UVC-light-induced apoptosis 24 hr after
irradiation with the use of the Annexin-
V-FLUOS Staining Kit (Roche). Data repre-
sent means and SD of at least three
independent experiments.

(B) UVC-light-induced growth inhibition
! of human ERCC4-deficient immortal fibro-
I blast cell lines (from XP individual XP2YO
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(Figure 1C). As expected, the truncated XPF was undetect-
able with an antibody against the C-terminal HhH,
domain of XPF (amino acids 866-916, data not shown).
Interestingly, the truncated XPF was absent in a MMC-
resistant lymphoblastoid cell line (1333R) generated by
long-term exposure to MMC, and near-normal XPF levels
were detected in this reverted cell line (Figure S1C). PCR
amplification and sequence analysis revealed that the
28 bp duplication had disappeared in 1333R (Figure S1D)
and had thus restored the wild-type sequence. Both the in-
herited duplication and the somatic reversion might have
been triggered by an inverted S bp repeat flanking the
region.

Genetic complementation of MMC sensitivity in lym-
phoblasts from both FA individuals was achieved by lenti-
viral transduction of wild-type ERCC4 cDNA (Figures 1D
and 1E). In addition, we expressed wild-type and mutant
human ERCC4 cDNAs in embryonic fibroblasts (MEFs)
from Ercc4 (Xpf)-null mice. We found that ectopic expres-
sion of ERCC4 mutants encoding p.Leu230Pro and
p-Arg689Ser did not complement MMC sensitivity of these
MEFs (Figure 1F), providing additional evidence that the

UVC (IIm?)

®XP42RO (XP-F)

DEB (ug/mi)

2 “  and FA individual 1333) transduced with
lentiviral particles carrying cDNA coding
for wild-type XPFE. The results are expressed
as a percentage of viable UVC-light-treated
cells relative to untreated controls. Data
represent means and SD of two indepen-
dent experiments.

(C) MMC sensitivity of human ERCC4-
deficient primary fibroblasts from XP, FA,
and XFE individuals (XP42RO, 1333, and
XPS1RO, respectively). Data represent
means and SD of two independent experi-
ments.

(D) DEB-induced chromosome-fragility
test in human ERCC4-deficient primary
fibroblasts from XP, FA, and XFE individ-
uals (XP42RO, 1333, and XP51RO, respec-
tively).

(E) MMC-induced G2/M cell-cycle arrest
in the same cells as in (D). Experiments
presented in (D) and (E) were performed
as reported earlier.'”

B XP2YO (XP-F)
BFA90 (FANCA)

—

ERCC4 missense mutations found in

both FA individuals inactivate XPF.

The genetic and functional data

show that mutations in ERCC4 cause

FA in two unrelated nonconsanguine-
ous individuals. Because mutations in ERCC4 cause an
additional FA subtype (FA-Q), we propose FANCQ as an
alias for ERCCH4.

ERCC4 mutations have been linked to the skin-photo-
sensitive and nucleotide excision repair (NER)-deficient
disorders xeroderma pigmentosum (XP [MIM 278700,
610651, 278720, 278730, 278740, 278760, 278780, and
278750])® and XFE progeroid syndrome (MIM 610965),°
and we therefore tried to understand why the identified
ERCC4 variants specifically lead to FA. We hypothesized
that these mutants cause an FA phenotype because of a
strong deficiency in ICL repair but have sufficient NER
activity to prevent clinically relevant skin photosensitivity
and other NER-related features. Compared to an XP com-
plementation group C (XP-C) lymphoblast line, FA104
lymphoblasts were indeed not sensitive to UVC light
(Figure 2A). Given that UV-light survival experiments are
challenging in lymphoblastoid cell lines, we studied skin
fibroblasts from individual 1333 (FA104 fibroblasts were
not available) and found that the UV-light sensitivity in
FA individual 1333 was milder than that in XP comple-
mentation group F (XP-F) individual XP2YO (Figure 2B).
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Figure 3. NER Analysis of ERCC4 Mutants In Vivo

(A and B) In primary fibroblasts, unscheduled DNA synthesis
(UDS) representing global NER activity was measured with 5-ethy-
nyl-deoxyuridine grossly as previously described.'*

(A) XP-F (XP42RO) and FA (1333) cells (arrows) were compared to
mixed-in normal fibroblasts preloaded with polystyrene microbe-
ads (no arrows), used as an internal control. UDS signal was quan-
tified from 20-40 random XP-F or FA G1/G2 nuclei and expressed
as a percentage of control wild-type cells.

(B) UDS signals in Ercc4~/~ MEFs measured as in (A) are expressed
as a percentage of control wild-type MEFs. Ercc4 ™/~ cells were sta-
bly expressing an empty vector or one of various ERCC4 cDNAs
(wild-type or encoding p.Leu230Pro or p.Arg689Ser).

(C) Repair kinetics of UV-light-induced DNA damage by FA-
specific ERCC4 mutants in ERCC4- and NER-deficient human
cells (XP2YO). Cells expressing wild-type XPE p.Arg689Ser or
p-Leu230Pro altered XPF, or XPF resulting from the 28 bp duplica-
tion were locally irradiated with UV light, cultured for the indi-
cated times, fixed and stained for 6-4 PPs, and tagged with HA
with the use of specific antibodies. Data represent the percentage
of cells with 6-4 PP spots at various time points; means and SD
of at least two independent experiments are shown. For each
experiment, 100 cells were counted.

In addition, the FA-specific XPF alterations p.Leu230Pro
and p.Arg689Ser rescued 100% of the UVC sensitivity
of XP2YO fibroblasts (Figure S2A) and approximately
80% of the UVC-light sensitivity of Ercc4-null MEFs
(Figure S2B) but were both unable to complement
MMC sensitivity (Figure 1F). Furthermore, XFE and 1333
fibroblasts responded typically like FA cells upon MMC-
induced survival (Figure 2C), DEB-induced chromosome
breakage (Figure 2D), and MMC-induced G2-phase arrest
(Figure 2E), whereas XP-F cells showed milder MMC sensi-
tivity and lacked DEB-induced chromosome fragility and
MMC-induced cell-cycle arrest (Figure 2C-2E). Previous
experiments in Chinese hamster ovary cells also demon-
strated that the XFE-specific p.Argl53Pro altered XPF
does not rescue MMC or UV-light sensitivity.'' Therefore,
we conclude that XP, XFE, and FA cells with ERCC4 muta-
tions clearly have a distinct response to UV light and MMC
(Table S2).

To further investigate the extent of NER deficiency in the
FA-affected individuals, we measured UV-light-induced
unscheduled DNA synthesis (UDS) in primary skin fibro-
blasts from individual 1333 and from an XP-F individual
(XP42RO) with mild clinical UV-light sensitivity and found
24 + 4% and 21 = 3% residual UDS activity, respectively
(Figure 3A). We also determined UDS in Ercc4-null MEFs
expressing the FA-specific XPF alterations p.Leu230Pro or
p-Arg689Ser. The levels of UDS activity were 39.7% and
48.4% of the normal mean for p.Leu230Pro and
p.Arg689Ser altered XPF, respectively (Figure 3B), enough
to complement 80% of UVC-light sensitivity of these
MEFs (Figure S2B). In XPF-deficient human XP2YO fibro-
blasts, p.Leu230Pro and p.Arg689Ser altered XPF rather
efficiently corrected the defective removal of 6-4 photo-
products (PPs) at sites of local UV damage (Figure 3C). In
contrast, XP2YO cells expressing the ERCC4 mutant with
the 28 bp duplication were completely deficient in NER
activity, as predicted from the disruption of the ERCC1-
and DNA-binding domain of this truncated protein. The
studies presented in Figures 2 and 3 demonstrate that FA
cells with ERCC4 mutations are fully deficient in ICL repair
but retain significant levels of NER activity.

Cell lines from XP-F individuals show a characteristic
failure of the altered XPF to properly translocate to the
nucleus through aggregation of the protein in the cyto-
plasm.'! This feature is evident for XP-causing mutations
and accentuated in cells from the individual with XFE syn-
drome. However, FA-causing XPF missense altered proteins
can actually translocate to the nucleus, where they are
recruited to sites of active NER (Figures S3A and S3B) and
can interact with SLX4 and ERCC1 (Figures S3C and
S3D). These results might be functionally important, given
that a recent article reports that SLX4 interaction with XPF
is crucial for ICL repair and that SLX4-knockout mice phe-
nocopy FA.'® Using Xenopus extracts, J.C. Walter’s group
reported that the FA upstream pathway genes are required
to regulate a nuclease that makes DNA incisions near the
ICL."* Given that FA-specific altered XPF proteins can
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Figure 4. Nuclease Activity of Altered XPF

(A) NER activity of wild-type and altered ERCC1-XPF dimer. A
plasmid containing a site-specific 1,3-intrastrand cis-Pt DNA cross-
link was incubated with whole-cell extracts from HeLa cells or
XPF-deficient cells (XP2YO) complemented with recombinant
ERCC1-XPF purified from Sf9 insect cells as reported.'* The
excised DNA fragments of 24-32 nucleotides are shown. The posi-
tion of a 25-mer is indicated.

(B) Incision of a stem-loop substrate with wild-type and altered
XPF. The 3’ Cy5-labeled substrate was incubated with recombinant
ERCC1-XPF in the presence of 2 mM MgClI, or 0.4 mM MnCl,, and
the products were analyzed by denaturing PAGE. The incision
reaction was performed essentially as described earlier.>'*

-~
1 238 4 5 6 7 8

reach the site of damage, we then investigated their ability
to cleave DNA. For this aim, the p.Arg689Ser altered XPF
was purified as a heterodimer with ERCC1 as previously
described.® Subsequently, NER reactions were performed
with the purified altered protein, extracts from XPF-defi-
cient XP2YO cells, and a plasmid containing an NER
substrate (1,3-cisplatin intrastrand crosslink).15 Consistent
with the functional data above, the purified heterodimer
composed of ERCC1 and p.Arg689Ser XPF is proficient
in the excision step of NER similarly to wild-type XPF,
given that it restored the ability to cleave and remove the
site-specific intrastrand crosslink from the plasmid in
XP2YO cell extracts (Figure 4A). Nevertheless, the excision
reaction is not perfect given that the excised fragments
are, on average, 1 nucleotide longer than expected from
a normal reaction with wild-type-XPF-ERCC1 dimer (Fig-
ure 4A, lane 4). We also performed in vitro nuclease

activity assays with purified ERCC1-p.Arg689Ser-XPF
and ERCC1-p.Arg689Ala-XPF on a stem-loop model
DNA substrate. Unlike wild-type XPF and altered XPF
proteins causing XP (p.Arg799Trp) or XFE progeroid syn-
drome (p.Arg153Pro),"" p.Arg689Ser XPF is unable to
cleave such a substrate (Figure 4B), indicating that the
nuclease-type activity of p.Arg689Ser XPF is grossly
abnormal. Unfortunately, we could not perform these
biochemical experiments with the p.Leu230Pro altered
XPF because we were unable to express and purify
ERCC1-p.Leu230Pro-XPF as a result of its low stability
and tendency to aggregate. We finally checked whether
the FA-specific altered XPF proteins ectopically expressed
in Ercc4-null MEFs can perform the incision step of ICL
repair. Both p.Leu230Pro and p.Arg689Ser altered XPF
completely restored the incision defect of Ercc4-null
MEFs, as measured by the COMET assay (data not shown),
but the cells remained hypersensitive to ICLs (Fig-
ure 1F). Although additional biochemical experiments
are required, our results suggest that the ICL sensitivity
of individuals FA104 and 1333 is not directly linked to
the absence of XPF nuclease activity. It seems unlikely
that the defect is a downstream step of homologous recom-
bination because FA104 and 1333 cells are not sensitive
to PARP inhibitors and are normal in Rad51 focus forma-
tion. Given that the nuclease activity of the FA-specific
p.Arg689Ser altered XPF is grossly abnormal, it is tempting
to speculate that the ICL-unhooking step in these FA cells
leaves an intermediate aberrant substrate that is irreparable
by subsequent ICL-repair factors.

Our genetic, biochemical, and functional studies, along
with the characterization of previous ERCC4 mutations
causing XP-F and XFE, provide a model for the mechanistic
understanding of how mutations in ERCC4 lead to three
distinct diseases (Table S2). Most of the presently known
XP-F individuals suffer from a relatively mild form of
XP.'® Cells from these individuals have a reduced level of
XPF in the nucleus because the altered XPF has a tendency
to aggregate in the cytoplasm.'’ This reduced level of
nuclear XPF is insufficient to mediate complete NER, but
it still has enough ICL-repair-specific functions to prevent
chromosome fragility, cell-cycle arrest, and subsequent
FA clinical manifestations. A second set of ERCC4 muta-
tions, characterized in this study, allow localization of
the protein to the nucleus, where they exert a certain level
of NER activity but are fully deficient in ICL repair.
p.Arg689Ser XPF is a stable and NER-proficient protein
with an active site structure that prevents it from properly
processing ICL-repair intermediates. p.Leu230Pro XPF is
more similar to the products of previously described
ERCC4 mutations in that it is less stable and might have
a tendency to aggregate in the cytoplasm. However, suffi-
cient amounts of the protein are properly folded and reach
chromatin, where it appears to have some activity in the
removal of 6-4 PPs. Residual NER activity in the skin
tissue of individual 1333 in vivo might explain why this
individual has no clinically relevant skin photosensitivity,
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although we cannot exclude that dermatological problems
will arise later in life. A final category of ERCC4 mutations
is associated with XFE progeroid syndrome, which is char-
acterized by very low levels of nuclear XPF, apparently
insufficient to support either NER or ICL repair. Impor-
tantly, the only XFE-affected individual described suffered
from both skin photosensitivity and anemia”'® and shared
some cellular features with XP (NER defect and UV-light
sensitivity) and FA (extreme ICL sensitivity, DEB-induced
chromosome fragility, and MM C-induced cell-cycle arrest),
suggesting that XFE syndrome is characterized by a
combination of XP and FA manifestations (Table S2).
Exhaustion of hematopoietic stem cells is also an attribute
of ERCC1-XPF hypomorphic mice that mimic XFE (Laura
Niedernhofer, personal communication). Microsomy,
microcephaly, and liver fibrosis were likewise observed in
FA individual 1333, in Erccl- and Ercc4-deficient mice,
and in the unique ERCCI-deficient individual, who all
lack ICL-repair functions.'”~*!

In a broader sense, this study demonstrates that depend-
ing on the type of ERCC4 mutation and the balance
between NER and ICL-repair activities, affected individuals
present with one of three clinically distinct disorders.
This resembles the case of XPD, which is involved in XP
complementation group D, trichothiodystrophy (MIM
601675), or Cockayne syndrome (MIM 216400) depending
on the type of mutation,?? and highlights the value of
characterizing rare genetic disorders for gaining insight
into the mechanisms of genome maintenance and human
disease. XPF has a central role in preventing genome insta-
bility, cancer, BMF, developmental abnormalities, and pre-
mature aging. Like those of other breast and ovarian cancer
susceptibility genes mutated in FA,**** the product of
ERCC4 also acts downstream of FANCD2 monoubiquitina-
tion. Therefore, it is important to study FANCQ as a candi-
date gene in hereditary breast and ovarian cancer.

Supplemental Data

Supplemental Data include three figures and two tables and can be
found with this article online at http://www.cell.com/AJHG.
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Figure S1. Genetic Analysis of Back Mutations in ERCC4in Reverted MMC-Resistant FA Cell Lines

(A) Sequence analysis of individual exon 8 alleles cloned from the FA104R cell line. Exons 8 was amplified from
FA104R DNA and the PCR products were cloned with the Topo TA Cloning kit (Invitrogen) and transfected into
Library Efficiency DH5alpha Competent Cells (Invitrogen). The plasmids from single bacterial colonies were
prepared with the NucleoSpin® Plasmid QuickPure Kit (Macherey-Nagel). Sequencing of single bacterial clones
revealed the presence of a 12 bp deletion in exon 8 encompassing the pathogenic 5 bp deletion and restoring the
reading frame of the ERCC4 gene.

(B) Quantification of XPF expression by immunoblot in lymphoblasts from FA104, FA104R, HSC536 (FA-C),
HSC536R (HSC536 reverted to wt) and FA139 (wt). XPF levels are expressed as a ratio of the loading control
(vinculin). Further details on antibodies used can be obtained upon request. The histogram represents XPF levels in
the different cell lines normalized to the levels of the loading control. Means and SEM of at least three independent
experiments are shown.

(C) Immunoblot analysis showing low levels of two XPF proteins in 1333 and a normal size XPF protein in the
reverted cell line 1333R.

(D) Absence of the 28 bp duplication in ERCC4 exon 11 in 1333R eliminating the longer ERCC4 mutant allele with
the 28 bp duplication (upper panel) and restoring the wt sequence in exon 11 (lower panel).
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Figure S2. XPF Mutants Leading to FA Restore UVC Resistance of NER-Deficient Human and Mouse
Fibroblasts

(A) UVC-induced growth inhibition of human XPF-deficient immortal cell lines from XP and FA individuals
(XP2YO and 1333, respectively) transduced with lentiviral particles carrying cDNAs coding for XPF-WT, XPF-
p-Arg689Ser and XPF-p.Leu230Pro. Data represent means and SD of two independent experiments.

(B) UV-induced growth inhibition of Ercc4 KO MEFs transduced with lentiviral particles expressing GFP (negative
control vector), wild type XPF, XPF-p.Arg689Ser and XPF-p.Leu230Pro. Data represent means and SD of at least
four independent experiments. Lentivirus mediated cDNA transduction and survival analysis were performed as
shown in Fig. 1 and 2 (main text).
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Figure S3. XPF Relocation to DNA Damage and Protein-Protein Interactions

(A) Immunoblot analysis of XPF protein in cytoplasmic (CE), nucleoplasmic (NE) and chromatin (CR) fractions
from wild type, 1333 and FA104 lymphoblast cell lines. FA104 and FA104 show an abundance and a distribution of
XPF between the cytoplasmic, nuclear and chromatin compartments comparable to a normal control, whereas 1333
reveals reduced abundance and two species of that protein with sizes predicted by its mutations but, of note, XPF is
still detected in the nucleus and on chromatin with grossly unaffected ratios to the cytoplasmic fraction. Specificity
of the separation of extracts from lymphoblasts is confirmed by the compartment-specific marker proteins tubulin,
p300 and histone H3. Subcellular Protein Fractionation Kit from Pierce (Thermo Scientific) following the
manufacturer’s instructions. Further details on antibodies used and subfractioning conditions can be optained upon
request.

(B) Graphical representation of the percent co-localization of XPF with (6-4)PP in XP2YO cells expressing various
forms of XPF. XP2YO cells were transduced with HA- tagged wild type XPF, XPF-p.Arg689Ser, XPF-
p.Leu230Pro, or XPF-28bp dup, irradiated with UVC (120 ] m™) through a polycarbonate filter with 5 pm pores,
incubated for 0.5 h, fixed and stained with antibodies to (6 4)PP and antibodies to HA. Data represent the average of
at least 3 independent experiments + the SD. For each experiment 100 cells were counted.

(C) Normal SLX4 interactions in XPF-deficient FA individuals. SLX4 was immunoprecipitated with a polyclonal
antibody raised against the first 300 amino acids of SLX4 (SLX4 N-terminus; gift from J. Rouse, Dundee).
Precipitated proteins were visualized by immunoblotting with antibodies to SLX4 N-terminus, XPF, ERCC1 and
MUSS8I. Reduced XPF and ERCC1 protein expression was found in lymphoblasts of individual 1333. In these cells,
full-length and truncated XPF and MUS81 were coprecipitated with SLX4, whereas ERCC1 is barely detectable. In
lymphoblasts of individual FA104, the interaction between SLX4 and its binding partners XPF-ERCC1 and MUS81
is normal. Wild type lymphoblasts (HSC93) and lymphoblasts of FA-P individuals (EUFA1354-L and 457/3) were
used as controls.
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(D) Normal ERCC1-XPF interactions in FA104 and 1333 lymphoblast cell lines. ERCC1 was immunoprecipitated
with a polyclonal antibody against ERCC1 and the precipitated proteins were visualized by immunoblotting with
antibodies against XPF and P83 as internal control. Further technical details on co-immunoprecipitation conditions

and antibodies used can be obtained upon request.
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Table S1. List of Candidate Genes with Biallelic Mutations after Whole-Exome Sequencing

Chrom Pos Ref Alt Ensembl AA change GN NRR SNVQ GTQ
pred
1 169489751 A W SS - F5 42 171 171
1 169525877 T Y SS - F5 52 36 36
2 73675227 - CTC NFC S/SP ALMS1 16 N/A N/A
2 73678183 G R NSC G1509D ALMS1 156 120 120
3 49094490 G S NSC N381K QRICHI 122 228 228
3 49095011 C S NSC G208R QRICHI 109 43 43
4 126238305 C M NSC P247T FAT4 52 178 178
4 126355484 C M NSC A2368E FAT4 56 190 190
5 156479444 TTG - NFC TS/S HAVCRI 61 N/A N/A
5 156479568 - GTT NFC T/TT HAVCRI1 106 N/A N/A
6 31238942 G A NSC A176V HLA-C 23 61 39
6 31239577 A C NSC S48A HLA-C 21 90 90
6 32709309 A R SS - HLA-DQA2 29 84 84
6 32713044 C Y NSC T64M HLA-DQA2 192 228 228
6 32713188 C Y SS - HLA-DQA2 126 228 228
6 38840915 A R NSC 12479V DNAHS8 72 216 216
6 38879340 A il NSC E3267D DNAHS 12 34 34
7 100686777 C Y NSC T4027M muciz7 323 228 228
7 100687107 G R SS - muci7 66 79 79
8 30700598 T Y NSC N1979S TEX15 33 97 97
8 30701995 A M NSC DI1513E TEX15 141 228 228
10 69682773 T Y NSC D920G HERC4 64 69 69
10 69785435 - A SS - HERC4 9 N/A N/A
16 14029271  AACTC - FC - ERCC4 22 N/A N/A
16 14041518 C M NSC R689S ERCC4 121 228 228
16 72137553 C S NSC Q564E DHX38 56 85 85
16 72142141 A R NSC S994G DHX38 52 106 106
17 74272839 Cc Y NSC V1593M QRICH2 54 33 33
17 74277009 il Y NSC Q1264R QRICH2 23 81 81
18 14105016 & M NSC R508I ZNF519 136 228 228
18 14105853 C M NSC R2291 ZNF519 23 51 51
19 51918360 A R NSC S445P SIGLECI2 43 39 39
19 52004795 G CT FC - SIGLECI12 19 N/A N/A
X 53561632 A W NSC F42261 HUWE1 42 53 53
X 53642759 C M NSC E665D HUWEI 16 33 33

Chrom: chromosome number; Pos: genomic position (GRCh37/hg19);Ref: reference allele; Alt: sample allele; Ensembl pred:
consequence prediction of variants on transcript according to Ensembl v59. This column contains one of the following values:
SS=splice site, NSC=non-synonymous coding, FC=frameshift coding, NFC=non-frameshift coding; AA change: amino acid
change in the affected protein; GN: Gene name; NRR: Number of non-redundant reads; SNV Q: the phred-scaled likelihood that
the genotype is identical to the reference; GT Q: Phred-scaled likelihood that the genotype is wrong.
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Table S2. Comparative Summary of Clinical and Cellular/Molecular Features of XP, XFE, and FA
Individuals with Mutations in ERCC4

Clinical/Cellular XPF XFE FA
Features
Skin phosensitivity mild severe no
Atrophic epidermis variable yes no
Neurologic features rare yes no
Hematology normal anemia® anemia, BMF
Growth retardation” no yes yes
Premature death no 16yo 4yo (FA104). 1333 alive
at age 10
UV sensitivity mild severe® none (FA104)%, mild
(1333)
UDS defect mild severe* mild (1333), ND in
(FA104)*
MMC sensitivity mild severe severe
DEB-test negative positive positive
MMC induced G2/M negative positive positive
arrest
Nuclease activity on yes® yes® no

stem loop susbtrates

“It is not known whether anemia evolved to BMF in the XFE individual (Laura Niedernhofer, personal

communication).

*Include microsomy in 1333, FA104 and XFE and microcephaly in XFE and 1333.
‘Reported in Niedernhofer et al., 2005.

YUDS assay was not done in FA104 due to the lack of skin fibroblasts but FA104 lymphoblasts were

resistant to UV.

‘Reported in Ahmad et al., 2010 for XP mutation p.Arg799Trp and XFE mutation p.Arg153Pro. Typically

XP and FA features are marked in yellow and green, respectively.
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Abstract

The WD40-containing E3 ubiquitin ligase RFWD3 has been recently linked to the repair of
DMNA damage by Homologous Recombination (HR). Here we show that an RFWD3 mutation
within the WD40 domain is connected to the genetic disease Fanconi anemia (FA). An
individual revealed congenital abnormalities characteristic for FA. Cells from the patient,
carmying the compound heterozygous mutations ¢ 204 205dupCC and c 1916T=A in
RFWD3, show increased sensitivity to DNA interstrand cross-linking agents in terms of
increased chromosomal breakage, reduced survival and cell cycle amrest in G2 phase. The
cellular phenotype is mirrored in genetically engineered human and avian cells by
inactivation of RFWD3 or by introduction of the patient-derived missense mutation, and is
rescued by expression of wildtype RFWD3 protein. HR is disrupted in RFWD3 mutant cells,
caused by impaired relocation of mutant RFWD3 to chromatin and defective physical
interaction with RPA. Rfwd3 knockout mice exhibit increased embryonic lethality, are sub-
fertile, show ovarian and testicular atrophy and have a reduced life span in which they
resemble other FA mouse models. Although mutation was detected in a single child with FA
yet, we propose RFWD3 as a novel FA gene, FANCW, supported by cellular paradigm

systems and an animal model.
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Introduction

Safeguarding of the genome is essential for the suppression of oncogenesis and for stem
cell maintenance in many organisms and is warranted by DNA repair mechanisms. If they fail
on a genetic basis, DNA repair disorders occur. Fanconi anemia (FA) is such a rare human
genomic instability disease. While wariability occurs, recurrent features include
developmental anomalies and malformations, most commonly growth retardation, cutaneous
pigment displacement and radial ray defects. Other frequent aspects of FA comprise early-
onset bone marrow failure and cancer predisposition, specifically for acute myelogenous
leukemia and head and neck squamous cell carcinoma (1-4). FA results from faults in the
FA/BRCA pathway for DNA interstrand crosslink (ICL) repair, in which proteins encoded by
thus far 21 reported FA genes aliased with the prefix FANC- and senal letters of the
alphabet, FANCA to FANCV, and associated proteins interact (5-9). Germline inactivation of
any one of the FA genes causes classical FA or variant (FA-like) disease lacking single
clinical core features of FA. Common to all subtypes is cellular sensitivity to endogenously or
exogenously produced ICLs, implicating spontaneous and induced chromosomal breakage,
reduced cell survival and arrest in G2 phase of the cell cycle (2). The FA/BRCA pathway
orchestrates the action of other DNA repair proteins such as nucleases, translesion
polymerases and effectors of Homologous Recombination (HR), with all of which it interfaces
and shares components. New elements of the FA/BRCA pathway continue to be identified in
ways that keep our understanding of the FA/BRCA pathway evolving (5, 8-10).

Many of the FA proteins undergo secondary modification. Ubiquitination has become
an important issue of ICL repair including ubiguitin donors and acceptors (7). Ubiquitin
transfer is facilitated by the coordinate action of three different types of enzymes, E1 for
activation, E2 for conjugation and E3 for ligation (11). The monoubiquitination of FANCD?2
and FANCI by the E3 ligase FANCL and the E2 ligase UBEZT/FANCT are key steps of the
FA/BRCA pathway (7). Compromised function of FANCD2, FANCI, FANCL or FANCT due to
defective ubiquitin transfer can abrogate the FA/BRCA pathway (9). In the opposite direction,

the deubiquitinating enzyme complex USP1-UAF1 critically regulates ICL repair by the FA
3
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pathway through its deubiquitination activity towards FANCD2-Ub. It has been recognized
that the USP1/UAF1 complex also promotes HR (12). This occurs, at least in part, by UAF1-
stimulated RAD51AP1 activity (13).

HR has emerged as the most important mechanism for the error-free repair of DNA
double-strand lesions. Notably, certain proteins have been acknowledged as both, late-acting
components of the FA/BRCA pathway and actors in HR, including BRCA2, PALB2, RADS1C,
RADS1, BRCA1 and RADS1B, also known as FANCD1, -N, -0, -R, -5 and -U, respectively.
One of the major proteins early in HR, replication protein A (RPA), not a known component of
the FA/BRCA pathway, is polyubiquitinated by the RING-type E3 ubiquitin ligase RFWD3 on
multiple lysine residues in response to DNA damage (14). Primarily described as an ATM
and ATR phosphorylation substrate, RFWD3 accumulates at stalled replication forks as part
of the DNA damage response (15). At these sites RFWD3 co-localizes with RPA and binds
via its WD40 domain at the C-terminus to replication protein A2 (RPA2). RFWD?3 functions in
replication checkpoint signaling under replication stress and promotes replication fork restart
after HR (14, 16-18). Recent work shows that RFWD3 ubiguitinates RPA which is essential
for productive HR (14). The formation of an RPA-ssDNA complex and the recruitment of
RADS1 alias FANCR, one of the most versatile factors in HR, advance the process (19, 20).

Here we report on a 12-year-old German individual with typical FA phenotype and
compound heterozygous mutations in the E3 ubiquitin ligase RFWD3 [GenBank:
NM_018124.3]. Based on our findings we conclude that biallelic germline mutations in

RFWD3 result in FA.
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Results

Undefined subtype of a child with classical FA. The individual, referred to as 1143, offspring
of unrelated parents of German descent, was born preterm (35 GW) and small for date (1850
g). She presented with duodenal atresia, small midface and bilateral radial ray malformations
including left radius hypoplasia and absent thumb on either side. Ultrasonography revealed
enlarged lateral cerebral ventricles, a hypoplastic left kidney and polysplenia. Growth
retardation with length and weight below the 3™ percentiles and microcephaly continued
postnatally. Hypothalamic partial growth hormone deficiency gave cause for hormone
replacement therapy starting as of 2 y, resulting in catch-up growth along the 3™ percentiles
for height and weight to date. MRI at age 2 y demonstrated rarefied periventricular white
matter, a narrowed corpus callosum, downscaled anterior pituitary, ectopic position of the
posterior pituitary in the hypothalamic region and Chiari malformation type 1. These changes
did not cause neurological deficits or intellectual disability such that she attends regular
classes. This is consistent with the observation that minor brain malformations with little, if
any clinical manifestation are relatively frequent in FA patients (21). As from age 10 her bone
marrow was cytopenic with reduced hematopoiesis and increased fatty tissue. There were
mild dysplastic  features including dysmyelopoiesis (hypogranularity) and
dysmegakaryopoiesis (abnormal lobulation) while erythropoiesis was slightly megaloblastoid.
MDS was excluded on several occasions. Cytopenia is restricted to bone marrow; up to her
present age of 12 y peripheral blood counts remain stable at a normal level. The clinical
diagnosis of FA based on the indicated findings was confirmed by cellular hypersensitivity of
cultured lymphocytes and fibroblasts to DNA-crosslinking agents (Supplemental Figure 1, A
and B). She was classified to belong to a post-D2 FA subtype owing to intact cellular
FANCD2 monoubiquitination (Supplemental Figure 1C). Proper RADS1 foci formation
effectively ruled out groups FA-D1, -N and -O, -R, -S and -U (Supplemental Figure 1D).
Sanger sequencing of the remaining downstream FA genes failed to detect any mutation.
Whole exome sequencing (WES) identifies biallelic mutations of RFWD3. Assuming a

yet unreported FA subgroup, WES was performed on fibroblast DNA. Statistical results of the
5
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data analysis are summarized in Supplemental Table 1. After exclusion of non-authentic
variants and formally inconsistent mutations, data mining left only two meaningful
heterozygous mutations in the gene RFWD.3 (Supplemental Table 2) that had been reported
to be involved in the DNA damage response mediated by p53 and RPA2 (14, 22, 23). The
two detected mutations, a 2-bp-duplication resulting in premature termination of translation
(c.204 205dupCC; p.L69Pfs*12) and a missense mutation (c.1916T=A; p.1639K) at a highly
conserved position (Figure 1A), were confirmed by Sanger sequencing. They are located on
different parental alleles and segregate in the family consistent with an autosomal recessive
disorder (Figure 1B). Both variants are rare. They have not been reported in the 1000
Genomes Project (27,478 samples, February 2017) or in the Exome Aggregation Consortium
(ExAC) database (60,706 samples, February 2017). Both variants were classified as
probably damaging by several in silico prediction software tools. c¢.204 205dupCC
(p.L69PTs*12) is located in the N-terminal region of RFWD3 that is characterized by LQP-
S50 repeats of hitherto unknown function (23), whereas c. 1916T=A (p.1639K) is situated in
the WD40 domain responsible for RPA2 binding.

Wildtype (WT)-RFWD3 reverses genamic instability and deficient HR of 1143 cells.
While there is little doubt that c 204 205dupCC represents a functional null allele,
reasonable concern was raised about the pathogenic nature of the missense variant p.I639K.
To address this question, 1143 and control cultured fibroblasts were transduced with WT-
RFWD3 and control vectors. Susceptibility of cultured 1143 cells to specified chemical
agents allowed for sensitivity testing. On cell cycle studies, FA-typical G2-phase
accumulation following exposure to MMC or DEB was restored to normmal control levels in
1143 cells expressing ectopic WT-RFWD3, but not in mock-transduced 1143 cells
(Supplemental Figure 1, E and F). Chromosomal breakage analysis showed accumulation of
metaphases with =10 breaks per nucleus including frequent radial figures (that reflect
misdirected break repair by ermor-prone homology-directed pathways when HR is
compromised) following exposure to MMC of non-transduced cells, or of those that were
transduced with mock vector or vector containing the patient mutation, RFWD3-1639K cDNA

6
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(Figure 1C). In contrast, 1143 fibroblasts ectopically expressing WT-RFWD3 showed very
few metaphases with high breakage rates. Moreover, survival of 1143 fibroblasts exposed to
MMC was rescued after transduction with WT-RFWD3, whereas unireated 1143 cells, 1143
transduced with mock virus or FA fibroblasts of subtype Q (FA-Q) showed significantly
reduced survival in a dose-dependent manner (Figure 1D). 1143 fibroblasts were also
hypersensitive to cisplatin (CDDP) to an extent that is comparable with FA-B or FA-Q
fibroblasts (Figure 1E).

Similar to FA-D1 (biallelic BRCAZ2-mutant) cells with impaired HR, 1143 fibroblasts
reveal sensitivity to the topoisomerase-1 inhibitor camptothecin (CPT). Decreased survival
compared to non-FA control was rescued when 1143 cells were transduced with WT-RFWD3
(Figure 1F). Lastly, 1143 fibroblasts and those transduced with mock or I639K-mutant vector
were sensitive to the poly-ADP ribose polymerase 1/2 (PARP) inhibitor olaparib. This
sensitivity was distinct but not as pronounced as that of FA-D1 cells. Once again, this
sensitivity was rescued by ectopic expression of WT-RFWD3 (Figure 1G). Poly-ADP ribose
mediates the BRCAZ-dependent early DNA damage response (24). Since RFWD3 deficiency
impairs that mechanism, as indicated by cellular claparib sensitivity, the latter results suggest
the involvement of RFWD3 in HR. in a BRCAZ2-dependent manner.

Consequences of RFWD3 deprivation. RFWD3 deficiency provides a means to infer
normal protein functions from malfunction. The I-Scel-induced HR assay has become widely
accepted as an indicator for a protein to influence the HR mechanism (25, 26). In this assay,
inactivation by RNA interference of either BRCA2 or RFWD3 resulted in a highly significant
loss of HR function relative to mock siLUC transfection, confirming that RFWD3 is involved in
the HR. pathway (Figure 2A, left panel). Similarly, HR activity of FA-D1 (biallelic BRCAZ-
mutant) fibroblasts and of 1143 cells was compared with human normal control fibroblasts.
RFWD3 deficiency down-regulated HR. activity substantially, resembling BRCAZ2 deficiency
(Figure 2A, middle panel). Untreated, mock or RFWD3-1639K cDNA-transduced 1134

fibroblasts were impaired in HR in contrast to 1143 fibroblasts after WT-RFWD3
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transduction, confirming in a isogenic system that the RFEWD3-1639K mutation of 1143 cells
is responsible for the loss of HR activity (Figure 2A, right panel).

Further experiments aimed at understanding in which way the 1143 mutations exert
their effects. Western blot analysis of 1143 lymphoblasts showed that mutant RFWD3 of
normal size is expressed whereas any truncated protein was undetectable (Figure 2B). The
full-length mutant protein may be slightly less stable in cytoplasm, as cellular fractionation
studies suggested, but is strikingly less relocated to the nucleus and to chromatin (Figure
2C). Paucity of mutant RFWD3-1639K in chromatin, leave alone impaired function, resulted in
a longer persistence of RPA and RADS1 nuclear foci in 1143 fibroblasts. After an initial pulse
of & h exposure to MMC the proportion of 1143 cells that scored positive for RPA foci was
increased at early times (24 h and 48 h; Figure 2D, left and middle panel) and the proportion
of RADS1 foci-positive cells was elevated at later times (72 h and 96 h; Figure 2D, right
panel). At other times (RPA foci-positive cells after 48 h and RADS1 foci-positive cells before
72 h) there was no significant difference of foci-positive 1143 cells compared with 1143+WT
complemented and normal control fibroblasts. These data exiend the idea that RFWD3
normally promotes HR induced by ICLs, and HR is delayed when RFWD3 is mutated.

Three different cellular model systems recapifulate RFWD3 mutation. Using the
CRISPR/Cas9 system we generated an RFWD3-mutant clone of U205 cells, designated
CR21F5, owning the homozygous 6-bp deletion c.1941 1947delCGGCAC. The deletion
results in the in frame loss of 2 aa, p.R648 H649del located in the RPA2-binding WD40
domain. CR21F5 cells displayed increased sensitivity to MMC on survival and cell cycle
studies (Figure 2, E and F) and to CPT (Supplemental Figure 1G), mimicking 1143
fibroblasts, but contrasting parental U205 cell and 1143 WT-RFWD3-complemented
fibroblasts.

A second RFWD3-deficient cellular model represent HAP1 cells harboring a 13-bp
deletion in RFWD3 exon 3, c.566_578del, predicted to result in the largely mutated and
truncated protein RFEWD3 p P189Lfs*174. Consistently, these cells also displayed MMC
sensitivity on survival and cell cycle studies (Figure 2, E and G). Unfortunately, HAP1 cells

8
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tend to duplicate chromosomes, which limits their use for chromosome breakage studies.
RFWD3-mutated HAP1 cells were complemented by transduction with WT-RFWD3,
demonstrated by rescue from MMC sensitivity in terms of G2 arrest (Figure 2G).Third, we
generated ARFWD3 DT40 cells by targeted disruption of the chicken RFWD3 locus
(Supplemental Figure 2, A and B). The cells were deduced to be functionally null for two
reasons, the CxxC motif in the RING finger was deleted and no RFWD3 transcript was
detected by RT-PCR (Supplemental Figure 2C). ARFWD3 DT40 cells grew slower in culture
than non-targeted DT40 cells (Supplemental Figure 2D). The gene targeting frequency at the
OVALBUMIN and KU70 loci in ARFWD3 DT40 cells was determined by disruption constructs
as previously described (27). Targeting events were greatly reduced in two independently
produced ARFWD3 vs. parental DT40 cell lines (Figure 3A).

Defective HR in ARFWD3 DT40 cells was further examined by a modified |-Scel
induced HR. assay. The recombination substrate SCneo (two tandem non-functional neo
cassettes that can be repaired by HR) was integrated at the OVALUBUMIN locus. In DT40
cells, transient transfection of [-Scel expression vector resulted in an increase of more than
three orders of magnitude of neo-resistant cells compared to cells transfected with control
vector (Figure 3B). ARFWD3 DT40 cells achieved HR events with approximately one order
of magnitude less efficiency, which was not improved when they were transfected with
chRFWD3-C267A. This mutation disrupts the RING domain, inactivating the RFWD3 E3
ligase function as has been described for the human equivalent mutation C315A in U205
cells (23). Expression of WT-chRFWD3 rescued the frequency to some extent, while
transfection with chRFWD3-16 15K, the chicken counterpart of the human 1639K mutation, did
not. We also determined the ratios of short and long tract gene conversion events (STGC
and LTGC, Supplemental Figure 2E) in the HR repair product of SCneo by isolating neo-
resistant colonies following [|-Scel ftransduction. STGC and LTGC occurred at
indistinguishable rates in non-targeted and ARFWD3 DT40 cells, suggesting that loss of
RFWD3 affects efficiency, but not the tract length, of HR induced by DNA double-strand

breaks (Supplemental Figure 2F).

75



ERGEBNISSE

ARFWD3 DT40 cells proved hypersensitive to MMC or cisplatin in terms of survival,
compared with parental DT40 cells (Figure 3, C and D). ARFWD3 DT40 cells were rescued
by stable expression of WT-chRFWD3, but not of chRFWD3-C267A. Transfection with
chRFWD3-1615K resulted in intermediate sensitivity. Chromosomal studies revealed
increased breakage in the form of chromatid and chromosome type lesions in ARFWD3
DT40, compared to parental DT40 cells, when exposed to MMC (Figure 3E), resembling
AFANCD2 or AXRCC3 DT40 cells (28). Again, stable expression of WT-chRFWD3 restored
the breakage rate to normal, whereas transfection with chRFWD3-C267A had virtually no
effect and expression of chRFWD3-1615K resulted in intermediate rates. These results show
that cells with the chl615K (equivalent to human 1639K) mutant are impaired in HR, in the
maintenance of challenged chromosomal integrity, and in MMC and cisplatin tolerance.

Collectively, these three different cellular models, all lacking RFWD3 on a different
genetic background, support the notion that RFW3 functions in the FA pathway and HR.

REWD3-1639 is necessary for RFWD3 focus formation. In order to examine how the
chicken I615K mutation (equivalent human I639K) affects functions of the RFWD3 protein in
cells, ARFWD3 DT40 cells were transiently transfected with mock vector, vector containing
GFP-tagged chRFWD3-C267A or the double mutant GFP-chRFWD3-C267A/I615K. The
expression of GFP-chRFWD3-C267A showed RFWD3 protein that was relocated to the
nucleus and induced RFWD3 focus formation (Figure 3F). By contrast, expression of the
GFP-chRFWD3-C267A/1615K double mutant prevented the translocation of RFWD3 to the
nucleus and focus formation. In this experiment, the percentage of GFP-positive cells was
comparable between cells expressing GFP-chRFWD3-C267A and GFP-chRFWD3-
C267ANG15K (Figure 3G, upper panel), indicating that expression levels were similar.
However, GFP foci-positive cells were much decreased in the C267A/1615K double mutant
relative to the C267A mutant (Figure 3G, middle panel). Even stronger reduced was the
number of foci in individual GFP-RFWD3 foci-positive cells (Figure 3G, lower panel).
Immunoblotting confirmed that GFP-WT-chRFWD?3 is able to access chromatin whereas the
level of GFP-chRFWD3-1615K in chromatin was much less (Figure 3H), paralleling our

10
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findings in human RFWD3-mutant 1134 cells. Reduced amounts of FLAG-RFWD3-1639K in
chromatin compared with FLAG-WT-RFWD3 were also observed on immunoblots when
U205 cells were transiently transfected with corresponding vectors and exposed to MMC
(Figure 4A). This notion was underscored by the reduction of RFWD?3 foci-positive cells, but
not RPA2 foci-positive cells, when the [6839K mutant was transfected (Figure 4B).
CQuantification confirmed that there was a highly significant difference in the number of FLAG-
RFWD3 foci in individual FLAG-RFWD?3 foci-positive cells (Figure 4C, upper panel), but there
was no difference in the proportion of RPA foci-positive U205 cells after exposure to MMC
(Figure 4C, lower panel). Co-immunoprecipitation of human FLAG-RFWD3-1639K with RPA2
displayed a largely decreased physical interaction in U205 cells after exposure to MMC
which was in contrast to the fransfection with FLAG-WT-RFWD3 (Figure 4D). Pull-down
studies between GFP-RFWD3 containing the RING mutation C315A, or the RING mutation
plus the patient's WD40 mutation (1639K), and human his-RFWD3-C315A showed that
neither mutation affects RFWD3-RFWD3 dimernization (Figure 4E). However, the RING
mutation C315A abrogated RFWD3 auto-ubiguitination whereas the WD40 mutation 639K
did not when U20S cells were transiently transfected with FLAG-RFWD3-WT, FLAG-
RFWD3-1639K or FLAG-RFWD3-C315A and exposed to the proteasome inhibitor MG132
(Figure 4F).

Thus we conclude that RFWD3-1639 or its chicken equivalent chRFWD3-1615 is an
absolute requirement for chromatin translocation, physical interaction with RPA, and ICL
repairfHR functions of RFEWD3.

In U205 cells FLAG-RFWD3 and FANCD2 foci occur in overlapping or immediate
adjacent positions in a majority of cells after exposure to MMC, suggesting temporary
cooperation of the proteins in HR (Figure 4G and Supplemental Figure 2G). This is similar to
observations that, following DNA damage induction, a majority of GFP-FancD2 and Rad51
foci co-ocalized although Rad51 and FancD2 foci formation are independent events (29),

and that monoubiquitinated FANCD2 and BRCA2/FANCD1 co-localize in DNA damage-

1"
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inducible foci (30). Together these data indicate that FANCD2 and RFWD3, RAD5S1 and
BRCAZ/FANCD1 converge and accumulate at the same DNA damage sites.

We depleted FANCD2 in HAP1 RFWD3-knockout cells and confirmed that by
immunoblotting (Supplemental Figure 2H). An MMC dose-response curve demonstrates that
FANCD2 knockdown has a small but significant additive effect to RFWD3 deficiency such
that both defects can be designated as non-epistatic in terms of ICL repair (Figure 4H). A
similar observation has been made in DT40 cells that were double-mutant for FANCC whole
gene deletion and BRCAZ C-terminal deletion. Such fancc/brea2ACTD double-mutant cells
showed a more severe level of sensitivity to cisplatin and MMC compared with either of the
single mutants (29). The additive sensitivity indicates that FANCDZ2 and RFWD3, or FANCC
and BRCAZ2 have non-overlapping functions in ICL repair.

An Rfwd3™” mouse model resembles other FA mouse models. Using gene targeting in
ES cells of C57BL/6 mice, Rfwd3 exon 3 was disrupted (Supplemental Figure 3A). Southern
blot analysis was used to genotype the offspring (Supplemental Figure 3B). RT-PCR analysis
of normalized relative Rfwd3 mRNA expression in Rfivd3”™ and Rfwd3™ mice confirmed
Rfwd3 silencing in Riwd3™ mice (Supplemental Figure 3C). An initial characterization of
Rfwd3" mice demonstrated that they are viable and do not show overt phenotypic
abnormalities. Heterozygous and homozygous offspring was born at approximately 1:1 sex
ratio (Figures 5A). However, Rfwd3™ heterozygous mating resulted in a sub-Mendelian
proportion of Rfwd3”™ homozygous pups, consistent with the notion of embryonic lethality.
Subfertility was an additional finding. Mating of homozygous Rfwd3” mice failed nine times
including three attempts of mating KO males and KO females, three attempts of mating WT
males and KO females, and three attempts of mating KO males and WT females. That way,
six females (23.1% of 26 KO mice) and 3 males (11.5% of 26 KO mice) proved infertile. We
refer to this observation as subfertility since not all Rfivd3™ mice were mated. Histological
examination of Rfivd3”™ mice detected testicular and ovarian atrophy. In males, seminiferous
tubules were largely retained. There was a patchy change where few showed only small
amounts of spermatogenesis but most appeared empty with little evidence of any active cell

12
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divisions (Figure 5B). Female Rfwd3™ mice displayed small ovaries with predominance of
luteal cells and inactive epithelium on the surface. No follicular differentiation or development
was detected (Figure 5C). As a preliminary observation, some Rfwvd3™ offspring lived a
shortened lifespan for unknown reasons.

Rfwd3" MEFs proved hypersensitive to DNA crosslinking agents. When exposed to
MMC they showed increased G2 phase accumulation compared with Rfwd3™* MEFs (Figure
5D). Chromosomal breakage analysis of Rfwd3™ MEFs revealed increased numbers of

i

lesions with a distribution typical for FA, in contrast fo Rfwd3™ mice that showed
unremarkable rates and distribution (Figure 5E). Breaks were mostly of the chromatid type
and included characteristic radial figures (Figure 5F). Rfwd3™ MEFs also showed reduced
dose-dependent survival when exposed to MMC compared with Rfwd3™ MEFs, and they

were rescued by prior transduction with human WT-RFWD3 (Figure 5G).
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Discussion

This study presents a new FA subtype resulting from biallelic mutations in the E3 ubiquitin
ligase gene RFWD3. Two compound heterozygous mutations have been identified using
WES. The paternally derived allele shows a duplication of the cytosine residues at positions
c.204 205 leading to premature termination of franslation. Because we did not detect
truncated RFWD3 protein and the mutation is N-terminally located, it is safe to assume that
the transcript is subject to nonsense-mediated RNA decay. The matermnal allele produced a
relatively stable RFWD3 protein with the missense substitution p.1639K. This is located in the
predicted WD40 domain (23). We showed it to be pathogenic in different systems as it
prevents RFWD3 relocation to chromatin and impairs several of its functions.

Elia et al. (14) recently reported, in a context independent of FA, that RFWD3
ubiguitinates RPA. QOur work shows a disrupted physical interaction of mutant RFWD3 and
RPA. This RFWD3-RPA malfunction adds a mechanistic insight primarily from a human
system and another missing piece of the jigsaw regarding the pathogenesis of FA. One
possibility is that the RFWD3 639K mutation abrogates the E3 ligase function towards
RPAZ2, since the RPAZ2 interaction domain is located at the C-terminus of the RFWD3 protein
(22) that includes the 1639 residue. Further studies will elucidate the exact mechanisms. It
also remains to be seen if other interactors or processes are involved. Since RPA is involved
in HR, our studies were aimed at the demonstration that this holds also for RFWD3. Two
experimental results supported this view. The results of the |-Scel induced HR assay in
human and chicken cells globally indicated impaired homology-directed recombination upon
RFWD3 mutation. Prolonged retention of RPA1 and RPAZ foci in cells with the 1639K
substitution suggested delayed HR. The finding that RADS1 foci also were longer persisting
as in controls may indicate an indirect effect on, or could mean a direct implication of RADS1.

HR is a hierarchical process with master players such as the BRCA1-PALBZ2-BRCAZ
complex and RADS1, and it is also a linear pathway that proceeds sequentially step by step.
Impaired HR can result in an FA phenotype as has been demonstrated by mutations of

genes contributing to HR which are also FA genes (31). Including RFWD3, the number of
14

80



ERGEBNISSE

reported FA genes involved in HR amounts to a total of remarkable seven, which act at
different stages of HR. While the BRCA1, PALB2 and BRCAZ2 proteins function at the level of
orchestration, RFWD3 works at an early step of ssDNA marking whereas RADS1, RADS1C
and XRCC2 have been associated with strand invasion, D-loop formation and Holliday
junction resolution (32). This leads us to conclude that the FA/BRCA pathway converges on
HR. Of note, it have not been the frequently mutated FA genes whose products are among
those that form the FA core complex, which have most contributed to recognize the
association of FA and HR for genomic stability in man including cancer prevention and
longevity. This has rather been achieved by the more recent observation of inactivation of
newly identified downstream or late FA genes with immediate involvement in the excision of
ICLs, in TLS or in HR. These less frequently affected FA genes have all been reported
initially with few or single patients and hypomorphic mutations because other constellations
may be nonviable. Nevertheless, this way we have learned more of the FA/BRCA pathway
with than was discovered over a long period with the upstream or early FA genes.

The proposed patient demonstrates that RFWD3 deficiency does not necessarily
result in early tumorigenesis, partly perhaps because the pl639K mutation is not fully
penetrant. On the other hand 1143 patient cells do clearly show impaired HR activity which
evidently does not dnve forth early-onset embryonal tumors or AML. Pronounced early
cancer proneness has been reported only for FA due to biallelic mutations of BRCAZ (FA-
D1) (33) and of the direct BRCA2 interactor PALEZ (FA-N) (34). Our study of RFWD3
deficiency extends observations in FA subtypes FA-O (RAD5S1C/FANCO-mutant) and FA-U
(XRCCZIFANCU-mutant) whose cells are deficient in HR, too, but patients have not been
described with early embryonal tumors (35-37). Moreover, distinct early tumorigenesis has
not been associated with FA-R (RADS1T/FANCR-mutant) or FA-S (BRCA1/FANCS-mutant)
FA patients (19, 20, 38) whose affected genes likewise are involved in HR. We suggest that
BRCAZ-specific rather than FA/BRCA pathway functions facilitate the extreme proneness to
malignancies of FA groups FA-D1 and FA-N, which is much greater than and different from
the tumor disposition inherent to other FA subtypes (1, 4).
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This is different from the concept of synthetic lethality that affects all cells with
deficient HR. Such synthetic lethality occurs when there is a potent and lethal synergy
between two otherwise nonlethal events: here, one element is camptothecin, a highly specific
type 1 DNA polymerase inhibitor that prevents the ligation of DNA single-strand breaks, or
olaparib, a PARP inhibitor that also interferes with single-strand break repair. Unrepaired
single-strand breaks are converied to double-strand breaks upon replication. The other
component of synthetic lethality in our study is RFWD3 deficiency that leads to the loss of
HR function necessary to repair double-strand breaks. As they cannot be properly repaired
HR-deficient cells become selectively and exceptionally sensitive to compounds that exploit
their Achilles heel. Apart from RFWD3 deficiency, increased sensitivity to this type of
chemicals is shared with cells with biallelic mutations of one of the other six FA genes acting
upon HR.

We generated an Riwd3 KO mouse model that serves as a direct support of the
pathogenicity of mutant RFWD?3 in the human disease of FA. It may also serve as a future
basis for a better understanding of patient-independent in vivo functions of RFWD3. The fact
that Rfwd3™ mice fail to show a recognizable pattern of phenotypical anomalies that
resemble FA patients (39-41) is compatible with this view as it is mimored in other FA knock-
out mouse models (42). In contrast, subfertility and embryonic lethality are feafures
frequently seen in other FA mouse models (39). Notably, Rfwd3" mice are not completely
sterile, a trait in which they are more similar to recently reported Fancp™ mice than to most
other FA mouse models (39, 41). Rfwd3" mice may serve for studies of aftrition of
hematopoietic stem cells in FA, for transplantation studies, for sensitivity testing of aldehydes
and oxygen, for drug screens, and for cancer studies. However, long-term survival
observations are still necessary for Rfivd3™" mice as regards the occurrence of malignancies.

In conclusion, we identified biallelic mutations in RFWD3 in an individual presenting
with classical FA. As an E3 ubiquitin ligase that promotes HR via ubiquitination of RPA it
finds its position late in the FA/BRCA pathway, downstream of BRCAZ/FANCD1. Since HR is
hampered when RFWD3 is mutated, RFWD3 seems to be one of the key players in the
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regulation of HR. In recognition of its function as a FA gene we propose to assign RFWD3
the alias FANCW._ Further clinical studies will reveal if it is also a susceptibility gene for
familial cancer such as the Hereditary Breast and Ovarian Cancer disorder (HBOC) when

mutated on only one allele, as it holds true for many downstream FA genes (43).
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Methods

Cell lines. All cells except DT40 were cultured in complete DMEM supplemented with 15%
FBS at 37 °C in incubators with 5% CO.. Exceptions are indicated where applicable. Cells
were immortalized using standard protocols. RFWD3-HAP1 cells were obtained from
Horizon Genomics (HZGHC002532c010), revealed a 13-bp deletion in exon 3 of RFWD3
(c.566_578del; p.P189Lfs*174), and were maintained according to the manufacturers
instructions.

DNMNA sample preparation, PCR and Sanger sequencing. Genomic DNA was isolated
using the GeneJet™ Genomic DNA Purfication Kit (Fermentas) and the Quick-gDNA
MiniPrep Kit (Zymo Research). Mutation validation, segregation analysis and screens for off-
target events were performed by Sanger Sequencing using Bio-X-Act DNA short polymerase
(Bioline) according to manufacturer's protocol on an Applied Biosystems 3130xl sequencer.
Primer sequences for genomic sequencing are listed in Supplemental Table 3. Primer design
and mutational nomenclature are based on transcript ENST00000361070.8. PCR conditions
are available upon request.

Whole exome sequencing. Target enrichment was performed with the Agilent
SureSelect Human All Exon 50Mb Kit and followed by Next Generation Sequencing on a
HighSeq2000 instrument (lllumina). Processing of WES data using NextGENe™ software
v2.18 (Softgenetics) and in silico analysis were performed as described before (44).

Transtfection and viral transduction. Generation of stable oncoretroviral producer lines
and transduction of adherent cells were performed following the instructions in the Lenti-X
Lentiviral Expression System User Manual of Takara Clontech. The control vector pLVX-
EF1a, expressing an IRES-puro cassette, and the RFWD3 vector pLVX-EF1a+WT,
expressing additionally human wildtype RFWD3 cDNA, were constructed using classical
cloning methods (primer sequences for cloning are listed in Supplemental Table 4). Because
of inappropriate restriction sites in the MCS, we generated convenient restrictions sites using
gBlocks (IDT, Integrated DNA Technologies; sequences available upon request). The

missense mutation encoding the 639K substitution was introduced using the Q5 Site-
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Directed Mutagenesis Kit (New England Biolabs) according to the manufacturer's
instructions. Transduced cells were selected in puromycin for 7—14 d, and challenged with
MMC. We analyzed transduced fibroblasts and other cells by cell cycle analysis as
described, did survival assays or used other readout systems.

DT40 gene targeting. ARFWD3 DT40 cells were generated by gene targeting as
described (45). Briefly, a targeting vector with a histidinol or puromycin resistance cassette
was used to substitute a ~1.2kb genomic segment between chRFWD3 exons 2 and 3,
similarly as described elsewhere (27).The strategy is shown in Supplemental Figure 2A
Gene targeting replaced a ~9.3 kb wild-type genomic with a ~4 5kb targeted Sacl fragment
on Southern blots. chRFWD3 cDNA was amplified from DT40 total RNA, cloned into pENTR
plasmids and transferred to expression plasmids using the Gateway system (Thermo Fisher
Scientific). Generation of chRFW3 mutants were performed by QuikChange Site-Directed
Mutagenesis Kit (Agilent Technologies) according to manufacturer's instructions. To obtain
stably expressing clones, chRFWD3-IRES-GFP or GFP-chRFWD3 expressing plasmids
were transfected into DT40 ARFWD3 cells. Clones were selected by measuring GFP
expression levels on a FACS Calibur (Becton Dickinson) flow cytometer (27, 46). DT40 cells
were cultured as described (45).

Cell cycle, cell survival and chromosomal studies. Flow cytometric cell cycle analysis
was deployed as described after exposure of fibroblasts to 20 nM (10 ng/ml) MMC or to 116
nM (10 ng/ml) DEB for 48 h (47, 48). For cell survival assays we adopted protocols reported
by Kim et al. (49). Human fibroblasts were exposed to 20-100 nM MMC or 0.1-16 pM
cisplatin for 8 d. In knockdown studies, HAP1 cells were treated with FANCD2 siRNA and
exposed to the indicated concentrations of MMC for 16 h. After 8 h of recovery, cells were
plated with serial dilution and colonies were counted after 7 d. To study MMC sensitivity of
DT40 cells, they were serially diluted, exposed to an MMC pulse of 1 h and plated into
medium containing 1.5% methylcellulose. Colonies were counted after incubation for 1-2
weeks. Cell numbers were determined using a Nucleo Counter NC-250 (Chemometec).
Assays were performed according to the manufacturers protocols. To assess cisplatin
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sensitivity, DT40 cells were treated with the indicated concentration for 48 h, and cell viability
was assessed in solution using a FACS Calibur instrument after propidium iodide staining
(45). For the PARP-inhibitor assay the commercially available PARP-inhibitor olaparb
(Selleckchem) was used.

Chromosome preparations were made by the air drying method. Solid (Giemsa)-stained
metaphases were examined for chromatid and chromosome type damage. Whole-blood
cultures were stimulated by phytohemagglutinin. They were exposed to MMC at final
concentrations of 0, 50 or 100 ng/ml for 72 h. Mitotic cells were amrested in metaphase using
colcemid for 45 min. 0.075 M KCI was used as hypotonic treatment. Metaphase spreads
were solid-stained with 5% Giemsa solution. Slides were analyzed on an Axioskop Imager
Al (Zeiss) and scored for chromosomal instability. Cultured fibroblasts were processed
similarly but exposure to MMC was for 48 h, exposure to colcemid for 25 h and 0.8 M
sodium citrate dihydrate was used as hypotonic treatment. Analysis of chromosome
aberrations in DT40 cells was performed as previously described (27).

Protein fractionation and immunobloting. Protein fractionation was achieved using the
Subcellular Protein Fractionation Kit (Thermo Fisher Scientific) for cultured cells according to
the manufacturer's instructions. Whole protein lysates of lymphoblasts or fibroblasts were
obtained using Pierce IP Lysis Buffer (Thermo Fisher Scientific). Aliquots equaling 40 pg of
protein were prepared in 4x LDS Sample Buffer (Invitrogen). 10x Sample Reducing Agent
(Invitrogen) was added. Samples were heated to 70 °C for 10 min and separated on 7%, 4-
12% or 3-8% gels by SDS-PAGE (Invitrogen). Proteins were transferred to a nitrocellulose
membrane using the iBlot2 system (Invitrogen). After blocking of unspecific binding sites by
5% skim milk in phosphate buffered saline (PBS) containing 0.1% Tween20 for 1 h,
antibodies listed in Supplemental Table 5 were applied. After four rounds of washing with
PBS-T for 15 min, membranes were overlayed with Immobilon Western Chemiluminescent
HRF Substrate (Millipore) and analyzed using the MicroChemi System (Berthold).

To isolate the chromatin fraction, DT40 cells were lyzed in buffer A (10 mM HEPES,
10 mM KCI, 1.5 mM MgCl;, 0.34 M Sucrose, 10% Glycerol, 0.1% tritonX-100 containing 1
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mM DTT, 1mM NasVVO., and protease inhibitor cocktail (Roche)). After incubation on ice for
30 min samples were centrifuged at 1,700 x g for 5 min. The pellets were washed with buffer
A once. Cells were lyzed in buffer B (3 mM EDTA, 0.3 mM EGTA, containing 1 mM DTT, 1
mM NasVO, and protease inhibitor cocktail) and incubated on ice for 30 min. After
centrifugation at 5,000 x g for 5 min, pellets contained the chromatin fraction. Proteins were
separated by SDS-PAGE and detected by immunoblotting using anti-GFP (MBL), anti-
Histone H3 (Active Motif) and the ECL prime Kit.

CRISPR/Cas9 gene targeting. U205 cells seeded in 6-well plates with 70-80%
confluency were transfected with pSPCas9(BB)-2A-Puro (PX459, Addgene) using
Lipofectamine 3000 (Life Technologies) according to users manual. Each transfection
contained three different sgRNA's, generated by using htip://crispr.mit.edu/guides (50).
sgRNAs  for targeting the RFWD3 gene were as  follows: CR1,
GGCACTGTCTTGTGACCTACAG; CR2, GCACTGTCTTGTGACCTACA,; CR3,
GGGGGCTGCATAGACTTTCA. All three sgRNAs are directed to exon 11, one of them
covers even position c.1916 of the missense mutation. In addition the same experiment was
performed by co-transfecting U20S cells with one of the sgRNA’s and a template vector
(pBlueScript Il SK(+), Addgene) containing RFWD3 cDNA with c.1916T=A. This vector was
generated by classical cloning via the restriction sites Sacl-HF and EcoRI-HF. 72 h after
transfection, the medium was changed and selection with puromycin was launched for 4 d.
Single cells were seeded in 96-well plates and expanded until sufficient cells were available
for DNA isolation. Clones were analyzed by Sanger Sequencing.

Immunaofiuorescence. Cells were grown on glass slides. Sub-confluent cultures were
exposed to 40 ng/ml of MMC and analyzed after indicated intervals as described (35). For
U205 experiments, cells were fixed with PBS containing 3% paraformaldehyde, 2% sucrose
and 0.5% Triton-X-100 on ice for 30 min, and were then permeabilized with 0.5% Triton-X-
100/PBS for 5 min. After blocking with 2% BSA/PBS, samples were stained with antibodies
diluted in 2% BSA/PBS for 1 h at room temperature. The secondary antibodies used were

Alexa Fluor 488-conjugated anti-mouse IgG or Alexa Fluor 594-conjugated anti-rabbit 1gG
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(Molecular Probes). For DT40 experiments, cells were exposed to 500 ng/ml MMC for 8 h.
DT40 cells were immobilized on glass slides using a Cytospin (Thermo Fisher Scientific)
centrifuge, and were fixed with 4% paraformaldehyde for 30 min. Cells were perrmeabilized
with PBS containing 0.5% Tnton-X for 5 min and incubated with anti-GFP monoclonal
antibody (MBL) or other antibodies at 37 °c for 30 min. Nuclei were counterstained with
DAPI, and slides were analyzed on a BIOREVO BZ-9000 microscope (Keyence).

Plasmid transfection. For adherent cells, Lipofectamine 3000 (Invitrogen) was used
according to the manufacturers instructions. For DT40 cells, electroporation by Neon
(Invitrogen) at 1,500 V, 20 msec, 1 pulse, was used.

RNA interference. Cells were transfected with siRNA using Lipofectamine RNAIMAX
(Invitrogen) according to the manufacturer's instructions. Briefly, a dilution containing siRNA
(10nM) and lipofectamine was premade using OPTI-MEM | 1x (GIBCO) and then added to
the cells. Four hours later the medium was replaced with fresh medium. Cells were allowed
to grow for 24 h before siRNA transfection was repeated. The following siRNAs were used:
Luciferase (5-CGUACGCGGAAUACUUCGA-3'), BRCA2 (5-GGAUUAUACAUAUUUCGCA-
3), RFWD3 (5-GGACCUACUUGCAAACUAU-3/ 5-AUAGUUUGCAAGUAGGUCC-3) and
FANCD2 (5-UAGAGAGUGAAGCAAACUCUG-3). siLuciferase was used as a negative
control in the RNA interference assays.

I-Scel-induced HR assay. Immortalized patient fibroblasts (cell line 1143) were stably
transfected with a plasmid containing a wild type copy of RFWD3 full length cDNA
(1143+WT), an empty vector (1143+mock) or a plasmid containing RFWD3 with the patient
mutation (1143+638K). The HR assay was performed in these cell lines by transient
transfection of the pDR-GFP plasmid. Two days later, the cells were co-fransfected with an I-
Scel endonuclease expression vector (pCBASce), with an empty vector (pCAGGS) or with a
plasmid constitutively expressing GFP (pNZE-GFP). In U20S cells, the HR assay was
performed as previously described (24). Briefly, U20S cells stably transfected with a vector
containing a single copy of the DR-GFP construct and were transduced with specific siRNAs
against luciferase, BRCA2 or RFWD3. Two days later, the cells were transfected with
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pCBASce, pCAGGS or pNZE-GFP. In all cases, 2 pg of plasmid was added in 6 well plates.
48 h after transfection, cells were trypsinized and resuspended in a buffer containing sodium
citrate (3.4 mM), triton (0.1%), RNAase (200 pg/mL) and FBS (20%). The number of green-
fluorescent cells was counted in a flow cytometer. Cells were finally stained with propidium
iodide (50 pg/mL) and the cell cycle distnibution was determined by flow cytometry. The level
of HR was quantified as the proportion of green fluorescent cells corrected by transfection

rate and size of S phase.

The same assay was performed in DT40 cells as previously described (27). We
generated WT-DT40 WT, ARFWD3-DT40, and chRFWD3-complemented ARFWD3-DT40
cell lines in which the SCneo construct with an I-5cel recognition site was targeted into the
Owvalbumin locus. To determine the nature of repair events, G418-selected colonies from WT
and ARFWD3 cells were expanded and genomic DNA was analyzed by long range PCR as
shown in Supplemental Figure 2E.

Co-immunoprecipitation. Cells were washed once with PB5, lyzed in NETN buffer
(150 mM NaCl, 0.5 mM EDTA, 20 mM Tris-HCI pH 8.0, 0.5% NP-40) supplemented with
protease inhibitor cocktail, 25 U/ml benzonase (Millipore), and 1 mM Na,VO, on ice for 30
min, and centrifuged at 14,000 rpm for 10 min. The pellet was discarded. Dynabeads Protein
G (Invitrogen) was incubated with an appropriate primary antibody before it was added to the
supernatant, following the manufacturers instructions. To capture his-tagged or FLAG-
tagged proteins, Complete His-Tag Purification Resin (Roche) or anti-FLAG M2 Agarose
Affinity Gel (Sigma) was used, respectively. Captured proteins were washed and analyzed by
immunoblotting. Samples were separated by SDS-PAGE and transferred to a PVDF
membrane (Millipore). Proteins were detected as described previously (51).

Generation of Rfwd3" mice and analysis of embryonic fibroblasts (MEFs). A replacement
vector for targeting of Rfwd3 exon 3 was generated by assembly of three fragments using
sequential cloning. The final recipient vector contained the FRT-flanked neomycin selection
(neo) cassette and the 3-loxP site. PCR primers used to amplify the fragments included all
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the restriction enzyme sites required to join them together and to ligate them into the Surf2
vector backbone (Ozgene). The first fragment encompassed the 4.8 kb 5-homology am.
The second fragment compnsed the 0.7 kb region of exon 3 and was amplified using a sense
primer (1589_42) that contained the 5" loxP site. The third fragment encompassed the 3.6 kb
F-homology arm. All of the fragments were amplified from BACs RP23-55G21 and RP23-
297L3. For sequence information of the primers see Supplemental Table 6. The final
targeting vector 1589 _pTV contained the 5'-homology amm, exon 3 of Rfwd3, a neo cassette
and the 3-homology arm (Supplemental Figure 3A). A PshAl and a Scal site to be used for
screening were inserted immediately 5’ of the 5 loxP site and immediately 3’ of the 3" loxP
site, respectively. The FRT sites for conditional KO were not used. 1589 pTV was lineanzed
by digestion with Pmel prior to electroporation into C57BI/6 Bruced4 ES cells (52). Neo-
resistant ES cell clones were screened by Southemn hybridization to identify potentially
targeted clones, using a probe downstream of the 3-homology arm (P3). The WT allele
showed a 6.5-kb band and the correctly targeted allele a 4.1-kb band when genomic DNA
was digested with Scal. Comrect 5-integration was confirmed using a probe upstream of the
5-homology arm (5P1). The WT allele showed an 11.8-kb band and the comectly targeted
allele a 5.3-kb band when genomic DNA was digested with PshAl. The possibility of
additional random targeting events was precluded by using a probe to the neo cassette
(NeoP). Correctly targeted alleles showed a band size of 8.3 kb when genomic DNA was
digested with PshAl. The KO allele was distinguished by Southern hybridization using probe
P3. The WT allele showed a band size of 11.8 kb, the targeted allele of 8.3 kb and the KO
allele 5.9 kb when genomic DNA was digested with PshAl. Rfwd3™ ES cells were injected
into goGermline blastocysts (53). Male chimeric mice were obtained and crossed to a
ubiquitous Cre mouse line to remove the loxP-flanked exon 3. 8- to 10-week-old Rfwd3™
mice were generated from heterozygous breeding. All strains were backcrossed on a
CH7BL/6 background for more than 3 generations. Mouse embryonic fibroblasts (MEFs)
were obtained from embryos of Rfiwd3” male mice crossed with Rfwd3™ females.
Genotyping of the pups confirmed their Rfwd3 status (Supplemental Figure 3B).
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Phenotypical analyses of homozygous Rfivd3"™ mice were performed at Ozgene by a
veterinarian and according to ethical guidelines of Australia. Blood analyses were done by
cutting the tail vein. MEFs were cultured in DMEM (Sigma Aldrich) with 10% FBS (Sigma
Aldrich), 0.2% R-mercaptoethanol (Life Technologies) and 2 mM GlutaMax (Gibco). Survival
assays, chromosomal breakage and flow-cytometric cell cycle analyses were performed
similarly to expenments with other cell types. All expenments in mice were performed in
accordance with protocols approved by the Ozgene Animal Ethics Committee under the
proposal 150602_PHEN, project 1589_Cajun.

Real-ime (RT)-PCR analysis of Rfwd3 mRMNA expression. Liver samples were
harvested, snap frozen in liguid nitrogen and stored at -80 ®°C. mRNA was extracted from
frozen tissue using the PureLink RNA Mini Kit (Thermo Fisher Scientific) as per manufacturer
protocol. Extracted mRNA was reverse transcribed using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) as per manufacturer protocol. Real-time (RT)-
PCR was performed using the CFX Connect Real-Time PCR Detection System (Bio-Rad).
Each duplex PCR reaction consisted of 0.5 pl 40x Beta Actin qPCR assay, 1 pl 20x Rfwd3
gPCR assay, 1 pl cDNA, 7.5 pl H,0, and 10 pl 2x PrimeTime Gene Expression Master Mix
(Integrated DNA Technologies) in a 20 pl reaction as per |IDT assay protocols. This resulted
in a final 1x concentration of 250 nM for each of the probes, and 500 nM of each primer set.
Sequence information of the Rfwd3 primers used is shown in Supplemental Table 6.
Amplification conditions were: 95 °C for 3 minutes followed by 40 cycles of 15 s at 95 °C and
1 min at 62 °C. All gPCR reactions on cDNA were carried out in triplicate with “no template”
and “no reverse transcriptase” control samples. Data was analyzed using CFX Manager
Software, version 3.1 (Bio-Rad).

Statistics. For the siRNA or other transfection assays in U20S or DT40 cells and
immunofluorescence analysis of 1143, 1143 WT-RFWD3-complemented and non-FA cells, 3
independent experimenis each were done and Student’s T-test was used to compare the

results. With patient-derived fibroblasts, 5 independent experniments were done and the
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Student’s T-test or the Mann-Whitney test was performed depending on whether or not the

data were normally distributed. Statistical analyses were performed using SPSS software.
Study approval. The parents of the patient gave their informed consent to paftient-

related studies. Genetic work on FA was approved by the Institutional Review Board of the

Faculty of Medicine at the University of Wurzburg.
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Figure 1. Identification and characterization of RFWD3 mutations.

(A) WES data reveal two heterozygous sequence variants of the RFWD3 gene, highlighted
in green. The gene is located on the minus strand; chromosomal and amino acid positions
next to the mutations are depicted.

(B) Sanger sequencing confirms both mutations in individual 1143 and familial segregation.
(C) Histograms reflecting proportions of cells with the indicated number of chromosomal
breaks per metaphase, blue without, red after exposure to MMC. Dashed lines delimit high
rates high rates of RFWD3-mutated (1143) and transduced fibroblasts (1143+mock,
1143+1630K). 1143+WT is rescued. 50 metaphases each were scored.

(D-G) Dose-response curves of same cell lines used in (C) compared to non-FA and FA (FA-
Q, FA-B or FA-D1) fibroblasts after exposure to the indicated agents and concentrations. The
data represent mean = SEM; N=5.
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Figure 2. Involvement of RFWD3 in HR and ICL repair.

(A) Reduced HR in RFWD3-deficient human cells as signaled by the 1-Scel-induced HR
assay. Shown is the decrease of GFP-positive (HR-active) cells compared to controls. The
left graph shows data from siRNA-transfected U205 cells (luciferase (LUC; mock) vs.
BRCAZ and RFWD3). The middle graph represents data from non-FA vs. 1143 and
BRCAZIFANCD{1-mutant fibroblasts. The right graph displays data from 1143 transduced
with WT-RFWD3 vs. mock, 1639K and non-transduced 1143 fibroblasts. All resulis are
comrected for transfection rate and S-phase size.

(B) Western blot with RFWD3 antibody including lysates from 1143, her family members and
non-FA fibroblasts exposed to MMC. Lanes were run on the same gel but were non-
contiguous.

(C) Cell fractionation of protein lysates from non-FA and 1143 fibroblasts exposed to MMC.
(D) Proportion of RPA1, RPA2 and RAD51 foci-positive cells in 1143, 1143+WT-RFWD3
transduced and non-FA fibroblasts at different intervals after an initial 8-h pulse of MMC
exposure.

(E) Dose-response curves of CRISPR clone CR21F5 vs. parental U20S cells, HAP1-
RFWD3 vs. HAP1 control cells, and 1143 vs. non-FA fibroblasts exposed to MMC.

(F and G) Cell cycle analysis regarding G2-phase arrest of CRISPR clone CR21F5 vs.
parental U205 cells and of HAP1-RFWD3 vs. HAP1-RFWD3+WT complemented and
HAP1 control cells without or with exposure to MMC. Increased G2 compartment size is
highlighted in red, normal size is shown in gray.

Data in (A), (D) and (E) represent mean + SEM; N=3 for siRNA experniments, otherwise N=5.
***n=0.001; *p=0.01; *p<0.05 by unpaired, two-sided Student’s T-test.
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Figure 3. Functional analyses of ARFWD3-DT40 cells.

(A) Frequency of gene targeting at the OVALBUNMIN (OVA) and Ku70 loci of WT-DT40 cells
(blue) and two independently generated ARFWD3-DT40 cell lines (#1, red and #2, green).
Percentages of the targeting events relative to the number of examined clones are shown on
top of each bar.

(B) Frequency of neo-resistant DT40 colonies due to HR events in the SCneo recombination
substrate integrated in the OVA locus. Cells with indicated genotypes were transiently
transfected with empty vector (+vector) or with vector containing |-Scel (+l-Scel}) and
selected in medium containing G418. After 10-14 days the number of colonies was counted.
(C and D) Dose-response curves of WT-DT40 cells vs. ARFWD3-DT40 cells and ARFWD3-
DT40 cells transfected with WT-RFWD3, RFWD3-1615K or RFWD3-C267A. Cells were
exposed to MMC or cisplatin.

(E) Histograms reflecting proportions of cells with the indicated number of chromosomal
lesions per metaphase in WT-OT40 and mutant cells with the indicated genotypes and
transfections without or with exposure to MMC. 50 cells each were scored.

(F} GFP immunofluorescence analysis of ARFWD3-DT40 fibroblasts transiently transfected
with mock, GFP-chRFWD3-C267A or the double mutant GFP-chRFWD3-C267A/I615K after
exposure to MMC.

(G) Proportion of GFP-RFWD3-positive ARFWD3-DT40 cells (upper panel), GFP-RFWD3
foci-positive ARFWD3-DT40 cells (=5, middle panel), and number of GFP-RFWD3 foci in
individual GFP-RFWD3 foci-positive ARFWD3-DT40 cells (lower panel) after transfection
with the indicated plasmids. Cells are those used in (F).

(H) Relocation of GFP-RFWD3 in ARFWD3-DT40 cells transfected with the indicated
plasmids without and with exposure to MMC. Fractions were probed using anti-GFP and anti-
histone 3 antibodies.

Data in (B-D) and (G) represent mean + SEM; N=3. "*p=0.001; **p=0.01; *p<0.05 by
unpaired, two-sided Student’s T-test
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Figure 4. Interaction studies of human RFWD3.

{A) Cell fractionation shows impaired chromatin relocation of RFWD3 with the mutation in the
WD40 domain when U205 cells were transiently transfected with FLAG-WT-RFWD3 or
FLAG-RFWD3-1639K and exposed to MMC as indicated.

(B) FLAG-RFWD3 immunofluorescence analysis of same cells used in (A) exposed to MMC.
Anti-FLAG detected RFWD3, anti-RPAZ endogenous RPA, DAPI counterstains the nucleus.
(C) Number of FLAG-RFWD3 (upper graph) and RPA2 (lower graph) foci per nucleus without
or with exposure fo MMC. Cells are those used in (A). =50 cells were counted for each
sample. The experiment was repeated four times. Data represent mean + SD. P values of
WT vs. 1639K were calculated using the unpaired, two-sided Student's T-test(D) Co-
immunoprecipitation of FLAG-WT-RFWD3 or FLAG-RFWD3-1639K with RPA2 in transiently
transfected U205 cells without or with exposure to MMC.

(E) Pull-down study of GFP-RFWD3 and his-RFWD3 dimerization in U205 cells transiently
transfected with GFP, GFP-RFWD3-C315A (RING mutation) or GFP-RFWD3-C315A/1639K
(double mutation). Detection was by anti-his and anti-GFP antibodies.

(F) Auto-ubiquitination of FLAG-WT-RFWD3, FLAG-RFWD3-1639K or FLAG-RFWD3-C315A
in transiently transfected U20S cells without or with exposure to the proteasome inhibitor
MG132. siLuc and siRFWD?3 served as negative controls. Detection was by anti-RFWD3.

(G) Colocalization of FLAG-RFWD3 and FANCDZ2. U205 cells were transiently transfected
with FLAG-RFWD3 and exposed to MMC (100 ng/ml for 24 h).

(H) Survival curves of RFWD3-mutated HAP1 cells transfected with siRNAs to luciferase
(Luc) or FANCDZ2 (D2) and exposed MMC. Mean * 5D of three independent experiments are
shown. Depletion of FANCD2 and BRCAZ2 (control) was analyzed by immunoblotting and is
shown in Supplemental Figure 4H.
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Figure 5. Characterization of an Rfwd3” mouse model.

(A) Numbers and proportions of female (red) and male (blue) Rfwd3™", Rfwd3" and Rfwd3™
mouse offspring of heterozygous mating. Rfwd3™" pups were born at sub-Mendelian rate.

(B) Atrophic Rfwd3™ mouse testis shows seminiferous tubules with little active
spermatogenesis and few spermatozoa. The original micrograph was taken at 40x.

(C) Atrophic Rfiwd3" mouse ovary demonstrates clusters of luteal cells within a delicate
stroma but no follicular development. The original micrograph was taken at 40x.

(D) Cell cycle analysis examining G2-phase armest in Rfwd3™ vs. Rfwd3™ MEFs without or
with exposure to MMC. Increased G2 compartiment size is highlighted in red, normal size
shown in gray.

(E) Histograms reflecting proportions of cells with the indicated number of chromosomal
breaks per metaphase, blue without, red after exposure to MMC, in Riwd3" and Rfwd3™*
MEFs. 50 cells each were scored. Sensitivity is indicated by the high rate of metaphases with
=7 breaks (dashed line). 50 metaphases each were scored.

(F) Micrographs of Rfwd3~ MEF metaphase preparations. Unaffected cell without prior
exposure to MMC (upper left image), increased chromosomal breakage after exposure to
MMC (lower left image) and predominance of chromatid-type lesions and radial reunion
figures (arrows, right image) after exposure to MMC.

(G) Dose-response curves of Rfwd3"™ MEFs, Riwd3™ MEFs and Rfwd3" MEFs transduced
with human WT-RFWD3 exposed to MMC. The data represent mean £ SEM; N=3.
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Supplemental data

Biallelic mutations in the ubiquitin ligase RFWD3 cause Fanconi anemia

Kerstin Knies, Shojiro Inano, Maria J. Ramirez, Masamichi Ishiai, Jordi Surallés, Minoru
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Supplemental Figure 1. Extended FA phenotype of 1134 cells (related to Figures 1 and 2).
(A) Histograms reflecting proportions of cells with the indicated number of chromosomal breaks
per metaphase from lymphocyte cultures, blue without, red after exposure to MMC. Dashed lines
delimit high rates (=7). 50 metaphases each were scored.

(B) Histograms reflecting proportions of cells with the indicated number of chromosomal breaks
per metaphase from fibroblast culture, blue without, red after exposure to MMC. Dashed lines
delimit high rates (>7). 50 metaphases each were scored.

(C) Immunoblot analysis of FANCDZ2 monoubiquitination of RFWD3-mutated (1143), 1143’s
family members, FANCD2-mutated, FANCB-mutated and normal control lymphoblasts. Cells
were exposed to 40 ng/ml MMC for 16 h.

(D) Proportion of RADS1 foci-positive nuclei in 1143, FA-D1 and non-FA fibroblasts, detected by
anti-RADS1 staining without (gray) and with (black) prior exposure of cells to MMC (40 ng/ml, 16
h). Data represent mean with +SD. N=3.

(E) Cell-cycle analysis without or with exposure to MMC of 1143, 1143+mock, 1143+WT-
RFWD3 and non-FA fibroblasts. Increased G2 compartment size of 1143 and 1143+mock cells
(normal <28%) is highlighted in red, normal size is shown in gray.

(F) Cell-cycle analysis without or with exposure to MMC of 1143, 1143+WT-RFWD3, FA-P and
non-FA fibroblasts. Increased G2 compartment size of 1143 and FA-P cells (normal <28%) is
highlighted in red, normal size is shown in gray.

(G) Dose-response curves of CRISPR clone CR21F5 with targeted RFWD3 compared to
parental U205, 1143 and non-FA cells, exposed to camptothecin at the indicated
concentrations. Data represent mean +SEM; N=5.
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Supplemental Figure 2. Generation and characterization of RFWD3- deficient cellular
models (related to Figures 3 and 4).

(A) Partial map of the chicken RFWD?3 locus, the gene disruption vector and the configuration of
the targeted allele. An inserted neo-cassette is shown in light blue, a probe for allele
discnmination in dark blue. Red boxes indicate the positions of exon 1 with the translation start
site, and of exons 2 and 3 that become disrupted. Sacl sites and bidirectional arrows between
them denote restriction fragment positions and lengths used in Supplemental Figure 2B.
Armrowheads indicate the positions of primers used in Supplemental Figure 2C.

(B) Genotype determination by Southem blot analysis of WT (+/+), heterozygous (+/-) and
homozygous (-/-) ARFWD3-DT40 cells. Sacl-digested genomic DNA was hybridized with the
probe shown in Supplemental Figure 2A.

(C) RT-PCR analysis of chicken RFWD3 mRNA expression in control and ARFWD3-DT40 cells
using the primers shown in Supplemental Figure 2A.

(D) Relative cell growth of WT-DT40, ARFWD3-DT40 and AFANCD2-DT40 cells over a penod
of four days.

(E) Structure of the SCneo construct and expected HR repair products revealing STGC (short-
tract gene conversion) or LTGC/SCE (long-tract gene conversion/unequal sister chromatid
exchange).

(F) Number of G418-resistant clones with STGC or LTGC/SCE events in WT-DT40 and
ARFWD3-DT40 cells after transfection of I-Scel vector and selection by G418.

(G) RFWD3-mutant HAP1 cells were transduced with the indicated siRNAs and analyzed by
immunoblotting 24 h later. Silencing of FANCD2 resulted in the loss of comesponding protein,
knock-down of BRCAZ in the reduction of RAD51 on chromatin,

(H) A majonty of MMC-induced FLAG-RFWD3 and FANCD2 foci in U20S cells co-localized or
were in close proximity.
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Supplemental Figure 3. Generation and characterization of Rfwd3” mice (related to Figure
5).

(A) Targeting strategy. The replacement vector contains a neo-cassette (orange) flanked by FRT
sites (green) which, together with exon 3, are flanked by loxP sites (red). Using 5" and ¥
homology ams the vector was used to target the Rivd3 locus of mouse ES. After selection with
G418, exon 3 and the neo-cassette were removed by Cre-mediated recombination. The FRT
sites for conditional KO were not used. Blue boxes denote exons. P3 (green) 5Pi (red) and NeoP
(yellow) represent Southem hybridization probes of specified sizes. PshAl and Scal designate
restriction sites (purple bolts). Bidirectional orange and green amows display restriction
fragments of indicated sizes detected by corresponding probes. (B) Southem blot analysis of
Rfwd3™", Rfwd3™ and Rfwd3™* mice. Scal-digested genomic DNA was hybridized with the probe
P3. Expected sizes: WT 6.5 kb and KO 4.1 kb. E055, 057, 059 and 067 are Rfwd3™; E056, 065
and 066 are Rfwd3"; E058, 060 and 064 are Rfwd3™*.

(C) RT-PCR analysis of normalized relative Rfwd3 mRNA expression in Rfwd3” and Rfwd3™*
mice. Data represent mean with £5D. N=3.
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Supplemental Table 1. Statistical analysis of WES data (related to Results and Figure 1)

Number of total reads 113,599,566

Reads that passed QC 112,700,612

Reads on target 109,529,301 (97%)

Exome coverage 197x

Total number of detected variants 29,180

Reported SNPs (dbSMP Build 134) 24 675

Unknown variants in exons 3,962

Unknown variants at splice sites 666 (136 thereof at essential splice sites)

Total number of unkown wvarants in . . . ) )
3,981 (including essential splice sites)

heterozygous condition

Insertions/deletions 577
Missense 2,211
Nonsense 100
Silent 982

Genes with =2 heterozygous unknown

385
variants
Genes with =2 heterozygous variants, a5
both predicted to be disease-causing
Genes involved in DNA repair with =2
heterozygous variants, both predicted 3

to be disease-causing
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Supplemental Table 2. Genes with 22 heterozygous sequence variants, both predicted

to be disease-causing (related to Results and Figure 1)

LOCT29737 KIAA1211
C1lorf159 HGCE.3
SRRM1 CCDC146
HORMAD1 ZNFE896
C2orf71/RP524 ANKRD18B
PLEKHHZ2 ANKRD20A2
LOC400986/ANKRD36C ANKRDZ20A1
LOC100287144/USP17L10 ANKRD2
C10orf76 ZNF408/RP72
LOC100507338/PFM8 USP15
FLYWCH1 RFWD3
ROGDI KIAADGE4/CLUH
LOC4004939 CBX4
ARMCS AATK
ZNF327 PRR12
ZNFT784 MCM3AP
ZNF3I3S/MCPH10 MN1

ESX1

Genes involved in DNA repair are marked bold. RFWD3 is highlighted in red.
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Supplemental Table 3. Human genomic primer sequences (related to Methods)

Name Sequence Used for

RFWD3 Ex 2 F AAGTCCATTACCAAACACTTCTGACTTAAGTA ©.204_205dupCC validation
RFWD3 Ex 2 R CATAATTTCTAGTACAGCAATGATCACAGACT ©.204_205dupCC validation
RFWD3 Ex 3 F AGCATTTAATGGCCTGGAGATGGGTTGA Sanger sequencing
RFWD3 Ex 3 R TCTACATAATTATGGCCAGTGAAGGCTCTATA Sanger sequancing
RFWD3 Ex 4 F CTGCTAGCTTCTCATACCTGACATATCTTAT Sanger sequencing
RFWD3 Ex 4 R ATATTCAGGTTGGGCATGGTGGCTC Sanger seguencing

RFWD3 Ex 56 F

TACAAGTGTTCTGTAGCCCTTTTGATTGTA

Sanger sequencing

RFWD3_Ex 56 R

AATTATAAATAACAGTGTAAGACAGACTGCCAATG

Sanger sequencing

RFWD3 Ex 7 F TACAGCAAAGAACGTGCATCATAGCATGAA Sanger sequencing
RFWD3 Ex 7 R TATAGTAGACCTCATCATAAAGTGTGTA Sanger sequencing
RFWD3 Ex 8 F CAGTTCTCTAGGATTCATGTTAACACTTTCATA Sanger sequencing
RFWD3 Ex 8 R ATCTTTGCAGCACCCTGGGGTACTT Sanger sequencing
RFWD3 Ex 9 F TGACCAGCTGGTTCCCAAGGACTTATA Sanger sequencing
RFWD3 Ex 9 R AACAAAAAACAGAGCTAAGGTCATCATAAC Sanger seguencing

RFWD3_Ex_10_F

AGTGTGTTCTCAGTAAGGATTAATGATCA

Sanger sequencing

RFWD3_Ex_10_R

AACCTGGCTATACTTGTACCAGAACTCTC

Sanger sequencing

RFWD3 Ex 11 F

TCTGGAGCCGTCCGAGTTTTGGA

¢. 1916 T=A validation

RFWD3 Ex 11 R

ACCTCGTTAGCCTGTGAGCGGTA

c. 1916 T=A validation

RFWD3 Ex 12 F

TGCATTTATGGCTTTTCCATCCAACTAGGTT

Sanger seqguencing

RFWD3 Ex 12 R

GACTCATGGAAACCAAGCAATCTCACATA

Sanger sequencing

RFWD3 Ex 13 F

GTCAGGTGTGCTGACTTTGAACAACCTT

Sanger seguencing

RFWD3 Ex_13 R

TCCTAGAATCATACTAATGCAAACAAACCATGAT

Sanger sequencing

RFWD3_Ex_c2 F

GGCCGAGGTAACTACCGAGTCTT

cDMA Sanger sequencing

RFWD3_Ex 2 R

AAGTCAGGCTGGGTCCTGCTCA

cDNA Sanger sequencing

RFWD3 Ex cl1 F

GGCTAACTACATCTATGCTGGACTGG

cDMNA Sanger sequencing

RFWD3 Ex c11 R

TTGGTCAATAGTTTGCAAGTAGGTCCT

cDNA Sanger sequencing
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Supplemental Table 4. Primer sequences used for RFWD3 cloning and analysis (related

to Methods)

Name

Sequence

Used for

Human_Puro_for

CGAGTTGAGCGGTTCCCGGCTGG

Transduction
verification

Human_Puro_rev

GTTGATTGTTCCAGACGCGTCTAGGCACC

Transduction

verification
Human_I639K_for GCTGCCCTTGGAGCCAGGGGGCTGCAAAGACTTTCAG Mutagenesis
ACAGAGAACAGCTCCCGG
Human_I639K_rev CCGGGAGCTGTTCTCTGTCTGAAAGTCTTTGCAGCCCC Mutagenesis
CTGGCTCCAAGGGCAGC
Human_pLVX-EF1a- gagactagiictagaATGGCTCATGAAGCAATGGAATATGATG Infusion
IRES-puro_for cloning
Human_pLVX-EF1a- agaggggcgggatccTCACTCCCACTTATAGATGTGGACC Infusion
IRES-puro_rev cloning
Human_pIRES_neo_for ggccigitaaccggtATGGCTCATGAAGCAATGGAATATGATG Infusion
cloning
Human_pIRES_neo_rev ggatccgaattcgaaTCACTCCCACTTATAGATGTGGACC Infusion
cloning
DT40chicken_STGC_1 | AACAGCTCTGGTAAGCTTGTCCAGATCGATG Detection of
STGC
DT40chicken_STGC_2 | TGCTTTGCGTTCAAGCTTGGCTGCAGGTCG Detection of
STGC
DT40chicken_LTGC_1 | GTGAGGAAGAGTTCTTGCAGCT Detection of
LTGC
DT40chicken_LTGC_2 | CAGCGCCCGACCGAAAGGAGCGCACGACC Detection of
LTGC
8
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Supplemental Table 5. Antibodies used in this study (related to Methods)

Name Type of Company Catalogue number Used for Dilution
antibody
. Mouse, . .
Anti-FANCD2 Santa Cruz Biotechnology sc-20022 Western blotting 1:500
monoclonal
Rabhbit,
Anti-RADS1 abcam abG3801 Immuncfluorescence 1:800
polyclonal
Rabhbit,
Anti-REPWD3 abcam ab138030 Western blotting 1:1000
polyclonal
Mouse,
Anti-Tubulin abcam ab44028 Western blotting 1:1000
meonoclonal
Anti-GAPDH Rabbit, palyclonal abcam abogs-200 Western blotting 1:1000
Mouse,
Anti-p84 abcam ab487 Western blotting 122000
monoclonal
Rabhbit,
Anti-Histone H2 abcam ab1791 Western blotting 1:600
polyelonal
Mouse,
Anti-RADSD GeneTex GTX70228 Western blotting 1:5000
meonoclonal
Rabhit,
Anti-Vinculin abcam ab129002 Western blotting 1210000
monoclonal
Rabhbit,
Anti-RPA1T Bethyl Laboratories A300-2414 Immunoflucrescence 1:1000
polyclonal
Rabhbit,
Anti-RPAZ Bethyl Laboratories A300-2444 Immunoflucrescence 1:1000
polyclonal
Goat anti-
Alexa 594 Life Technologies A11072 Immunoflucrescence 122000
rabbit igG
9
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Supplemental Table 6. Primer and probe sequences for mouse Rfwd3-targeting studies

(related to Methods)

Name

Sequence

Used for

1589_41

CTAAAGGACAGTTAAGTGCATCTAGACC

PCR fragment 1

1589 51

CTTATGGTCTCTGACTCCAAGC

PCR fragment 1

1580 42

TAAGCATTGGTAAACCGGTGACACGTGTCATAACTTCGTATAGCATACATTATACGAAG
TTA
TCCCAAGTGTTTGCCTGTGAGTGTAT

PCR fragment 2

1589 52

CTAAGGCGCGCCTCAGAATAAAAAACAGAAAGGGAATGCCATTACACAGG

PCR fragment 2

1589 43

CTAAAGTACTAATGATCCACCCAAGATAGTCACC

PCR fragment 3

1589 53

TAAGCATTGGTAAAAATAACAGTGCAAGGTTGGGTGG

PCR fragment 3

5P

CTTGTCGCTCGCTGTTTTAACTTTTATCACCGCAGCGGAACTGCGACCGAAGGATA
TTTTCATTCTCCTCTTCCTGCGGGGAGGCGGGCGTGGGCAGACAGGTTAGGAAACT
TAACTTTGGTTCCGCAGCTACTAACAGGGCGAGCCTGGATACGAACCCGGGTCTGAC
TGAATCCCCGLCGGGCTCCCGGCGACCTGTTTATTGGGGCAGCCGTCGCTCCCGCCTT
CTGTGTTTATCGAAACCAAAGCTTAGCAAGGGTGGGGGGCAGAGGTGGAGTTCACGG
TCTGAGGGCCGCTGACTTTTCGGGGCCATCGGACTAGCGTTTGTGTCACTTAAAGAAG
GGGCTCATACGAGCACGAGCCCAGGATTTGGGGAACGTGTTTTGTTTTTGGA

Southern
hybridization

F3

CCACCCAACCTTGCACTGTTATTTTTTGTTTCAGACAGTTTTGCTAGGCAGCCCAGACA
GGCCTTGCTTTACTATCTGTTGTTTGCTGTCACAGGACACATTTAGTCTACTCCCTGTT
GGGGTCCCCCTCCCCGCCTTTTAAACATTTTCTCGTATAAGTCAAGACTTTATATAGTTA
CCTTAACAAATTGTAGTGAGTATAGTCATGAGATTTATTTATAGCAGAGGTTGCCATATA
AAAGGAAAGATGTTTTACTTTTGATGTGACCAACGAATGTGCCTTTGGAAATTTATGCAA
GCTATTGAAGCACCGATAAGCATGTCC

Southern
hybridization

MNeoP

GACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCG
CAGG
GGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAGGA
CGAG
GCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGA
CGTTGT
CACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCT
GTCAT
CTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCA
TACGC
TTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCAC
GTACTCG
GATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGC
GCCAGCC

Southern
hybridization

10
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GAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGLGATGATCTCGTCGTGACC
CATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCA
TCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCC
GTGATATTGCTGAAGAGCTTGG

Prime
Time

Primer 2

TGAAGCCAACATTCCAGAACA

RT-PCR

Prime
Time

Primer 1

CACCTTCCTCATCTTCCATAGC

RT-PCR

1

114



ERGEBNISSE

3.2.3 THE E3 LIGASE RFWD3 PROMOTES TIMELY REMOVAL OF BOTH RPA AND
RAD51 FRoOM DNA DAMAGE SITES TO FACILITATE HOMOLOGOUS

RECOMBINATION

The E3 ligase RFWD3 promotes timely removal of both RPA and RADSI1 from

DNA damage sites to facilitate homologous recombination
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SUMMARY

RFWD3 is a recently identified Fanconi anemia protein FANCW whose E3 ligase
activity toward RPA is essential in homologous recombination (HR) repair. However,
how RPA ubiquitination promotes HR remained unknown. Here we identified RADSI.
the central HR protein. as another target of RFWD3. We show that RFWD3
polyubiquitinates both RPA and RADS1 in vifro and in vive. REFWD3 inhibits persistent
MMC-induced RADS51 and RPA foci by promoting VCP/p97-mediated protein
dynamics and subsequent degradation. Depletion of BRCA2 impairs RPA ubiquitination,
and RFWD3 functions with BRCA2 in RPA foci turnover. Furthermore, MMC-induced
chromatin loading of MCMS is defective in cells with inactivated RFIWD3 or expressing
a ubiquitination-deficient mutant RADS51. Collectively. our data reveal a mechanism
that facilitates timely removal of RPA and RADSI1 from DNA damage sites, which is

crucial for progression to the late phase HR and suppression of the FA phenotype.

Keywords: Fanconi anemia. Homologous recombination. ICL repair, REWD3, RADSI,

RPA
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In Brief
A novel Fanconi anemia gene FANCW/RFWD3 encodes an E3 ligase that is essential

for homologous recombination repair of DNA. Inano et al. show that stepwise repair
involves polyubiquitination of RPA and RADS51 and their subsequent removal from

chromatin and degradation.

Highlights

® RFWD3 polyubiquitinates both RPA and RADS1 in vitro and in vivo.

® RFWD3 marks MMC-induced RPA and RADS1 foci for clearance by VCP and the
proteasome.

® Defective clearance impairs HR and loading of MCMS fo chromatin.

® RFWDS3 functions in RPA polyubiquitination epistatically with BRCA2.
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INTRODUCTION

Cells daily incur numerous DNA lesions that threaten genome integrity. To maintain
genomic infegrity. cells are equipped with a myriad of mechanisms that are each
specific for different types of damage. However. DNA interstrand crosslinks (ICLs)
require the combined use of various modes of DNA repair, including nucleotide
excision repair (NER), franslesion synthesis (TLS), and homologous recombination
(HR). The Fanconi anemia (FA) pathway orchestrates these DNA repair activities for
ICL repair (Ceccaldi et al.. 2016: Kottemann and Smogorzewska. 2013). FA is a
hereditary disorder defective in ICL repair and characterized by developmental
anomalies, progressive bone marrow failure. leukemia. and solid fumors (Kutler et al.,
2003).

An ICL is converted to a double-strand break (DSB) by incision (termed
unhooking)  through  the actions of a  structure-specific  nuclease
SLX4/FANCP-XPF/FANCQ-ERCCI1 complex. This is recruited in a manner dependent
on the FANCD2-FANCTI (D2-I) heterodimeric complex that accumulates in chromatin
upon their monoubiquitination by the FA core E3 ligase complex (Ceccaldi et al.. 2016:
Kottemann and Smogorzewska. 2013). Importantly. a DSB generated at ICL-stalled
replication forks is subsequently channeled into the HR repair pathway. Therefore,
biallelic mutations in genes of the core HR machinery, such as BRCA2/FANCDI or
RAD5IC/FANCO, may also cause FA. More recentlyy, BRCAI/FANCS and
RADS51/FANCR, key molecules in HR. have also been identified as FA genes (Bogliolo
and Surrallés. 2015; Ceccaldi et al., 2016).

The first step in HR following DSB generation during ICL repair is DNA end

resection. The MRE11-RADS0-NBS1 (MRN) complex initiates resection. which is
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completed by the combined actions of many DNA repair factors that are modulated by
FANCD? itself (Ceccaldi et al.. 2016: Symington and Gautier. 2011). The resulting long
single-stranded DNA (ssDNA) is rapidly coated with RPA. a trimeric ssDNA binding
protein complex that consists of subunits RPA1 (also called RPA70), RPA2 (RPA32),
and RPA3 (RPA14). The mediator BRCA2-DSS1 complex plays a major role in loading
RADSI1 onto RPA-bound ssDNA (Liu et al., 2010:; Prakash et al.. 2015; Zhao et al..
2015). resulting in RADSI nucleoprotein filament formation. RADS1 catalyzes the
critical activity in HR. i.e.. the homology search and strand invasion of homologous
duplex DNA. leading to the formation of a displacement loop (D-loop) recombination
intermediate. The ssDNA strand displaced from the template DNA during heteroduplex
DNA formation also binds RPA. Subsequently. DNA synthesis, from the 3° end of the
ivading strand as a primer. using a PCNA clamp and DNA polymerases (Heyer. 2015:
Sebesta et al.. 2013). extends the D-loop. leading to capture and annealing of the other
end of the DSB (second end capture). However. it is still poorly understood how these
late-phase HR processes are regulated.

RFWD3 is a RING-type E3 ligase that colocalizes with RPA in
DNA-damage-induced foci. It binds to RPA2 and functions in replication checkpoints
(Gong and Chen. 2011: Liu et al., 2011). It was further reported that RFWD3-mediated
ubiquitination of RPA is essential for HR (Elia et al.. 2015). However. the mechanisms
by which RPA ubiquitination contributes to HR remain unclear. Here we show that
RFWD3 ubiquitinates both RPA and RADS1 in vitro and in vive. and increases their
local turnover in DNA damage-induced foci. Ubiquitinated RPA2 and RADS51 displayed
lowered ssDNA binding. and they eventually underwent proteasomal degradation. In

agreement with these observations. we also found higher levels of MMC-induced RPA

o
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and RADS] foci that abnormally persisted in the absence of RFWD3. Furthermore, cells
expressing ubiquitination-deficient RPA2 and RADS1 mutants displayed HR defects
and higher cisplatin sensitivity. Of note, biallelic mutations in the RFWD3 gene have
been identified in a patient with FA (Knies et al. in revision).

RESULTS

Inactivation of REWD3 results in persistent RPA2 and RADS1 foci

To gam more insight into the RFWD3 function in HR, ARFWD3 cells were constructed
in the HAP1 haploid human cell line using CRISPR-CAS9 (Horizon Genomics) and
validated by genome sequencing (Figure S1A) and immunoblotting (Figure 1A).
ARFWD3 cells exhibited hypersensitivity to MMC. Olaparib. and Camptothecin (CPT).
with milder sensitivity to gamma-ray irradiation (IR) and Hydroxyurea (HU) (Figure
IB). Importantly. reintroduction of wild type (WT) RFWD3 reversed MMC sensitivity.
whereas a RING finger domain mutant (C315A) did not. despite higher expression
levels (Figure S1B). These HAPI mutant cell lines appeared to maintain a stable DNA
ploidy pattern (Figure S1B).

Next we examined how loss of RFWD3 affects ICL repair. While ARFWD3
cells were proficient in MMC-induced FANCD2 monoubiquitination (Figure 1A).
RPA2 and RADSI foci numbers in ARFWD3 were drastically elevated at 16-32 hr
post-MMC addition (Figure 1C and D). A similar tendency was observed after
gamma-ray irradiation (IR) in U20S cells depleted of RFWD3, which showed extensive
colocalization of RPA2 and RADS1 (Figure S1C). Furthermore, we detected more

RPA2 and RADS5I in the chromatin fraction in A RFWD3 than in WT at 24 hr

post-MMC stimulation (Figure 1E). Interestingly. the accumulated RPA2 accompanied
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slower migrating species. which are probably hyperphosphorylated forms of RPA2. We
also noted highly increased numbers of proximal ligation assay (PLA) signals between
RPA2 and RADS5]1 proteins in siREFWD3-depleted MMC-stimulated U20S cells (Figure
1F). These PLA signals might reflect the coexistence of RPA and RADS1 in HR
mtermediates such as D-loops. since BRCA2 knockdown (Figure S1D) drastically
diminished these signals (Figure 1F).

Prior studies have mndicated that RFWD?3 1s required for checkpoint signaling
under replication stress (Elia et al.. 2015: Gong and Chen, 2011; Liu et al., 2011).
Indeed. we found that ARFWD3 cells exhibited less RPA phosphorylation after HU
treatment than WT (Figure S1E). However, MMC-induced phosphorylation was rather
enhanced compared with control WT cells (Figure S1E). Unexpectedly, we found that
expression of RFWD3 with the RING domain mutation (C315A) restored RPA2 and
Chkl phosphorylation. as well as HU resistance. in ARFWD3 cells (Figure S1F and
Figure 1B). This is in sharp contrast to the situation with the ICL response. We also
found that a RFWD3 construct carrying both C315A and the FA patient-derived
mutation I639K. which inhibits chromatin localization of RFWD3 (see the
accompanying manuscript Knies et al. in revision). only partially reversed these defects
(Figure S1F). Since ARFWD3 cells treated with HU for 2 hr displayed a lower
percentage of RPA foci positive cells (Figure S1G). we speculate that RFWD3 facilitates
RPA loading onfo ssDNA under HU-induced stress, and subsequent ATR-Chkl
activation in a manner independent of its E3 ligase activity.
RFWD3 promotes RPA polyubiquitination following MMC damage
Given that RFWD3 interacts with RPA (Gong and Chen, 2011; Liu et al., 2011). and

ARFWD3 cells displayed increased numbers of RPA2 foci formation after MMC

=1
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damage. we examined whether REFWD3 polyubiquitinates RPA. In cells transfected with
tagged ubiquitin, we found that polyubiquitination of endogenous RPA1 and RPA2 was
detectable when treated with MMC in the additional presence of proteosomal inhibitor
MG132 (Figure 2A). Polyubiquitination of overexpressed RPA2 (Figure 2B) or RPA3
(Figure S2A) was also observed following combined MMC/MGI132 treatment.
Importantly. this was markedly suppressed by RFWD3 depletion (Figure 2A. 2B, and
S2A). RPA2 polyubiquitination was further increased when FLAG-RFWD3 WT was
co-expressed (Figure 2B). This effect of RFWD3 expression was mostly or partially
abrogated by the RING domain mutation (C315A) or chromatin localization-defective
mutation (I639K) (see the accompanying manuscript) (Figure 2B). respectively. The
latter observation is consistent with the previous report that RPA polyubiquitination
occurs in chromatin (Elia et al.. 2015). These results are consistent with the possibility
that REFWD3-dependent RPA polyubiquitination facilitates its proteasomal degradation.
ICL damage triggers RPA polyubiquitination in a manner dependent on
ATR/ATM kinase

The DNA damage response (DDR) includes phosphorylation events by three major
PIKK family members, ATR. ATM. and DNA-PK. To elucidate how the RFWD3 E3
ligase is activated during DDR. we tested the effects of inhibitors of ATR (VE-821),
ATM (KU-55933). and DNA-PK (NU-7026) on RPA2 polyubiquitination. We found
that polyubiquitination was significantly diminished by combined treatment of ATR and
ATM inhibitors (Figure S2B). Since it was reported that REWD3 Ser46 and Ser63 are
phosphorylated by ATM and ATR following DNA damage (Fu et al.. 2010), we
introduced a RFWD3 S46/63A mutant construct into HAP1 ARFWD3 cells. We found

that the mutant could not fully restore cisplatin tolerance (Figure 1B). Furthermore,
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overexpressed RFWD3 S46/63A mutant displayed decreased levels in RPA
polyubiquitination (Figure 2C). These results indicated that phosphorylation of RFWD3
S46/63 mediated by ATR/ATM kinase may be critically involved in activation of
RFWD3.

Next. we raised a rabbit antibody against a RFWD3 peptide containing
phosphorylated Ser46 (Figure S2C and S5B). This antibody recognized MMC-induced
RFWD3 phosphorylation in RFWD3 WT but not the S46/63A mutant by
immunoblotting (Figure S2C). We found that the S46 phosphorylation was sensitive to
1639K mutation (Figure S2C) or the combined treatment with ATR and ATM inhibitors
(Figure S2D).

Interaction between ssSDNA and ubiquitination-deficient RPA2 in vivo

To elucidate the functional role of RPA polyubiquitination. we constructed three types
of RPA42 ubiquitination site mutants. We focused our attention on RPA2 rather than
RPAT or RPA3 since it was shown that multiple RPA1 lysine mutations did not suppress
polyubiquitination (Elia et al., 2015). and the contribution of RPA3 ubiquitination to the
function of the RPA complex could be limited because of its relatively weak
ubiquitination (Figure S2A and see Figure 4A below). The candidate ubiquitination
residues were based on previous proteomics studies and they were replaced with Arg as
follows: K37/38R (termed 2KR). K85/127/171R (3KR). and K37/38/85/127/171R
(SKR) (Figure S2E). The WT and mutated his-RPA2 constructs were tested for
ubiquitination by transient overexpression with RFWD3. We found that the SKR
mutation. but not 2KR and 3KR. largely eliminated RPA2 polyubiquitination in cells
(compare lanes 2 and 3. Figure 2D).

The increased number of RPA2 foci in cells with inactivated RFWD3 led us to
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hypothesize that polyubiquitination of RPA2 reduces the amount of RPA in the
chromatin fraction. To test this hypothesis. we transduced the U20S cell line (harboring
a DR-GFP reporter that is repaired to produce functional GFP by homologous
recombination repair of a site-specific DSB (Prakash et al.. 2015)) with lentivirus
encoding FLAG-tagged RPA2-WT or -5KR under the control of a
tetracycline-inducible promoter. Endogenous RPA2 was depleted by an siRNA
targeting the 3° UTR, enabling us to replace endogenous RPA2 with the SKR variant
(Figure 2E). In cells expressing the FLAG-RPA2-5KR mutant. we observed modestly
increased levels of RPA2 in the chromatin fraction (24 hr post-MMC) and more RPA2
foci formation (48 hr post-MMC) compared to cells expressing RPA2-WT. These
results suggest that polyubiquitinated RPA tends to be removed from DNA damage sites
(Figure 2E).
RADS]1 is also polyubiquitinated by REFWD3 in vive
Since RFWD3 depletion also resulted in augmented numbers of RADS!1 foci after ICL
damage. we speculated that RADS1 might be another target of RFWD3 ubiquitination.
Indeed. we found that endogenous RADSI1 in cells transfected with the his-ubiquitin
construct was polyubiquitinated following MMC in a manner dependent on RFWD3
(Figure 3A). Furthermore. we observed overexpressed his-tagged RADS1 underwent
RFWD3-dependent ubiquitination when coexpressed with myc-tagged ubiquitin (Figure
S3A). Notably. RADS1 polyubiquitination levels were increased by MMC and MG132
treatment. and decreased after siRFWD3 depletion (Figure S3A).

Previous studies reported that RADS1 has several potential candidate
ubiquitination sites (Chu et al.. 2015: Wagner et al.. 2011): K58, K64, K107, and K156.

In addition. we noticed K57 adjacent to K58 is conserved in vertebrates (Figure S3B).
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To mvestigate these putative sites, we generated three RADS1 mutant constructs, SKR
(K57/58/64/107/156R). K58/64R. and K107/156R. and tested them for RADSI
polyubiquitination. Among these mutants, SKR displayed the most prominent decrease
in polyubiquitination levels (Figure 3B).

We then evaluated accumulation of RADS1 on damaged chromatin following
MMC. FLAG-tagged siRNA-resistant RADS1-WT or -5KR was lentivirally transduced
mto the U20S cell line, and expression was induced by DOX while endogenous
RADS51 was depleted by siRADS1 (Figure 3C). The cells expressing RADS5S1-5KR
showed higher levels of chromatin retention and foci formation than RADS51 at 48 hr
post-MMC stimulation. These results suggest that RADS1 polyubiquitination mediated
by RFWD3 promotes removal of RADS51 from DNA damage sites.
Purified RFWD3 protein polvubiquitinates RPA and RADS1 in vitro
To examine whether RFWD3 can directly ubiquitinate RPA or RADS1 in vitro. the
following recombinant human proteins were purified from E.coli: RADSI, the trimeric
RPA complex, RFWD3, UBE2T (an E2 enzyme in the FA pathway). and several other
E2 proteins that are possible partmers of RFWD3 (Markson et al., 2009) (Figure S4A-D).
Although the RFWD3 preparation contained a ~60 kDa contaminant E.coli protein
(Figure S4C). the RPA complex (both RPA1 and RPA2. with weaker ubiquitination on
RPA3) and RADS51 were ubiquitinated to various degrees in vitro (Figure 4A and B)
with UBE2D1 bemg the most efficient, suggesting that RFWD3 can use several E2
enzymes in a non-selective manner. UBE2T could not support robust polyubiquitination
of the RPA subunits. but RADS1 ubiquitination occurred to some extent, with minimal
enhancement upon RFWD3 addition (Figure 4B). One of the R4D51 paralog proteins,

DMC1. was modestly ubiquitinated by RFWD3 with UBE2N or UBE2D1 (Figure 4C).
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We also examined the interplay between RFWD3, RPA. and ssDNA in vitro.
We found that RFWD3 directly interacts with the RPA complex in pull-down assays
(Figure S4E). This is consistent with previous reports that show DNA
damage-independent RPA-RFWD3 interaction (Gong and Chen. 2011; Liu et al.. 2011).
We found that the interaction was significantly reduced when RPA was bound to ssDNA
(Figure S4F. 1), while premixed RPA-RFWD?3 could be efficiently pulled down using
ssDNA-beads (Figure S4F, i1). Thus. prior binding of RFWD3 with RPA might be a
prerequisite for RFWD3 localization to damaged chromatin. Interestingly. the in vifro
RPA ubiquitination efficiency was not affected in the presence of ssDNA (Figure S4G).
suggesting that RPA binding with ssDNA itself does not trigger RFWD?3 ubiquitination.

We also carried out ssDNA-bead pull-down experiments with in vitro
ubiquitinated RPA or RADS1, and examined the relative amount of ubiquitination in the
ssDNA-bound or -unbound fraction. The percentage of ubiquitinated RPA or RADSI
was higher in the unbound than in the bound fraction. suggesting that polyubiquitination
significantly reduced the RPA and RADS51 binding with ssDNA (Figure 4D and E). This
1s consistent with the in vive observation in MMC-treated cells that chromatin retention
of RPA2 or RADS1 was higher with the ubiquitination-defective SKR mutants than the
control (Figure 2E and 3C).
RADS1 directly interacts with RFWD3
The polyubiquitination of RADS1 by RFWD3 suggests that they may physically
interact. We detected an interaction between transfected FLAG-RFWD3 and
endogenous RADS1 by co-immunoprecipitation (co-IP) (Figure 5A). Importantly, their
interaction was modestly enhanced by MMC treatment. We further confirmed the direct

mteraction between RADS1 and RFWD3 with a pull-down assay using purified proteins
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(Figure 5B). To fine-map the RADS5I1-binding site within RFWD3. we performed
mammalian two-hybrid assays. and found that the N-terminal region (aa 1-278) strongly
interacted with RADS1 (Figure 5C). We validated this result using co-IP and PLA
assays in vive (Figure 5D and Figure S5A). The co-IP of FLAG-RFWD3 and exogenous
RADS1 was detectable after MMC but was almost completely abrogated by a A1-278
deletion. Similar results were obtained with endogenous RADS1 in the PLA assay.
though FLAG-tagged A1-278 RFWD3 exhibited decreased numbers of foci. possibly
due to decreased expression levels (Figure SS5A). These results imply that the
N-terminal region of RFWD3 is essential for RADS1 interactions in vive.

The RFWD3 N-terminal region (aa 1-278) encompasses characteristic
repeated sequences termed LQP-SSQ repeats (Figure S5B). We synthesized an
N-terminally biotinylated peptide (LQP peptide. residues 31 to 61) containing two LQP
motifs and one SQ motif that was either phosphorylated (the phospho-LQP peptide) or
unphosphorylated (LQP peptide). and an AAA peptide in which both LQP motifs were
replaced with three alanines (see Figure S5B for the sequence). We found that the LQP.
but not the AAA. peptide modestly pulled down RADS1 from cell lysates (Figure SE).
Phosphorylation of the SQ motif (corresponding to S46) did not affect the pull-down
efficiency (data not shown).

These results prompted us to construct a full-length RFWD3 mutant with all
LQP motifs replaced by triple alanines (REWD3-LQP/AAA)(Figure S5B). We tested
the REFWD3 interaction with RADS51 by co-IP. and found that the LQP/AAA mutation
decreased the RFWD3-RADS51 mteraction (Figure 5D). Furthermore, overexpressed
FLAG-RFWD3-LQP/AAA or -S46/63A mutant proteins interacted with RPA2.

whereas the 639K mutant did not (Figure S5C). RPA2 polyubiquitination by the
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overexpressed LQP/AAA mutant was similar to WT RFWD3 (Figure S5D). while
RADS1 ubiquitination was mildly impaired with the LQP/AAA mutant (Figure SF).
Consistent with this, higher levels of RADS1 foci were observed in HAP1 ARFWD3
cells expressing the LQP/AAA mutant relative to RFWD3 WT (Figure 5G and Figure
S1B).
VCP/p97 interacts with RPA and RADSI1 to promote their local turnover following
DNA damage
Our data suggest that RPA and RADSI1 are removed from chromatin in an
RFWD3-dependent manner. To clarify how this occurs. we examined whether
valosin-containing protein (VCP). also known as p97 or Cdc48. 1s involved. VCP 1s a
homohexameric molecular chaperone. which extracts ubiquitinated proteins from
immobile cellular structures in a manner dependent on its ATPase activity, and escorts
them to the 26S proteasome for their degradation. The role of VCP in eviction of
chromatin-bound proteins in DDR has recently been established (Meerang et al.. 2011:
Vaz et al.. 2013).

First, we tested whether VCP interacts with RPA2 or RADSI in response to
MMC damage. We were able to co-immunoprecipitate endogenous VCP with RPA or
RADS1 from HAPI cell extracts (Figure 6A). Both interactions were enhanced
following MMC ftreatment. and were dependent on RFWD3 (Figure 6A). Furthermore,
depletion of VCP enhanced polyubiquitination of RPA1 and RPA2 in chromatin isolated
from MMC-treated cells: this was abrogated by siRFWD?3 (Figure S6A).

To assess the effects of RFWD3 on protein dynamics of RPA and RADS1 in
DNA damage sites, we next performed Fluorescence Recovery after Photobleaching

(FRAP) analysis. In each data set. we photobleached more than 50 individual foci
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formed after MMC treatment of U20S cells transiently expressing GFP-tagged RPA1 or
RPA2 or expressing inducible GFP-RADS1. Examples of the MMC-induced RPAIL.
RPA?2 and RADS] foci are shown in Figure S6B. In line with previous studies (Galanty
et al., 2012; Gibb et al., 2014), RPA1 or RPA2 in DNA damage-induced foci was highly
mobile, whereas RADS1 was rather static compared to RPA. in keeping with RADS1 in
nucleoprotein filaments (Essers et al., 2002: Yu et al., 2003). Strikingly. we found that
knockdown of RFWD3 drastically or mildly reduced protein turnover of RPA1 and
RPA2. or RADSI1, respectively (Figure 6B). Furthermore. VCP depletion reduced
protein turnover of RPA2 similarly to siRFWD3 (Figure 6B). We also prepared U20S
cells stably expressing ubiquitination-deficient RPA2-5KR or RADS1-5KR variants
tagged with GFP. and carried out FRAP analysis. We found that RPA2-5KR turnover
was drastically reduced compared to WT RPA2. and was not affected by siRFWD3
(Figure 6B. middle panel). Knockdown of PRPI9 did not affect RPA2 turnover. which
1s consistent with a previous report that implicates this gene in RPA polyubiquitination
via K63 linkages (Maréchal et al.. 2014). Protein dynamics of the GFP-RADS1-5KR
mutant were mildly reduced. as expected (Figure 6B).

Polyubiquitinated RPA and RADS1 undergo proteosomal degradation after MMC
damage

Polyubiquitinated proteins removed from chromatin by p97/VCP could then be
transferred to the 26S proteasome for degradation. To test whether polyubiquitination of
RPA or RADSI results in proteasomal degradation, we performed a cycloheximide
(CHX) chase assay on RPA2 and RADS1 in HAP1 WT and ARFWD3 cells. After a 16
hr MMC treatment, cells were cultured in the presence of CHX. During the chase period

(up to 9 hr), the levels of both RPA2 and RADS5I m whole cell lysates steadily
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decreased in control WT HAP1 cells, but not in ARFWD3 cells (Figure 6C). In contrast,
the levels were stable, irrespective of the RFWD3 genotype, in cells without prior MMC
treatment (Figure S6C).

Ubiquitination-defective mutants of RPA2 and RADSI1 display HR defects

To prove that the critical role of RFWD3 in HR 1is the polyubiquitination of RPA?2 and
RADSI1. we used U20S cells in which endogenous RPA2 or RADS1 were replaced
with the SKR mutants as described above (Figure 2E. 3C. and S6D), and tested whether
they displayed decreased HR efficiency comparable to ARFWD3 cells.

Cells expressing RPA2-5KR or RAD51-5KR showed mildly and drastically
reduced HR efficiencies as measured by the DR-GFP reporter compared to the
respective WT controls. respectively (Figure 6D). The mild reduction in HR by the
RPA2-5SKR mutant might be due to unperturbed ubiquitination on the RPA1 or RPA3
subunits. Furthermore. cells expressing these variants were cisplatin-sensitive compared
to control cells (Figure S6E). Collectively. these results suggest that loss of
ubiquitination of RPA2 and RADS51 may lead to defective HR in ARFWD?3 cells.

We also measured the effect of a disrupted RPA2-RFWD3 interaction on HR
efficiency. Based on earlier studies (Elia et al.. 2015: Gong and Chen, 2011). we
prepared an RPA?2 deletion mutant lacking residues 244-254, which was sufficient to
distupt the interaction as measured by M2H assay (not shown). Endogenous RPA2 was
replaced with the RPA2 deletion. as in the experiments above (Figure S6D). As
expected, HR efficiency was reduced (Figure 6D). consistent with increased levels of
cisplatin sensitivity (Figure S6E). Similar defects were previously described by Elia et
al. using RPA?2 lacking residues 243-262 (Elia et al.. 2015).

Of note. we purified the recombinant trimeric RPA complex with the
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RPA2-5KR subunit (Figure S4A) and RADS51 with 5KR mutation to wverify
functionality of these mutant proteins (Figure S4B). The RPA complex stoichiometry
(Figure S4A) and ssDNA binding (Figure S4H) were indistinguishable from the WT
RPA complex. The purified RAD51-5KR protein showed normal levels of ATPase and
strand invasion (D-loop formation) activities in vitro (Figure S4I). excluding the
possibility that the SKR mutation largely compromised RADS1 function.

Inactivation of RFWD3 inhibits chromatin loading of RADS54 and MCMS8

To gain insight into how RFWD3 inactivation impairs progression of late phase HR. we
examined whether chromatin recruitment of RADS54 and MCMS8 occurs normally in the
absence of RFWD3. RADS4 belongs to the SWI2/SNF2 family of dsDNA-dependent
ATPase chromatin remodelers and performs important functions including both
formation and disruption of RADSI filaments, branch migration in HR. and RADS1
removal in G2 phase (Hever et al.. 2006; Mason et al., 2015: Spies et al.. 2016; Wright
and Heyer, 2014). MCMS is a member of the AAA+ superfamily that is thought to work
in HR downstream of RADS1 loading (Lutzmann et al., 2012: Nishimura et al., 2012)
as well as in DNA end resection (Lee et al.. 2015).

To detect RADS4 in cells, HAP1 and HAPIARFWD3 cells were stably
transduced with a lentivirus encoding GFP-RADS4. HAP1ARFWD3 cells displayed
greatly reduced numbers of GFP-RADS54 foci (Figure 7A) and chromatin loading
(Figure 7B) compared to WT cells following MMC treatment. Similarly. we found
decreased chromatin loading of MCMS8 m HAPIARFWD3 (Figure 7B) or in cells
treated with siRFWD3 or siVCP. consistent with our previous conclusion that RFWD3
works in a concerted manner with VCP (Figure 7C). Depletion of BRCA42 in U20S cells

abrogated MMC-induced RADS51 chromatin loading as expected. and also decreased the
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amount of MCMS8 in chromatin (Figure S7A). as shown before using DT40 cells
(Nishimura et al.. 2012). These data suggest that stabilized RPA and RADS51 "locked" in
recombination intermediates due to defective RFWD3-mediated polyubiquitination
compromise progression of HR. Indeed. chromatin loading of MCMS$ i response to
MMC was eliminated in cells expressing the RADS1-5KR mutant compared to cells
with WT RADS51 (Figure 7D).

We reasoned that the RFWD3 E3 ligase should be activated after RPA and
RADS1 complete their functions. To test this possibility. we knocked down BRCA?2 to
prevent the execution of RADS51 function in cells. and examined the effects on RPA1 or
RPA2 polyubiquitination mediated by RFWD3. Interestingly. siBRCA2 significantly
decreased levels of RPA1 or 2 polyubiquitination, accompanied by decreased RADSI
chromatin loading (Figure 2A). Moreover. in a FRAP analysis BRCA2 depletion
attenuated RPA2-GFP dynamics in MMC-induced foci, similar to RFWD3 depletion
(Figure 7F). Importantly. simultaneous depletion by siBRCA2 and siRFWD3 suggested
epistasis with regard to RPA2-GFP turnover (Figure 7E). We also found that RFWD3
accumulation in chromatin and S46 phosphorylation occurred normally in
siBRCA2-treated cells (Figure S7B). However. it remains unclear how BRCA2
mechanistically affects activation of RFWD3.
DISCUSSION

A previous study indicated that loss of RFWD3 function abrogates HR (Elia et
al.. 2015) and an accompanying paper shows that this results in the FA phenotype in
humans (Knies et al. in revision). In this study. we identified a role of RFWD3 in
polyubiquitination of RPA and RADSI, their subsequent disassembly from DNA

damage sites. and eventual degradation. We propose that their timely removal from
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recombination intermediates after they finish their prescribed function is essential for
HR repair to proceed to later steps (Figure S7C). Thus our findings indicate a molecular
mechanism in the spatiotemporal regulation of the critical HR factors. An analogous
process operates in other DNA repair pathways such as NER (Puumalainen et al., 2014)
or NHEJ (Brown et al.. 2015: Postow et al.. 2008).

In sharp contrast to our results, Elia er al. reported that RPA
polyubiquitination by REWD?3 does not lead to its degradation (Elia et al., 2015). There
could be several reasons for this discrepancy. First, they used HU, 4NQO. or UV
stimulation, not MMC, with different time frames in their experiments (mostly up to 2
hr post-stimulation), compared to ours (16-48 hr after MMC stimulation). Second. they
did not look at RPA foci, or RPA protem levels with CHX chase. after DNA damage in
the absence of RFWD3. Instead, they measured the amount of ubiquitinated RPA
peptides following UV by a proteomic approach. and found they were not increased by
pretreatment with MG132 (described in Figure S3B. the post-UV time point was not
specified but probably 2 hr similar to other experiments). They may have missed the
RPA degradation because of these different experimental conditions.

Regulation and activation mechanism for RFWD3 during HR repair

Prior studies have established that the RPA2-RFWD3 interaction is required for
RFWD3 recruitment to DNA damage induced-RPA foci (Gong and Chen. 2011; Liu et
al., 2011). In keeping with this notion, the FA patient-derived I639K mutation in the
RFWD3 WD40 domain attenuated both MMC-induced RFWD?3 foci (Knies et al. in
revision) and the RPA2 interaction. We suggest that REFWD3 might also promote RPA
loading onto chromatin as shown in Figure S1G. Our in vifro binding data suggest that a

preformed RPA-RFWD3 complex 1s recruited to ssDNA. rather than RPA bound to
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ssDNA recruits RFWD3. In chromatin. RFWD3 becomes phosphorylated at least on
residue S46 by ATM/ATR kinases, which was abrogated by the I639K mutation. We
found that the RFWD3 S46/63A double substitution diminished RPA2 and RADSI
ubiquitination and increased sensitivity to MMC. while there was no effect on the
interaction of REFWD3 with RPA2. RFWD3 harbors a number of additional SQ motifs
that may be involved in the activation upon phosphorylation by ATM/ATR. Thus our
results support a model in which RFWD3 is recruited and enzymatically activated at the
DNA damage sites depending on the interaction with RPA and subsequent multiple
phosphorylations by ATM/ATR.

Interplay between REWD3 and BRCA2

Although it remains unknown exactly at which step of HR RFWD3 acts to promote
progression of ICL repair. it should be in late phase HR: logically. if RFWD3 were to
act at an early phase. it would function as an anti-recombmase. Given the foci data
following MMC or IR, RFWD3 does not appear to replace RPA with RADSI. which is
supposed to be carried out by BRCA2 (Zelensky et al.. 2014). Rather. our data suggest
that RFWD3 functions in RPA ubiquitination downstream of. and epistatically with.
BRCA2. We speculate that RPA and RADS1 ubiquitination is under tight spatiotemporal
regulation such that it only occurs in a limited context provided by BRCA42. For
example. only polymerized RADS1 might be efficiently recognized by the N-terminal
domain containing four copies of the LQP motifs. Alternatively, as a non-mutually
exclusive possibility, BRCA2 activated during the DNA damage response may
somehow inhibit a phosphatase or a deubiquitinase that counters REWD3 activity.

How persistent RPA2 and RADS1 at DNA damage sites affect HR repair

Our data suggest that RFWDS3 inactivation should lead to formation of RADSI
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filaments scattered with RPA (mixed filaments), which might be reflected by the
increased RADSI/RPA2 foci colocalization and the PLA signal between the two
proteins. If the mixed filaments were functionally compromised. this may contribute to
the loss of HR activities in ARFDW3 cells. Alternatively. RFWD3 may function at the
postsynaptic stage. For example. RADS51 and RPA in a D-loop may need to be removed
from the 3" end of the invading ssDNA to initiate efficient DNA repair synthesis. RPA
removal may also aid the annealing/capture process with the other DNA end. Further
mvestigation will reveal how RFWD3 recognizes RPA and RADS1 during HR repair,
and how the late stages of ICL repair are coordinated. In addition to effects on RPA and
RADS51, we found loss of RFWD3 accompanied decreased chromatin loading of
RADS54 and MCMS. Thus RFIWD3 may license R4D54 or MCMS to carry out their
tasks. Ubiquitination-defective RADS51 adversely affected chromatin MCMS loading
after MMC damage. We suggest that this could be the direct consequence of persistent
accumulation of RADS]1.

Conclusion

In this study. we provide evidence that an E3 ligase RFWD3 functions in timely removal
and degradation of RPA and RADSI to allow HR progression to subsequent steps
following MMC damage. These mechanisms set the framework to further elucidate the
spatiotemporal regulation of critical components of HR repair. which maintains genome
stability to suppress hematopoietic failure in FA and to likely prevent cancer

development in humans.

EXPERIMENTAL PROCEDURES
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For more details on experimental procedures. please refer to the Supplemental

Experimental Procedures.

Culture of cell lines

HAPI1 is a haploid human cell line derived from the male chronic myelogenous
leukemia (CML) cell line KBM-7. HAP1 WT and ARFWD3 cells were purchased from
Horizon Genomics. HAP1 cells and derivatives were cultured in IMDM (Nacalai
Tesque) supplemented with 10% fetal calf serum (GIBCO) and Penicillin/Streptomycin
(Nacalai Tesque). U20S, U20S-DR-GFP (a kind gift from Dr Maria Jasin), and 293T
cells were cultured in DMEM (Nacalai Tesque) supplemented with 10% fetal calf
serum.

Cells for FRAP analysis

For RPA1-GFP or RPA2-GFP foci. U20S cells were co-transfected with an RPA1-GFP

or RPA2-GFP (WT or -5KR) expression vector along with indicated siRNAs. 24 hr later,

MMC (100 ng/ml) was added and analysis was performed after an additional 24 hr. For
GFP-RADS1 foci. U20S cells expressing GFP-RADSI-WT or -5KR under a
Tet-inducible promoter were transfected with indicated siRNA. 16 hr later. GFP-RADS1
expression was induced with Doxycycline (1 ng/ml) along with MMC (100 ng/ml) for

24 hr.
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Figures and Figure legends

Figure 1. HAP1 ARFWD3 cells display increased persistence of RPA and RADSI1

foci following MMC damage

(A)Extracts prepared from HAPI wild type (WT) and ARFWD3 cells treated with 100
ng/ml MMC for 24 hr were immunoblotted with the indicated antibody.

(B) Survival curves of HAP1 WT. ARFWD3, or ARFWD3 stably transduced with a
lentivirus expressing WT or mutant RFWD3. Mean and SD of three independent
experiments are shown.

(C) Cells were treated with 20 ng/ml MMC for indicated durations up to 16 hr then
released into fresh medium. Cells were fixed and stained with anti-RPA2 or RADSI.
Each dot represents a single cell. and the mean and SD are indicated.

(D)Representative images of RPA2 and RADSI foci 16 hr after MMC treatment as
analyzed in (C).

(E) Levels of RPA2 and RADS1 in chromatin fraction. U20S cells transfected with the
indicated siRNAs were treated with 100 ng/ml MMC., fractionated. and blotted with
the indicated antibodies. An asterisk indicates a non-specific band.

(F) In situ PLA between endogenous RPA2 and RADS]1 in cells depleted of REFWD3 or
BRCA2. U20S cells transfected with indicated siRNAs were treated with 100 ng/ml
MMC. harvested at 24 and 48 hr. Representative images are shown (below). Each
dot represents a single cell. and the mean and SD are shown. See also Figure S1.

Figure 2. RPA is polyubiquitinated by RFWD3 following MMC treatment

(A) U20S cells simultaneously transfected with his-ubiquitin and indicated siRNA

were treated with 100 ng/ml MMC for 24 hr and with the indicated doses of
MG132 (uM) for 1 hr before harvest. Cells were lysed under denaturing conditions
and ubiquitinated proteins were collected by nickel resin and blotted using
anti-RPA1 or RPA2 antibody. Signal intensities of the ubiquitinated RPA1 or RPA2
bands normalized to the highest value are shown below each blot.

(B) U20S cells transfected with myc-ubiquitin. his-RPA2. and FLAG-RFWD3 (and

siRFWD3 in lane 9 and 10) were lysed in denaturing conditions. His-tagged RPA2

was purified and immunoblotted with the indicated antibodies. The ratios of
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ubiquitinated RPA2 bands (anti-myc) to the total RPA2 (anti-his) were calculated
and normalized to the highest value.

(C) 293T cells transfected with his-ubiquitin and siRFWD3 or FLAG-RFWD3 WT or
a S46/63 A mutant were processed as in (A). and blotted with indicated antibodies.
The ratio of ubiquitinated RPA2 bands to total ubiquitinated proteins (anti-his)
were quantified. normalized to the highest value. and are shown in the graph.

(D) U20S cells transfected with his-RPA2-WT or -KR mutants and FLAG-RFWD?3 or
siRFWD3 were processed as in (B) and blotted with indicated antibodies. Signal
intensities of the ubiquitinated bands were normalized as in (B). and are shown
with the mean and SD (n=3). The P value was calculated by Student’s t-test.

(E) Foci formation (upper panel) and chromatin retention (lower panel) of RPA2 WT
or SKR. Expression of FLAG-RPA2-WT or -5KR was induced by DOX in
lentivirally transduced U20S cells, and endogenous RPA2 was depleted by siRNA.
Cells were treated with 100 ng/ml MMC for the indicated time (upper) or 24 hr
(lower). Each dot represents a single cell, and the mean and SD are shown. P
values were calculated by a one-way ANOVA post hoc test. See also Figure S2.

Figure 3. RFWD3 mediates RADS1 ubiquitination

(A) Control and RFWD3-depleted 293T cells transfected with his-ubiquitin were treated
with or without 100 ng/ml MMC for 24 hr. 10 uM MG132 for 2 hr. 10 uM PR619 (a
deubiquitinase inhibitor) for 2 hr, as indicated. before harvest. Cells were lysed in
denaturing conditions, diluted, and immunoprecipitated with anti-RADS51 and
immunoblotted. The ratios of ubiquitinated (anti-his) to non-ubiquitinated RADS1
(anti-RADS1) normalized to the highest value are shown.

(B) U20S cells transfected with his-RADS1 WT or KR mutants were processed as in
Figure 2D. The ratios of ubiquitinated (anti-myc) to non-ubiquitinated RADSI
(anfti-his) normalized to the highest value are shown with the mean and SD (n=3).
The P-value was calculated by Student’s t-test.

(C) Chromatin retention (upper panel) and foci formation (lower panel) of RADS1 WT
or SKR. Expression of siRADS51-resistant FLAG-RADS1-WT or -5KR was induced
by DOX in lentivirally transduced U20S cells. and endogenous RADS1 was
depleted by siRADSI1. Cells (100<) with more than 10 anti-FLAG foci were scored

positive. The mean and SD are shown. P values were calculated using Student’s
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t-test. See also Figure S3.
Figure 4. Purified REWD3 ubiquitinates RPA and RADSI1 in vifro.
(A-C) Ubiquitination assay with RPA (A). RADS1 (B) or DMC1 (C). Ubiquitinated
proteins were separated by SDS-PAGE. and detected by immunoblotting with indicated
antibodies. Percentages of polyubiquitinated proteins (indicated. for example. as
RPA1-(ub),) in the total amount of separated proteins were quantified, and are presented
below the lanes in (A) or as bar graphs (mean and SD. n=3-5) at right in (B) and (C).
(D-E) DNA binding assay with ubiquitinated RPA (D) or RADS1 (E). A schematic
diagram of the ssDNA binding assay is shown at left. RPA or RADS51 was ubiquitinated
with E1. UBE2D1, RFWD3. and ubiquitin, and was incubated with ssDNA beads.
Graphs represent the percentage of ubiquitinated RPA1 and RPA2 or RADSI in the
unbound and bound fractions. The mean and SD of three independent experiments are

shown. See also Figure S4.

Figure 5. Physical interaction of RADS1 with the N-terminal domain of RFWD3.
(A) U20S cells transfected with FLAG-RFWD3 were treated with or without 100

ng/ml MMC for 24 hr. and subjected fo anti-RADS1 immunoprecipitation and
immunoblotting.

(B) RADS1 bound to GST-tagged RFWD3 was co-pelleted with Glutathione Sepharose
4B beads. and the proteins were analyzed by SDS-PAGE with CBB staining. An
asterisk indicates an impurity.

(C) Mammalian two-hybrid interaction assay between RADS1 and RFWD3 subregions.
The C315A mutant was used to enhance expression levels by avoiding
autoubiquitination. Luminescence signal levels were normalized to the value
obtained by co-transfection of empty bait and prey vectors. FANCD2 and FANCI
are included as a positive control. The domains of RFWD3 are colored according to
the scheme in Figure S5B. and the expressed fragments are indicated by the amino
acid number. The mean and SD values in a triplicate experiment are shown.

(D) U20S cells co-transfected with his-RADS51 and either FLAG-RFWD3 WT or
mutants were treated as in (A), and were subjected to pull-down with nickel resin.
An asterisk indicates a non-specific band.

(E) Nuclear extracts were prepared from 293T cells treated as in (A). and were

subjected to LQP or AAA peptide pull down. Immunoblot of bound material was
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probed by anti-RADS]1. and the relative efficiency of the pull-down is shown as a
graph. Sequences of LQP and AAA peptides are shown in Figure S5B.

(D) 293T cells transfected with indicated plasmids or siRNA were treated with 100
ng/ml MMC for 24 hr and with 10 uM MG132 for 1 hr before harvest. Cells were
lysed under denaturing conditions and his-RADS51 was captured with Ni-resin and
blotted with the indicated antibodies. The ratios of ubiquitinated (anti-myc) to
non-ubiquitinated RADS1 (anti-his) bands normalized to the highest value are
shown.

(E) HAP1 ARFWD3 cells transduced with RFWD3 WT or LQP/AAA mutant were
treated with 20 ng/ml MMC for 16 hr. and stained with anti-RADS51. Each dot

represents a single cell: the mean and SD are shown. See also Figure S5,

Figure 6. REFWD3 promotes RPA2 and RADSI1 foci turnover, degradation, and HR

repair

(A)HAPI and HAP1 ARFWD3 cells were treated with 20 ng/ml MMC for 16 hr and 10
uM PR619 for 2 hr before harvest. Cell lysates were immunoprecipitated and
blotted with indicated antibodies.

(B) FRAP analysis. U20S cells transiently transfected with the indicated siRNAs and
expression constructs were exposed to 100 ng/ml MMC for 24 hr. and protein
dynamics in MMC-induced foci were analyzed by FRAP. For RADS1-GFP foci
FRAP, U20S cells stably transduced with GFP-RADS51-WT or -5KR were
transfected with the indicated siRNA and stimulated with DOX (1 ng/ml) and MMC
(100 ng/ml) for 24 hr. The mean and SD are shown at each time point. See also
Figure S6B for representative images of RPA-GFP or GFP-RADS1 foci.

(C)HAPI and HAP1ARFWD3 cells treated with 20 ng/ml MMC for 16 hr were chased
up to 9 hr in the presence of 20 pg/ml cycloheximide (CHX). and analyzed by
immunoblotting. The ratios of RPA2-to-tubulin and RADSI-to-tubulin band
intensities were normalized to those at the start of the chase. The experiments were
repeated three times: the mean and SD are shown.

(D)U20S DR-GFP reporter cells were stably transduced with indicated RPA2 or

RADS51 mutant. Expression was induced by addition of Dox. and endogenous RPA2
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or RADS1 was depleted by siRNA (Figure S6D). The next day, the I-Scel
expression vector was fransfected. and 48 hr later the GFP-positive population was
analyzed. The HR frequency was expressed as % GFP positive cells in the viable
cell population. The experiments were repeated three times: the mean and SD are
shown. RPA2 del. RPA2 deletion mutant lacking residues 244-254. See also Figure
S6.

Figure 7. RFWD3 and BRCAZ2 act together for RPA2 turnover.

(A)HAP1 WT or ARFWD3 cells expressing GFP-RADS54 were treated with 20 ng/ml
MMC for 16 hr, and immunostained with anti-GFP and Alexa Fluor 488 conjugated
antibody. Each dot represents the number of nuclear foci in a single cell; the mean
and SD are shown.

(B) Cells m (A) were fractionated and analyzed by immunoblotting. WCL. whole cell
lysates.

(C) U20S cells transfected with siRNAs were treated with 100 ng/ml MMC for
indicated times and analyzed by immunoblotting after cell fractionation.

(D)U20S cells expressing Dox-inducible GFP-RADS1-WT or -5KR mutant were
transfected with indicated siRNAs, stimulated with Dox and MMC (100 ng/ml) for
24 hr. and analyzed by immunoblotting with indicated antibodies.

(E) U20S cells transiently transfected with RPA2-GFP and indicated siRNAs were
treated with 100 ng/ml MMC for 24 hr. and RPA2-GFP turnover was examined by

FRAP analysis as in Figure 6B. See also Figure S7.
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Figure S1. Related to Figure 1. Characterization of HAP1 ARFWD3 cells in HR repair and

replication stress signaling.

(A) Schematic illustration of the RFWD3 knockout using the CRISPR/Cas9 system in HAP1 cells. A
28-bp deletion was introduced in exon3. resulting in a frameshift mutation (p.Q138fs46X). The
deletion was validated by Sanger sequencing. The black boxes indicate untranslated regions.

(B) Expression levels of stably transduced RFWD3 in ARFWD3 cells were analyzed by immunoblotting
(upper). HAP1 cells and derivatives fixed and stained with propidium iodide were analyzed with a
FACSCalibur flow cytometer (lower).

(C) U208 cells were subjected to 10 Gy of gamma irradiation and permitted to recover for the indicated
times before fixation and staining with anti-RADS51 or RPA2 antibodies. Cells with co-localized
foci were defined as those in which RADS1 foei were positive (=10 foei per nucleus) and more than
half of the RADS51 foci were co-localized with RPA2 foei. The mean and SD of three independent
experiments are shown.

(D) U208 cells were treated with silue or siBRCA2, and analyzed by immunoblotting with different
amounts of lysates loaded per lane.

(E) HAPI1 ARFWD3 cells were treated with 2 mM HU for 2 hr or 20 ng/ml MMC for 16 hr. and whole
cell lysates were analyzed by immunoblotting.

(F) HAPL WT. ARFWD3, or ARFWD3 cells complemented with the indicated RFWD3 mutants were
treated with 2 mM HU for 2 hr. fractionated. and analyzed by immunoblotting. WCL. whole cell
lysates.

(G) Percentage of cells positive for RPA2 foei (=10 bright foci) in HAPL cells (WT., ARFWD3, or
ARFWD3 complemented with RFWD3 WT or the RFWD3 RING domain (C315A) mutant),
comparing untreated cells to cells treated with 2 mM HU for 2 hr. The mean and SD of three
independent experiments are shown.
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Figure S2. Related to Figure 2. RPA3 ubiquitination and RPA2 phosphorylation in response to

MMC damage.

(A) TU20S cells transfected with myc-ubiquitin and FLAG-RPA3 expression vectors were treated with
or without 100 ng/ml MMC for 24 hr and 10 uM MG132 for 1 hr until harvest. Cell lysates were
subjected to anti-FLAG IP and detected by immunoblotting. The ratio of ubiquitinated (anti-myc)
to non-ubiquitinated RPA3 (anti-FLAG) was quantified. normalized to the highest value. and is
shown beneath the immunoblots.

(B) TU20S cells transfected with his-ubiquitin were treated as in (A). 10 uM VE-821 (ATR inhibitor),
10 uM KU-55933 (ATM inhibitor), or 5§ pM NU-7026 (DNA-PK inhibitor) were added
simultaneously with MMC for 24 hr. Cells were lysed in denaturing conditions, and Nickel
resin-bound proteins were analyzed by immunoblotting. The ratio of ubiquitinated RPA2 to
non-ubiquitinated RPA2 in cell lysates was normalized to the highest value and is shown beneath
the immunoblots.

(C) U20S cells were transfected with FLAG-RFWD3 WT or indicated mutants and treated with 100
ng/ml MMC for 24hr, and analyzed by immunoblotting. An asterisk indicates a non-specific band.

(D) U20S cells treated with the indicated siRNAs were subjected to 100 ng/ml MMC and the indicated
inhibitors (10 mM) for 24 hr. and analyzed by immunoblotting.

(E) Schematic illustration of RPA2 KR mutants (2KR. 3KR., and SKR). Lysine residues in red are
candidate ubiquitination sites as previously suggested. and were replaced by Arginine.
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Figure S3. Related to Figure 3. Analysis of RFWD3-dependent polyubiquitination of RADS1.
(A) U208 cells transfected with indicated siRNA, his-RADS1, FLAG-RFWD3, and myc-ubiquitin WT

®

or KR mutants were treated with 100 ng/ml MMC for 24 hr and 10 uM MG132 for 1 hr until harvest.
Cells were lysed in denaturing conditions and Nickel resin-bound materials were analyzed by
immunoblotting. The ratio of ubiquitinated (anti-myc) to total RADS31 (anti-his) was normalized to
the highest value and is shown beneath the immunoblots.

Schematic illustration of RADSI1-KR mutation sites (SKR). Lysine residues in red are candidate

ubiquitination sites as suggested by previous proteomies data, and were replaced with Arginine.
K58/64R or K107/156R mutations were also generated.
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Figure S4. Related to Figure 4. Purification of recombinant proteins and pull-down or functional
assays.

(A) Purified human RPA, (B) RADS51 and the RADS1-5KR mutant. (C) RFWD3, and (D) UBE2ZDI.
UBE2N. UBE2ZN-MMS2 complex. and UBE2T were analyzed by SDS-PAGE with Coomassie
Brilliant Blue staining. Asterisk indicates an impurity.

(E) Pull-down assay of RPA with GST-tagged RFWD3. RPA bound to GST or GST-tagged RFWD3 was
co-pelleted with Glutathione Sepharose 4B beads, and the proteins were detected by immunoblotting.

(F) Pull-down assay of RFWD3 with RPA-coated ssDNA beads (i) or RFWD3-RPA with ssDNA beads
(11). A schematic 1s shown at left. Pulled down proteins were detected by immunoblotting.

(G) In vifro ubiquitination assay of the RPA complex with or without the addition of ssDNA. The
ubiquitinated proteins were detected by immunoblotting. Percentages of polyubiquitinated species
(indicated, for example. as RPA1-(ub),) in the total amount of RPA1 or RPA2 were determined by
densitometric measurements and are presented as bar graphs (mean and SD. n=3) at right.

(H) ssDNA binding of the RPA complex with or without the RPA2-5KR mutant was examined using the
electrophoretic mobility shift assay. The percentage of shifted bands relative to the total ssDNA signal
1s shown in the graph beneath the blot (mean and SD. n=3 experiments).

(I) The ATP hydrolyzing activities of RADS1 and RADS1-5KR i the presence of ssDNA were analyzed
by thin layer chromatography. The average values of three independent experiments are shown. with
standard deviations (left). A schematic representation of the D-loop formation assay (middle). The
asterisk indicates the *"P-labeled 5'-end of the ssDNA. A representative D-loop formation assay result
(right). The protein concentrations were 0.2 uM (lanes 2 and 5), 0.4 uM (lanes 3 and 6). and 0.6 uM
(lanes 4 and 7). Lane 1 indicates a negative control experiment without proteins.
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Figure S5. Related to Figure 5. Role of the N-terminal RFWD3 domain and the LQP motif in

ubiquitination of RADS1 and RPA.

(A) PLA signals between RADS1 and FLAG-RFWD3 WT or N-terminal deletion A1-278 (left). Both
RFWD3 constructs carried a RING domain mutation C315A to enhance expression levels. U208
cells transfected with FLAG-RFWD3 C315A or Al-278 + C315A were treated with 100 ng/ml
MMC for 24 hr. and analyzed by PLA. Each dot represents the number of PLA signals in a single
cell; the mean and SD are shown. Decreased expression levels and foci formation of RFWD3
A1-278 compared to WT are shown at right. U20S cells transfected with FLAG-RFWD3 C315A or
A1-278 + C315A were treated with 100 ng/ml MMC for 24 hr. and foci were analyzed using
anti-FLAG antibody (left and middle). and expression was verified by immunoblotting (right).

(B) Alignment of LQP-SSQ repeats (residue 14 to 81) and a schematic illustration of the RFWD3
domains. A section of the RFWD3 N-terminal amino acid sequence. the synthesized peptides used in
Figure 5E. and the phosphorylation sites S46 and 563 are also indicated. The peptide sequence used
for raising the anti-phospho-S46 antibody is underlined. The LQP motifs mutated to triple Alanines
in RFWD3 LQP/AAA are indicated in red.

(C) Co-immunoprecipitation of FLAG-RFWD3 mutants (LQP/AAA, I619K, and S46/63A) and RPA2.
Lysates from 293T cells transfected with the indicated plasmid constructs were subjected to
immunoprecipitation with anti-FLAG antibody, and analyzed by immunoblotting,

(D) Comparable ubiquitination levels of RPA2 by RFWD3 WT or LQP/AAA mutant. 293T cells
transfected with FLAG-RFWD3 WT or the LQP/AAA mutant. or siRNA with his-ubiquitin were
treated with 100 ng/ml MMC for 24 hr and with 10 pM MG132 for 1 hr before the harvest. Cells
were lysed under denaturing conditions and ubiquitinated proteins were blotted using anti-RPA2
antibody.
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Figure S6. Related to Figure 6. Characterization of cells expressing ubiquitination-deficient RPA2

or RADS1 mutant proteins.

(A) VCP mediates removal of ubiquitinated RPA2 from the chromatin fraction. 293T cells transfected
with his-ubiquitin and indicated siRNAs were harvested after exposure to 100 ng/ml MMC for 24 hr,
biochemically fractionated. and analyzed by immunoblotting. WCL, whole cell lysates. Ubiquitinated
proteins were quantified. normalized to the highest value, and data are shown below each blot.

(B) MMC-induced foci formation of RPA1-GFP, RPA2-GFP (WT and 5KR), or GFP-RADS1 (WT and
5KR).

(C) Stability of RPA and RADSI proteins in cells without MMC damage. HAP1 WT and ARFWD3 cells
were chased in medium containing 20 ng/ml cycloheximide for the indicated times. and analyzed by
immunoblotting, The band intensity was normalized to those at the start of the chase. The experiments
were repeated three times and the mean and SD are shown. See also Figure 6C.

(D) Dox-induced expression of FLAG-RPA2 (WT. 5KR. or a deletion mutant lacking residue 244-254)
or FLAG-RADS1 (WT or SKR) m U20S-DR-GFP cells depleted of endogenous RPA2 or RADS]
proteins by siRPA2 (targeting the 3'UTR) or siRADS51. FLAG-RADS] was rendered insensitive to
siRADS] by synonymous mutations. Note that the RPA2 deletion (del) mutant lacking residues
244-254 was recognized by anti-FLAG but not by the anti-RPA2 that we used.

(E) Cisplatin sensitivity of U20S cells in which endogenous RPA2 or RADS1 were replaced with
FLAG-tagged RPA2 and RADS] with the indicated mutations. Cells were exposed to cisplatin for 24
hr at the indicated concentrations. The mean and SD of three independent experiments are shown.
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Figure S7. Related to Figure 7. BRCA2 depletion prevents chromatin loading of MCMS but not

RFWD3 or RFWD3 phosphorylation on S46.

(A) BRCA2 depletion inhibits MCMS8 chromatin loading upon MMC damage. U208 cells transfected
with the indicated siRNAs were harvested after exposure to 100 ng/ml MMC for the indicated times,
biochemically fractionated, and analyzed by immunoblotting.

(B) BRCA2? is not required for RFWD3 S46 phosphorylation. U208 cells transfected with the indicated
siRNAs were treated with 100 ng/ml MMC for 24 hr, and analyzed by immunoblotting after
biochemical fractionation.

(C) Model for RFWD3 mediated RPA and RADSI1 ubiquitination that promotes timely removal of the
proteins from recombination intermediates and degradation of RPA and RADS1 to allow HR
progression to subsequent steps following MMC damage. We propose that the persistent presence of
RPA and RADS1 may hinder chromatin recruitment of late-phase HR factors such as RADS4 or
MCMSE, resulting in a “locked” HR reaction.
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Table S1. siRNAs used in this study
sIRNA

sequence (57 to 37)

RFWD3#2 AACUCCUGCACAUGACUGCtt

RADS1 AGCUUCUUCCAAUUUCUUCtt

BRCA2 UAAGGAACGUCAAGAGAUA

Luciferase UCGAAGUAUUCCGCGUACGtt

Table S2. Antibodies used in this study
Antigen Host

Catalog number Manufacturer

RFWD3 (S4 rabbit - Custom-made

RPAZ rabbit A300-244A Bethyl

RPA2 (833 rabbit A300-246A Bethyl

RADS1 rabbit Kurumizaka lab

Chk1 (S345 rabbit 133D3 Cell Si i

DDDDXK tag (for cytochemis rabbit PM020 MBL

GFP mouse  MO048-3 (1E4 MBL

Histone3 mouse 61647 (1C8B2 Active Motif

c-Mye mouse sc-40 (9E10 Santa Cruz

MCMS8 oat NB100-325 Novus

FANCD2

rabbit NB100-502 Novus

Table S3. Chemical inhibitors used in this study
Chemical inhibitor ~ Manufacturer Catalog number Function

PR 619 Abcam abl44641 Deubiquitinase inhibitor

KU-55933 Millipore 118500-10MG ATM inhibitor

VES2 ToomoResuchChemissls  VISOT00  ATRihbitr

olaparib Selleck Chemicals S1060 PARP inhibitor
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Supplemental Experimental Procedures
Plasmids

Human RFWD3 (synthesized). RAD34 (a kind gift from Dr Kiyoshi Miyagawa, University of Tokyo).
and RADS5] ¢DNAs were amplified and subcloned into pENTR entry vector (Invitrogen), and transferred
to the expression vectors or lentiviral construets by LR Clonase II (Invitrogen). Mutations in plasmids
were generated by high-fidelity PCR. using KOD-plus-neo or KOD-FX polymerases (TOYOBO) and an
In-Fusion HD Cloning kit (Takara): all mutations were confirmed by Sanger sequencing. Human RPAJ
¢DNA derived from U20S, human RPA2 ¢DNA in Flag-RPA2 (a kind gift from Dr Aziz Sancar.
University of North Carolina. Addgene #22893) and synthesized Ubiguitin ¢DNA were amplified and
subcloned into peDNA4/HisMax C (Invitrogen) using an In-Fusion HD kit. Myc-ubiquitin construets
were previously described (Nakada et al., 2010). A long linker in the pcDNA4/HisMax C Ubiquitin was
removed by PCR-based mutagenesis. Ubiquitin KR mutants were generated by PCR following a standard
site-directed mutagenesis protocol using KOD-plus-neo followed by Dpnl digestion and transformation
into competent cells.

siRNA and plasmid transfections

siRNA duplexes were purchased from Invitrogen and are listed in the supplemental table. Transfection
was carried out using Lipofectamine RNAIMAX (Invitrogen) according to the manufacturer’s
instructions. For plasmid transfections or co-transfection of plasmids and siRNA. Lipofectamine 3000
(Invitrogen) was used. In all siRFWD3 transfections, siRFWD3#2 was used unless stated otherwise.

Ploidy analysis

Cells at exponential growth were fixed with 70% ethanol. stained with PBS containing propidium iodide
(5 ng/ml) and analyzed using a FACSCalibur flow cytometer (BD).

Colony survival assay

To measure cell survival in the presence of MMC. Cisplatin, Olaparib. CPT, or HU. an appropriate
number of HAP1 cells were treated in triplicate with the indicated concentrations of the DNA damaging
agents for 24 hr. except for HU (8 hr) (because of extreme toxicity with a 24 hr treatment). Cells were
permitted to recover for 24 hr after treatment. and plated with serial dilutions. After 7-10 days incubation,
cells were fixed with 100% ethanol. stained with 0.006% ecrystal violet solution (0.006% crystal violet.
25% methanol). and colonies were counted.

Immunohistochemistry and in situ PLA assay

Cells grown on cover glass were washed with PBS twice and fixed with PBS containing 3%
paraformaldehyde. 2% sucrose, 0.5% Triton-X-100 on ice for 30 min, and then permeabilized with 0.5%
Triton X-100/PBS for 5 min. After blocking with 2% BSA/PBS, staining with antibodies diluted in 2%
BSA/PBS was performed for 1 hr at RT. The secondary antibodies used were Alexa Fluor
488-conjugated anti-mouse IgG or Alexa Fluor 594-conjugated anti-rabbit IgG (Molecular Probes). The
experiments were repeated three times, and >350 cells were analyzed in each experiment. The in situ PLA
assay was carried out using a DuoLink in siftu PLA kit (Sigma) according to the manufacturer’s
instructions. Images were captured using a BZ-9000 fluorescence microscope (Keyenee) with a Plan Apo
#A0X/NA 0.95 objective lens (Nikon). Counting of the PLA signal dots was done using Hybrid cell
count software (Keyence).

Chromatin Isolation
Cells were lysed in Buffer A (10 mM HEPES, 10 mM KCL, 1.5 mM MgCly, 0.34 M Sucrose. 10%

Glycerol, 0.1% TritonX-100, containing 1 mM DTT and 1 mM Naz;VO,. and protease inhibitor cocktail
(Roche)) on ice for 30 min: samples were then centrifuged at 1700 x g for 5 min, and remaining pellets
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were washed once with Buffer A. Pellets were resuspended in Buffer B (3 mM EDTA, 0.3 mM EGTA)
containing 1 mM DTT. 1 mM NazVO, and protease inhibitor cocktail. then incubated on ice for 30 min.
After centrifugation at 5000 x g for 5 min, pellets were solubilized in SDS sample buffer and analyzed as
the chromatin fraction.

Immunoprecipitation and blotting

Cells were washed once with PBS, lysed in NETN buffer (150 mM NaCl, 0.5 mM EDTA. 20 mM
Tris-HC1 pHS.0, 0.5% NP-40) supplemented with protease inhibitor cocktail, 25 unit/ml Benzonase
(Millipore). 2 mM MgCl,. and 1 mM Na;VOy. on ice for 30 min. Then lysates were briefly sonicated and
centrifuged at 14000 rpm for 10 min. The pellet was discarded. Dynabeads Protein G (Invitrogen) was
incubated with an appropriate primary antibody prior to addition to the supernatant, following the
manufacturer’s instructions. To capture his-tagged or FLAG-tagged proteins, ¢Omplete His-Tag
Purification Resin (Roche) or anti-FLAG M2 Agarose Affinity Gel (Sigma) was utilized, respectively.
Captured proteins were washed five times with NETN buifer and analyzed by SDS-PAGE and
immunoblotting using PVDF membranes (Millipore). Detection was performed as described previously
(Unno et al., 2014).

In vive ubiquitination assay

24 hr after transfection. cells were subjected to 100 ng/ml MMC for an additional 24 hr. 10 uM MG132
was added as indicated 2 hr before sample collection. Cells were lysed in Guanidine Buffer (6 M

Guanidine, 100 mM NaH,POy/Na;HPOy. pH 8.0). or in Hot SDS Buffer at 95°C (1% SDS, 150 mM NaCl,

10 mM Tris-HCL pH 8.0): in the latter case. samples were then diluted 10-fold with binding buffer (20
mM H;POy 300 mM NaCl. pH 8.0). After DNA fragmentation by passing through a 27G needle and
sonication (Bioruptor, COSMO-BIO), lysates were incubated with Ni-resin at RT for 2 hr. Bound
complexes were washed five times with washing buffer (300 mM NaCl. 20 mM H;PO,. pH 8.0, SmM
imidazole). and eluted in SDS sample buffer containing 200 mM imidazole. Eluted samples were
analyzed by immunoblotting. For detection of endogenous RADS1 ubiquitination. 10 uM PRG19. a
deubiquitinase inhibitor (abeam). was added 2 hr before harvest. The band intensities of the respective
ubiquitinated proteins were quantified with LAS-4000 ImageQuant TL software (GE Healtheare).

Mammalian two-hybrid analysis

Bait and prey vectors (pM and pVP16, respectively. Clontech) with indicated inserts were transfected into
293T cells in triplicate with an expression vector for Renilla luciferase. Cells were lysed after ~48 hr and
assayed for luciferase activity using a Dual-Luciferase Reporter Assay System (Promega). Transfection
efficiency was normalized by Renilla luciferase activity. Intensity of the inferaction was expressed as
luciferase activity relative to the value obtained by empty vectors. pM-FANCT and pVP16-FANCD2 were
used as a positive control,

Generation of lentivirus and transduction

To complement HAP1 ARFWD3 cells. lentiviral particles were prepared by cotransfecting CSII
-CMV-MCS-IRES-Bsd vector, in which human RFWD3 WT and mutant ¢cDNAs or GFP-RAD54 were
cloned. along with packaging constructs, into 2937 cells using Lipofectamine 2000. Following lentivirus
infection, Blasteidin S (5 pg/ml) resistant populations were selected and expanded. To produce U20S or
U20S-DR-GFP cell lines expressing GFP-RADS1, FLAG-RADS1-WT or -5KR, and FLAG-RPA2-WT.
-5KR or the deletion mutant lacking amino acid residue 244-254 under tetracycline-controlled
transeriptional activation. ¢DNAs in the entry vector pENTR were transferred to a puromyein resistant
derivative (a kind gift of Drs. Yoshikazu Johmura and Makoto Nakanishi) of CSIV-TRE-RfA-UbC-KT
(Kurita et al., 2013) using LR Clonase II (Invitrogen). U20S cells were infected with the respective
lentivirus and selected with puromycin (2 ng/ml).

Peptide pull-down assay
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To prepare nuclear extracts, HAPI1 cells collected with a cell scraper were lysed in Buifer A as above, and
chilled on ice for 30 min. then cleared by centrifugation at 1700 x g for 5 min. The remaining nuclear
pellet was lysed in Buffer C (20 mM HEPES. 25% glycerol, 420 mM KCIL, 1.5 mM MgCl. 0.2 mM
EDTA. 1 mM DTT. 0.1% Triton-X-100) containing protease inhibitor cocktail and 1 mM Naz;VO,. After
incubation on ice for 30 min and centrifugation at 14000 rpm for 5 min, the supernatant was obtained as
the nuelear extract. After a three-fold dilution with Buffer D (the same as Buffer C, excluding KC1),
samples were incubated at 4°C overnight with Dynabeads M-280 (Streptavidin beads. Invitrogen) that
had been coated with biotinylated peptides (Serum, Inc.). After extensive washing, bound materials were
analyzed by immunaoblotting.

DR-GFP assay

U20S-DR-GFP cells were transduced with lentivirus CSIV that expresses FLAG-tagged RPA2 (WT,
S5KR., or the deletion lacking residues 244-254) or FLAG-RADS1 (WT or 5KR) under the Doxyeyeline
(Dox) mnducible promoter. and were selected with 2 pg/ml puromyein. The GFP-RADS] coding sequence
was rendered resistant to siRADS1 by silent mutations in the target sequence. Cells were cultured with or
without 2 or 10 pwg/ml Dox for 24 hr. then siRNAs targeting endogenous RPA2 or RADS1 were
transfected using Lipofectamine RNAIMAX (Invitrogen) according to the manufacturer’s instructions.
The following day, the I-Scel expression vector was transfected using Lipofectamine 3000 (Invitrogen)
and the cells were further grown for two days with or without Dox. To assess HR frequency, the GFP
positive cell population was quantified with a FACSCalibur flow eytometer (Beckton-Dickinson).

Data acquisition and analysis for FRAP

FRAP was performed using a TCS SP5 II confocal microscope (Leica Microsystems). equipped with an
INU incubator system for microscopes (Tokai Hit). at 37°C with 5% CO,. After two prebleach images
were obtained. a rectangular region equivalent to about one third to one fourth of the nucleus was
photobleached five times with a 488 nm Argon laser at ~80% transmission, then 20 to 25 images were
acquired at two sec intervals. Two or three foei per nucleus were randomly selected and more than 50 foci
were analyzed per sample. Measurement of the GFP fluorescence level was carried out on ellipsoidal
areas with adjustment to foci movement during experiments. The fluorescence intensity in the bleached
RPA2-GFP foci was normalized to the pre-bleached signal after subtraction of the background. Data were
plotted using Prism 6 software (GraphPad).

Plasmids for recombinant protein expression

The DNA fragments encoding human UBE2ZDI1. UBE2N, and MMS2 were amplified by PCR from
human HeLa Marathon-Ready ¢cDNA (Clontech). The amplified DNA fragments encoding UBE2N and
MMS2. or UBE2D1. or RFWD3 were ligated into the BamHI-Sall, or EcoRI-Xhol. or BamHI-Xhol sites
of the pGEX-6P-1 vector (GE Healtheare), respectively. For the generation of the expression vector for
the human RADS51-5KR mutant, the DNA fragment encoding the human R4AD5] ORF carrying the SKR
mutation was ligated into the Ndel-BamHTI sites of the pET-15b vector (Novagen). For the generation of
the expression vector for the human RPA-SKR mutant. the DNA fragment encoding the human RPA2
ORF carrying the SKR mutation was ligated into the pl1d-tRPA vector (Henricksen et al.. 1994), using
an In-Fusion HD Cloning Kit (Takara).

Purification of recombinant proteins

Human RFWD3 was overexpressed in Escherichia coli BL21(DE3) Codon(+)RIL cells (Stratagene) at
16°C. The cells producing GST-tagged RFWD3 were collected by centrifugation. and were resuspended
in lysis buffer (50 mM Tris-HCI (pH 8.0). 10% glycerol, 500 mM NaCl, 30 uM zine acetate (ZnOAc).
0.1% NP-40. 1 mM phenylmethylsulfonyl fluoride. and 5 mM 2-mercaptoethanol). The cells were then
disrupted by sonication. and the supernatant was separated from the cell debris by centrifugation at
27.700 x g for 30 min. The supematant was mixed gently with Glutathione Sepharose 4B resin (3 ml: GE

Healtheare) at 4°C for 1 hr. The Glutathione Sepharose 4B resin was packed into an Econo-column
(Bio-Rad). and was washed with 150 ml of lysis buffer, containing 1 M NaCl. The GST-tagged RFWD3
was eluted with 50 ml of elution buffer (100 mM Tris-HCI (pH 8.8). 10% glycerol, 500 mM NaCl, 30 pM
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ZnOAc. 20 mM reduced glutathione. and 5 mM 2-mercaptoethanol). The GST tag was removed from
RFWD3 by digestion with PreSecission protease (15 unit/mg protein: GE Healtheare) during dialysis
against 4 | of dialysis buffer (20 mM Tris-HCL (pH 8.0}, 10% glycerol, 150 mM NaCl. and 5 mM
2-mercaptocthanol). The protein sample was concentrated with an Amicon Ultra Centrifugal Filter
Device (Millipore), and was then applied to a Superdex 200 gel filtration column (HiLoad 16/60
preparation grade: GE Healtheare) equilibrated with dialysis buffer containing 500 mM NaCl. After the
purified RFWD3 was concentrated and dialyzed against 1 1 of dialysis buffer. and aliquots were frozen in
liquid nitrogen. Human RPA. human RPA-5KR. human RADS5I1, human RAD51-5KR., human DMC1.
human UBE2T. and the human UBE2N-MMS2 complex were purified as described previously
(Henricksen et al.. 1994: Hikiba et al., 2008; Ishida et al., 2008; McKenna et al., 2001: Sato et al.. 2012a:
2012b). Human UBE2D1 was prepared by the same method as that for human UBE2T.

DNA substrates

For the D-loop formation assay. a 70-mer ssDNA. 5'-CCGGT ATATT CAGCA TGGTA TGGTC
GTAGG CTCTT GCTTG ATGAA AGTTA AGCTA TTTAA AGGGT CAGGG-3", was used. For the
ubiquitination and electrophoresis mobility shift assays. a 45-mer ssDNA, 5'-CCCAG GCCAT TACAG
ATCAA TCCTG AGCAT GTTTA CCAAG CGCAG-3. and a 49-mer ssDNA, 5-GTCCC AGGCC
ATTAC AGATC AATCC TGAGC ATGTT TACCA AGCGC ATTG-3', were used. All oligonucleotides
were purchased from Nihon Gene Research Laboratory. as high-pressure liquid chromatography-purified
grade. DNA concentrations are expressed in moles of nucleotides.

In vitre ubiquitination assay

RPA. RADS1. or DMCI1 (1 uM) was mixed with human recombinant E1 (75 nM: Boston Biochem), an
E2-conjugating protein (either UBE2D1, UBE2N, the UBE2ZN-MMS2 complex, or UBE2T: 4 uM).
RFWD3 (1.5 uM). and ubiquitin (10 uM: Boston Biochem). in the presence or absence of the 45-mer
ssDNA (5 pM). in 10 pl of reaction buffer. containing 50 mM Tris—HCI (pH 7.5), 3% glycerol. 45 mM
NaCl 2 mM MgCly, 2 mM ATP. 30 uM ZnOAc, and 0.5 mM dithiothreitol. The reaction mixtures were
incubated at 37°C for 90 min, and the reactions were then stopped by the addition of 2% SDS. The
reaction products were separated by 15%, 12% or 10% SDS-PAGE. and were transferred to a
polyvinylidene fluoride membrane (GE Healtheare). The ubiquitinated RPAT, RPA2, RPA3, RADSI, and
DMC1 proteins were detected with an anti-RPAT0 antibody (1:1000; ab199240, abcam). an anti-RPA32
antibody (1:1000: A300-2444 Bethyl Laboratories. Inc.). an anti-RPA3 antibody (1:1000; HPA005708,
Sigma-Aldrich). an anti-RADS1 antibody (1:1000) (Kim et al., 2005), and an anti-DMC1 antibody
(1:1000: ab11054, abcam). respectively. The band intensities of the respective ubiquitinated proteins were
quantified with Image] (for Figure 4A). or MultiGauge ver. 3.2 software (for Figure 4B-E and Figure
S4G, Fujifilm).

Pull-down assays using purified proteins and ssDNA beads

RPA or RADS1 (4 png) was incubated with either GST (18 pg) or GST-tagged RFWD?3 (18 ng) at 37°C
for 60 min in 200 ul of pull-down buffer. containing 20 mM Tris-HCI (pH 7.5). 10% glycerol. 150 mM
NaCl. 1 mM ZnOAc, 0.02% NP-40, and 5 mM 2-mercaptoethanol. Glutathione Sepharose 4B beads (3
ul) were added to the reaction mixtures. and were gently mixed at 23°C for 60 min. The beads were then
washed twice with 1 ml pull-down buffer. RADS1 bound to the beads was analyzed by 12% SDS-PAGE
with Coomassie Brilliant Blue staining. RPA1, RPA2, and RPA3 bound to the beads were analyzed by
15% SDS-PAGE. and detected with an anti-RPAT70 antibody (1:1000: abl199240), an anti-RPA32
antibody (1:2000: A300-244A). and an anti-RPA3 antibody (1:1000: HPA005708), respectively. For the
pull-down assay with RPA-coated ssDNA beads. RPA (3.6 ng) was incubated with a 5 -biotinylated
80-mer poly dT ssDNA (27 uM) conjugated to Dynabeads M-280 Streptavidin (Invitrogen) at 37°C for 15
min, m 5 pl of reaction buffer, containing 20 mM Tris-HC1 (pH 7.5). 8% glycerol, 130 mM NaCl.
0.012% NP-40. 0.6 mM ZnOAc, and 5 mM 2-mercaptoethanol. During the incubation period. the
reaction mixtures were gently mixed by tapping at 3 min intervals, and REWD3 (5 ng) was preincubated
i 50 pl pull-down buffer at 37°C for 15 min. After the incubation. the beads were washed once with 20
ul pull-down buffer. and were gently mixed with preincubated RFWD3 at 23°C for 30 min. For the
pull-down assay with the ssDNA beads, RPA (3.6 ug) was pre-incubated with RFWD3 (5 ug) at 37°C for
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15 mimn in 50 pl pull-down buffer. A 5 -biotinylated 80-mer poly dT ssDNA conjugated to Dynabeads
M-280 Streptavidin (1 pl. 134 pM) was added to the reaction mixtures. which were gently mixed at 23°C
for 30 min. The beads were then washed twice with 200 pl pull-down buffer, and the proteins bound to
the beads were detected by immunoblotting with an anti-RFWD3 antibody (1:2000; ab138030. abecam),
an anti-RPA70 antibody (1:1000; ab199240). an anti-RPA32 antibody (1:2000: A300-244A), and an
anti-RPA3 (1:1000; HPAQO5708).

Electrophoresis mobility shift assay

The 49-mer ssDNA was mixed with 0.2. 0.4, and 0.8 uM of wild type RPA or the RPA-SKR mutant in 10
ul of reaction buffer, containing 23 mM Tris—HCI (pH 8.0). 64 mM NaCl. 5 mM KCL. 4.5% glycerol. 5
mM dithiothreitol and 5 pg/ml bovine serum albumin. at 37°C for 15min. The samples were then
analyzed by 3.5% PAGE m 0.2xTBE (18 mM Tris-borate and 0.4 mM EDTA) buffer. DNAs were
visualized by SYBR Gold (Invitrogen) staining.

DNA binding assay with ubiquitinated proteins

RPA or RADS1 (1 pM) was ubiquitinated with human recombinant E1 (75 nM), UBE2D1 (4 pM).
RFWD3 (1.5 uM). and ubiquitin (10 pM) at 37°C for 90 min, in 20 ul of reaction buffer. containing 50
mM Tris—HCI (pH 7.5). 3% glycerol. 45 mM NaCL 2 mM MgCly, 2 mM ATP, 30 pM ZnOAc. and 0.5
mM dithiothreitol. A 5'-biotinylated 80-mer poly dT ssDNA conjugated to Dynabeads M-280
Streptavidin (1.2 pl. 170 pM) was then added to the reaction mixtures, which were incubated at 37°C for
15 min. During the incubation period, the reaction mixtures were gently mixed by tapping at 3 min
mtervals. After the incubation. the supernatant was transferred to a new tube (unbound fraction). and the
beads were then washed twice with 20 ul of wash buffer, containing 35 mM Tris-HCL (pH 7.5). 1 mM
ATP, 2.5 mM MgCly, 0.1% NP-40, and 1 mM dithiothreitol. The proteins bound to the beads were eluted
with 10 ul SDS-sample buffer, containing 50 mM Tris-HCI (pH 6.8). 2% SDS, 10% glycerol, and 0.7 M
2-mercaptoethanol (bound fraction). The unbound and bound fractions were separated by 12% or 15%
SDS-PAGE. and the proteins were detected with anti-RPA70. anti-RPA32, or anti-RADS51 antibodies.

RADS1 ATPase assay

RADS51 or RADS1-5KR (1.5 uM) was incubated with 5 nCi [‘(-SEP]ATP i 10 pl of reaction buffer
containing 26 mM HEPES-NaOH (pH 7.5), 1 mM Tris-HC1 (pH 7.5). 45 mM NaCl, 0.01 mM EDTA. 1
mM dithiothreitol, 0.6 mM 2-mercaptoethanol, 3% glycerol, 1 mM MgCl. 5 uM ATP, single-strand
©X174 viral (+) strand DNA (20 uM: New England Biolabs.). and 100 pg/ml bovine serum albumin, at
37°C for 60 min. The reaction was quenched by the addition of 5 pl of 0.5 M EDTA. and the samples
were separated by thin layer chromatography on polyethyleneimine-cellulose. in a solution containing 0.5
M LiCl and 1 M formic acid. The plate was exposed to an imaging plate (Fujifilm). and the products were
visualized using an FLA-7000 imaging analyzer (Fujifilm). The signal intensities of the products were
quantified using MultiGauge ver. 3.2 software.

D-loop formation assay

The supercoiled dsDNA containing tandem repeats of the 55 rDNA sequence was prepared with a method
avoiding irreversible denaturation by alkaline treatment of the cells (Kagawa et al., 2001). The 5 "P end
-labeled 70-mer ssDNA (1 uM) was incubated with RADS1 or RADS1-5KR (0-0.6 uM) at 37°C for 10
min. in 9 ul of reaction buffer containing 24 mM HEPES-NaOH (pH 7.5). 1 mM Tr1s-HCI (pH 7.5). 30
mM NaCl, 0.01 mM EDTA. 1 mM dithiothreitol, 0.4 mM 2-mercaptoethanol. 2% glycerol. 1 mM MgCl,,
2 mM CaCly, 1 mM ATP. 20 mM creatine phosphate, 75 pg/ml creatine kinase. and 100 pg/ml bovine
serum albumin. The supercoiled dsDNA (30 uM. 1 ul) was then added. and the reaction mixtures were
further incubated at 37°C for 10 min. The reactions were stopped by addition of a 2 pul aliquot of the stop
solution, containing 0.2% SDS and 1.4 mg/ml proteinase K (Roche Applied Science). The deprotemized
DNA products were separated by 1% agarose gel electrophoresis in 1x TAE buffer (40 mM Tris acetate,
1 mM EDTA). The agarose gel was dried. and was exposed to an imaging plate. The gel image was
obtained using an FLA-7000 imaging analyzer.
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Quantification of immunoblotting or protein gel data

For all quantification of band intensities, ImageQuant TL software (GE healtheare), MultiGauge ver. 3.2
software, or ImageJ software (hitps://imagej.nih.gov/ij/) was used.

Quantification of immunocytochemistry and PLA assays

Hybrid Cell Count software (Keyence) was used for scoring the PLA signals and most of the
immunocytochemistry images, except for FLAG-RADS1 foci in Figure 3C and GFP-RADS54 focei shown
in Figure TA.

Statistical analysis

P-values were calculated by one-way ANOVA post hoe test in multiple comparisons or Student’s t-test
using Prism 6 (Graphpad) software.
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4 DISKUSSION

4.1 WHOLE EXOME SEQUENCING ALS SCHLUSSELTECHNOLOGIE IN DER FA-

KOMPLEMENTATIONSGRUPPENBESTIMMUNG

In den letzten Jahren hielt NGS, insbesondere das WES, Einzug in die Mutationssuche
bei Patienten mit Erkrankungen ungeklarter, genetischer Ursache. So konnten wir bereits
2012 bei einem Patienten Mutationen in FANCQ mittels WES nachweisen (siehe 3.2.1).
Durch eine vereinfachte Anwendung in Form von Benchtop-Gerdten und reduzierten
Kosten erwogen wir, NGS bzw. WES auch in der Routinediagnostik zum Einsatz zu

bringen.

Dazu wurde von uns im Rahmen dieser Arbeit, eine Evaluierung von WES fur die
FA-Diagnostik durchgefiihrt. (Knies et al., 2012) Nach der Zuordnung von fiinf Patienten
zu den Komplementationsgruppen FA-D1, FA-D2, FA-G und FA-J und FA-P, Uberzeugte
diese Methode in der FA-Diagnostik in unserem Labor. (Knies et al., 2012; Schuster et al.,
2013). Zudem bietet WES die Moglichkeit neue FA-Gene zu entdecken und somit das
Verstandnis um den FA/BRCA-Signalweg zu verbessern. Hierauf soll in Abschnitt 4.2

naher eingegangen werden.

Wichtig war bei der Etablierung der Methode vor allem die strategische Auswertung der
Datenmenge. Nach der Anreicherung und Sequenzierung der verschiedenen Patienten
gDNAs bei unterschiedlichen Service-Providern, wurden die Daten mit Hilfe der
NextGENe Software von Softgenetics alignt und ausgewertet. Zunachst beschrankte sich
die Auswertung auf alle bekannten FA-Gene und mogliche Kandidatengene, wie FAAP20,
FAAP100, FAAP24, MHF1 und MHF2. Diese sind bereits als ein Teil des FA-Signalwegs
bekannt, jedoch wurde bisher noch kein FA-Patient mit Mutationen in einem dieser Gene
gefunden. Nach Ausschluss bekannter Polymorphismen, die bereits in der dbSNP
Datenbank von NCBI (National Center for Biotechnology Information) gelistet waren,
erfolgte die Analyse von heterozygoten oder homozygoten Varianten, basierend auf dem
familiaren Hintergrund der Patienten. Dennoch gab es verschiedene Hindernisse und
Herausforderungen, die bei der Auswertung der Daten der o.g. Patienten auffielen und

bewaltigt werden mussten. Diese werden im Folgenden diskutiert.

Allen voran steht die Abdeckung der einzelnen Exons. Hier zeigten sich deutliche
Unterschiede, nicht nur in Abhéangigkeit von GC-reichen Bereichen oder polyA- oder
polyT-Stretches, sondern auch aufgrund einer erhéhten Fehlerrate bei der Detektion der

richtigen Base an der richtigen Stelle. Verschiedene Studien zeigen, dass eine
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Abdeckung von 30- bis 40-fach ausreichend ist, um die meisten Exons vollstandig
abzudecken und eine eindeutige Aussage bezlglich vorhandener Varianten treffen zu
konnen. (Lohmann and Klein, 2014; Majewski et al., 2011) Im Durschnitt lag die
Abdeckung unserer funf publizierten WES-Analysen bei 58x. Fiur die FA-Gene betrug sie
bei den gleichen Exomen 40x. Obwohl dies prinzipiell ausreichend ist, beobachteten wir
bei einzelnen Exons eine geringere Abdeckung, wie z. B. bei FANCE Exon 1. FANCE
Exon 1 hat einen hohen GC-Gehalt und lies sich unabhéangig der Anreicherungstechnik
und der Sequenzierplattform nie ausreichend bzw. gar nicht abdecken. Hier war es nétig,
die Abdeckung auf 100-fach zu erh6hen, um eine minimale Abdeckung dieser Exons von

mindestens 10 Reads zu erreichen.

Ein Problem stellt auch die Speicherung der grof3en Datenmengen dar, die beim WES
generiert werden. Nach der Sequenzierung sind die Daten in FASTQ Files enthalten, die
nach dem Alignment in das sog. Sequence Alignment/Map (SAM) Format umgewandelt
werden. Diese werden wiederum komprimiert und im sog. Binary Sequence
Alignment/Map (BAM) Format gespeichert, das die Dateigrof3e um ein drei- bis vierfaches
reduziert, dennoch aber einige Gigabyte grof ist. Das kleinstmdgliche Speicherformat ist
das sog. Variants call format (VCF), welches nur noch die nach der Analyse detektierten
Varianten enthalt und nicht groRer als 100 Megabyte (MB) ist. Es ist jedoch ratsam, die
FASTQ oder BAM Dateien zu speichern, da bei einer erneuten Analyse so auf die
Rohdaten zurtickgegriffen werden kann. Eine nochmalige Betrachtung der Daten kann vor
allem dann wichtig sein, wenn copy number variations (CNV) oder mitochondriale DNA
untersucht werden sollen. AuBerdem kénnten in der Zwischenzeit andere Gene oder
vorherige Kandidatengene als neue krankheitsassoziierte Gene identifiziert werden, wie
es bspw. fir FA auch im Rahmen dieser Arbeit erfolgte. Eine Kompression der NGS-
Daten geht meist mit einem Verlust an Informationen einher. Daher ist es wichtig ein
Format zu wéhlen, das ein Mindestmall an Daten enthalt. Das beinhaltet vor allem die
Position der Variante und deren Abdeckung. Ein vielversprechendes, neues Format ist
das sog. challenge-response authentication mechanism Format (CRAM). Es ist um
38-55 % kleiner als eine BAM Datei und wurde u. a. auch fir das 1000 Genomes project
verwendet. In den letzten Jahren sind neben kleineren Dateiformaten auch neue
Speicherméglichkeiten aufgekommen, wie bspw. die Cloud. Sie ist eine kostengiinstige,
leicht bedienbare und kommerziell angebotene Speicherplattform. Trotz der Nutzung von
groRen Konsortien wie dem International Cancer Genome Consortium (ICGC) ist der
Gebrauch aus ethischen und legalen Grunden abzuwagen. (Lelieveld et al., 2016) Daten
des NGS sind sensible und sehr personliche Informationen des jeweiligen Patienten.
Anhand ihrer Auswertung ist, trotz einer Pseudo- oder Anonymisierung, eine genaue

Zuordnung zu einer bestimmten Person mdglich. Da es sich bei der Cloud um ein
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Internet-basiertes Speichermedium handelt, muss man berticksichtigen, dass diese Daten
Hacker-Angriffen ausgesetzt sein konnen. Des Weiteren ist auch bei der Cloud keine
100 %ige Garantie vor einem Datenverlust gegeben. Die groRe Menge an generierten
NGS-Daten wird daher zukinftig ein Speicherplatzproblem darstellen, das nur mit der
Entwicklung von neuen und kleineren Dateiformaten zu bewaéltigen sein wird. Da es sich
bei den WES-Daten um medizinische Daten handelt, missen diese normalerweise, wie
andere Patientendaten auch, fur mindestens 10 Jahre aufgehoben werden. Diese
Vorschrift wurde jedoch flr Exomdaten bereits gelockert, sodass hier eine
Aufbewahrungspflicht von lediglich 2 Jahren besteht. (Rehm et al., 2013; Weiss et al.,
2013)

Eine weitere Herausforderung ist die Interpretation der entdeckten Varianten. Hierbei gilt
es nicht nur zu beurteilen, ob eine Variante die normale Gen- bzw. Proteinfunktion
beeintrachtigt, sondern auch, ob das verédnderte Gen Uberhaupt eine Relevanz fur die
Pathogenese einer Krankheit hat. Mit Hilfe von groBen Datenbanken wie das Exome
Aggregation Consortium (ExAC, http://exac.broadinstitute.org/), welches zurzeit mehr als
60.000 Varianten mendelscher Erkrankungen beinhaltet, ist eine Beurteilung vereinfacht
worden. In Bezug auf FA ist auch ein Abgleich mit dem International Fanconi Anemia
Registry (IFAR) bzw. der Faconi Anemia Mutation Database der Rockefeller Universitat
(http://www.rockefeller.edu/fanconi/mutate/) zu empfehlen. Sie enthalt alle bisher in
FA-Genen detektierten und veréffentlichten Varianten (5363 Varianten, Stand Februar
2017). Dennoch gibt das keine Garantie vor falsch-positiven oder falsch-negativen
Befunden. Zudem geben in silico Vorhersageprogramme nur eine Prognose fir die
entdeckte Variante, jedoch aber keine 100 %ige Sicherheit. Es ist daher ratsam, mehrere
verschiedene in silico Tools zu nutzen und die verschiedenen Aussagen zu vergleichen.
Des Weiteren sollte der Abgleich der entdeckten Variante mit dem Vorhersageprogramms
auf verschiedenen Ebenen stattfinden. Auf DNA-Ebene
(z. B. http://www.mutationtaster.org), als auch auf Proteinebene
(z. B. http://genetics.bwh.harvard.edu/pph2/). Projekt 3 in Knies et al. beschreibt solch
einen Fall, eines schwer zu interpretierenden Ergebnisses. Es wurden neben der als
pathogen definierten Mutation ¢.7890_7891insAA in FANCD1 drei weitere Varianten in
der Exomanalyse detektiert. Laut den o. g. Vorhersageprogrammen war jedoch nur die als
single nucleotide polymorphism (SNP) gelistete Variante ¢.7795G>A ebenfalls pathogen.
Das Problem stellt der an dieser Position gelistete SNP dar. Dieser beinhaltet eine
drei-Basenpaar-Deletion von ¢.7795_7797. In unserem Fall ist jedoch nur die erste
Position dieses SNPs von einem Basenaustausch betroffen. Somit wurde
falschlicherweise dieser Basenaustausch als SNP gelistet und erst durch sorgféltige

Nachanalyse als pathogene Variante detektiert. Es ist von Vorteil, bei nur einer
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bestatigten, heterozygoten pathogenen Variante auch gelistete SNPs im gleichen Gen
naher zu betrachten und diese mittels in silico Programmen zu bewerten. Auf3erdem sollte
stets die neuste Version der dbSNP Datenbank zur Exomanalyse verwendet werden,
bestenfalls in Kombination mit minor allele frequencies und Daten aus dem

1000 Genomes project. (Knies et al., 2012)

Zudem erschweren vorhandene Pseudogene eine Variantenbeurteilung erheblich.
Pseudogene entstehen durch Duplikation einzelner Gensegmente oder durch
Retrotransposons. Sie haben eine hohe Ubereinstimmung in der Sequenzabfolge, werden
jedoch nicht transkribiert und sind daher funktionslos. (Khurana et al., 2010) Durch die
kurze Readlange (< 300 bp) beim WES, kann es zu fehlerhaften Alignments mit den
Pseudogenen kommen, die dann als falsch-positive Varianten detektiert werden. Bei der
Analyse der o. g. WES-Daten fielen immer wieder gleiche Gene mit einer deutlich
erhdhten Anzahl an Varianten im Vergleich zu den anderen Genen auf. Nach genauerer
Recherche war festzustellen, dass diese Gene wie bspw. CDC27, MUC oder NBPF eine
hohe Anzahl an gelisteten Pseudogenen aufwiesen. In Bezug auf FA-Gene ist bisher nur
das Vorhandensein von Pseudogenen bei FANCD2 bekannt. Aktuell sind in der
Pseudogendatenbank (Build 83) funf Pseudogene fiir FANCD2 bestimmt. Dabei handelt
es sich um PGOHUMO00000299338 (FANCD2P1), PGOHUMO00000299341 (FANCD2P2),
PGOHUMO00000299342 (FANCD2P3), PGOHUMO00000305819 (FANCD2P4) sowie
PGOHUMO00000305820 (FANCD2P5). Rost et al. (personliche Kommunikation) konnte
zeigen, dass FANCD2P5 mit FANCD2P3 und FANCD2P4 mit FANCD2P2 identisch sind.
Somit ergeben sich drei Pseudogene fir FANCD2 (FANCD2P1, FANCD2P2 und
FANCD2P3). Diese Daten erweitern die Analysen von Kalb et al. aus dem Jahr 2007.
(Kalb et al., 2007) Es empfiehlt sich bei einer detektierten Variante in FANCD2, diese mit
Vorsicht zu beurteilen und auf jeden Fall mittels Sanger Sequenzierung, am besten auf
cDNA Ebene, zu validieren. Des Weiteren helfen langere Readlangen (300-800 bp), wie
sie beim Roche454 oder den Pacific Bioscience Geraten generiert werden, Pseudogene

in der Analyse von WES-Daten zu umgehen.

Nebenbefunde stellen ein weiteres Problem beim WES dar. Bei einer gezielten
Panel-Analyse werden ausschlie3lich krankheitsassoziierte Gene und evtl. damit
zusammenhangende Kandidatengene analysiert. Bei WES ist das anders. Da das
gesamte Exom eines Patienten betrachtet wird, ergeben sich neben dem mit der
untersuchten Krankheit, auch Varianten in Genen, die fir andere Krankheiten ursachlich
sein koénnen. Man unterscheidet zwischen verschiedenen Kategorien von
Nebenbefunden: nicht-behandelbare Erkrankungen im Kindesalter, nicht-behandelbare

Erkrankungen im Erwachsenenalter, behandelbare Erkrankungen im Erwachsenenalter
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und Anlagetrdgerschaft fur eine Erkrankung. (Bishop et al.,, 2017) Neben einer
zielgerichteten, bioinformatischen Auswertung der Daten, ist auch die individuelle
Absprache mit dem Patienten notwendig. Nimmt man FA als Beispiel, sollten zunéchst
nur, die mit FA assoziierten Gene und Kandidatengene untersucht werden. Da ein Teil der
FA-Gene auch mit familiar bedingten Brust- und Eierstockkrebs in Verbindung gebracht
wird (siehe 1.3.1), sollten monoallelische Varianten in diesen Genen notiert und auch auf
ihre Pathogenitét hin untersucht werden. Findet sich in den bereits bekannten FA-Genen
und den Kandidatengenen keine krankheitsauslésende Veranderung, ermdglicht die
Exomanalyse nach neuen FA-Genen zu screenen. Hier steigt auch die Gefahr fir
Nebenbefunde. Konsortien wie das American College of Medical Genetics and Genomics
(ACMG) oder die American Society of Human Genetics, haben in den letzten Jahren
immer wieder Empfehlungen zum Umgang mit Nebenbefunden herausgegeben. Darlber
hinaus aktualisiert das ACMG jahrlich eine Liste mit Genen, deren mutierte Genprodukte
zu schweren, hoch penetranten Erkrankungen fihren kdnnen und als Nebenbefunde
mitgeteilt werden sollten. Dabei ist zu beachten, dass nur bekannte pathogene (known
pathogen, KP) oder als pathogen vorhergesagte (expected pathogen, EP) Varianten als
Nebenbefunde angegeben und dem Patienten mitgeteilt werden sollen. Die aktuelle Liste
umfasst 59 Gene, die vornehmlich mit Krankheiten wie verschiedene Krebsarten oder
Kardiomyopathien assoziiert sind, deren Ursprung monogenisch ist. Die Kriterien zur
Aufnahme eines Gens in diese Liste sind klar definiert: Es muss sich um eine schwere,
lebensbedrohliche Erkrankung handeln, die eine hohe Penetranz aufweist und dennoch
mit spezifischen Untersuchungen und Vorsorgen zu vermeiden oder behandelbar ist. Auf
dieser Liste befinden sich auch die beiden FA-Gene BRCAl (FANCS) und
BRCA2 (FANCD1), die wie bereits erwahnt, bei monoallelischer Mutation zu familiar
bedingtem Brust- und Eierstockkrebs fihren kdnnen. (Kalia et al., 2016) Das Problem der
Nebenbefunde wird sich mit WGS noch weiter verstarken, da sich die Anzahl an
detektierten Varianten durch die Anreicherung der Introns deutlich erhéhen wird. Letztlich
liegt die Entscheidung Uber eine Mitteilung von Nebenbefunden ausschlieRlich beim
Patienten selbst. Eine Zustimmung Uber deren Mitteilung sollte bereits vor der Analyse
erfolgen, zumal im Anschluss eine humangenetische Beratung zur Bewertung des Risikos

unbedingt erfolgen sollte.

Trotz der diskutierten Probleme, die sich im Rahmen von WES ergeben kdnnen, eignet
sich diese Methode sehr gut zur Genotypisierung von FA-Patienten. Oft durchlaufen
Patienten mit seltenen Erkrankungen, wie bspw. auch bei FA, eine Odyssee an
Untersuchungen, da nicht jeder Arzt mit dem heterogenen klinischen Phanotyp vertraut
ist. WES erleichtert in diesem Fall die Zuordnung eines Patienten zu einer bestimmten

Krankheit in einer kurzen Zeitspanne und mit einer genauen Mutationsanalyse. Generell
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ist die Zuordnung der Komplementationsgruppe fiir die Patienten ein weiteres Puzzlestiick
in der Gesamtheit ihrer Erkrankung. Besonders bei Mutationen in Genen wie FANCD1,
FANCN oder auch FANCS wird sich ein intensiviertes Vorsorgeprogramm auf Grund der
erhohten Krebsdisposition anschlie3en, die dem Patienten eine schnellere und gezieltere

Behandlung ermdglicht.

Auch wenn in Zukunft WGS gtinstiger und schneller durchzufiihren sein wird, ist WES fir
FA durchaus ausreichend. Es bietet die gleichzeitige Abdeckung aller bisher bekannten
FA-Gene und mdglicher Kandidatengene. Etwa 85 % aller bisher bekannten Mutationen
liegen in Exons bzw. an Exongrenzen und Splei3stellen, sodass WGS nur einen geringen
Teil an neuen Mutationen beitragen kdonnte — sog. tief intronische Mutationen. Dabei
besteht nur ca. 1 % des menschlichen Genoms aus Protein-codierenden Genen.
(Majewski et al., 2011) Weitere Mdoglichkeiten des NGS sind die
Transkriptom-Sequenzierung und die gezielte Anreicherung der FA-Gene mittels sog.
Panelsequenzierung. Die Vorteile der Transkriptom-Analyse liegen in ihren niedrigen
Kosten, der Analyse von kodierenden Bereichen und der Identifikation von grof3en
Deletionen und Insertionen. Dennoch hat auch sie ihre Limitierung, die vor allem in der
Vorbereitung der RNA und der Umschreibung in cDNA liegt. Aufgrund der Expression
instabiler Transkripte, kann es zu Fehlern kommen, die sich letztlich als falsch-positive
oder falsch-negative Ergebnisse in der Auswertung zeigen. Bei der gezielten
Anreicherung der FA-Gene und mdglicher Kandidatengene mit Hilfe der Paneldiagnostik,
ist meist mit einer hohen Abdeckung der einzelnen Bereiche zu rechnen und die Anzahl
an Nebenbefunden reduziert sich dadurch erheblich. Dennoch bietet eine gezielte
Anreicherung der FA-Gene nicht die Mdoglichkeit neue FA-Gene, aullerhalb der

angereicherten Kandidatengene, zu finden.

Fur die Anwendung von WES in der FA-Routinediagnostik sollten zunachst die o. g.
Probleme geldst werden. Zudem miussen Standardprotokolle fur die Sequenzierung als
auch die Auswertung etabliert werden. Hinzu kommen die nétigen
Einverstandniserklarungen der Patienten, auch in Bezug auf Nebenbefunde und die
Moglichkeit der Forschung zur Entdeckung neuer FA-Gene mit Hilfe von WES. Des
Weiteren wird in naher Zukunft auch eine Abklarung mit der Krankenkasse bzw. dem
Kostentrager nétig sein, damit WES in der FA-Routinediagnostik in den Leistungskatalog

aufgenommen werden kann.
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4.2 DIE ENTDECKUNG NEUER FANCONI ANAMIE GENE UND DEREN

CHARAKTERISIERUNG IM RAHMEN DES FA/BRCA-SIGNALWEGS

4.2.1 DIE STRUKTUR-SPEZIFISCHE ENDONUKLEASE XPF

Innerhalb der letzten 5 Jahre wurden sechs FA-Gene mit Hilfe von NGS, insbesondere
WES gefunden. (Ameziane et al., 2015; Bluteau et al., 2016; Bogliolo et al., 2013; Hira et
al., 2015; Sawyer et al., 2015; Shamseldin et al., 2012; Wang et al., 2015) Zu diesen
Genen konnten bis heute wenige FA-Patienten zugeordnet werden, womit sie zu den
seltenen Komplementationsgruppen zahlen. Doch gerade hierfir eignet sich die
Mutationssuche mittels WES sehr gut, da es keine Kenntnisse Uber die molekularen

Funktionen und Interaktionen im FA/BRCA-Signalweg voraussetzt.

XPF war bereits vorher als krankheitsverursachendes Gen von XP Subtyp F beschrieben
worden und auch im Zusammenhang mit Segmentaler Progerie (XFE) bekannt.
(Niedernhofer et al., 2006; Sijbers et al., 1996) Das Mutationsspektrum fir diese beiden
Krankheiten war jedoch sehr speziell und lies keine Riulckschlisse auf einen
Zusammenhang mit FA zu. Dennoch erregte das Ergebnis der WES-Analyse eines zuvor
nicht zugeordneten FA-Patienten unsere Aufmerksamkeit, nachdem sich zwei
compound-heterozygote Mutationen in XPF fanden. Somit konnte im Jahr 2013 XPF als
das sechzehnte FA-Gen identifiziert und naher charakterisiert werden. (Bogliolo et al.,
2013)

Unsere genetischen, biochemischen und funktionalen Studien, die bereits bekannte
Mutationen in ERCC4 bericksichtigten, konnten zeigen, dass abhangig von der Mutation,
drei unterschiedliche Krankheiten aus einem mutierten XPF-Gen hervorgehen kénnen. Im
Gegensatz zu XP, deren XP-F Patienten meist einen milden Phanotyp aufweisen und
hauptsachlich an einer Photosensitivitéat der Haut leiden, weisen XPF-Patienten mit FA die
klassischen Merkmale wie hamatologische Auffalligkeiten und Knochenmarkversagen auf.
(Gregg et al., 2011) Die Zellen der XP-Patienten zeigen keinen erhdhten G2-Phase Arrest
nach MMC-Zugabe, reagieren jedoch sensitiv auf UV-Strahlen. Sie haben ein
vermindertes Level an nuklearem XPF-Protein, das in einer reduzierten NER-Aktivitat
resultiert. Dennoch reicht der Anteil an nukledrem XPF-Protein aus, um
interstrangquervernetzungs-spezifische Reparaturfunktionen aufrechtzuerhalten und
einen Zellzyklusarrest und Chromosomenbriiche zu vermeiden. Dies ist gegensatzlich zu
den FA-Q Patienten, die eine ausreichende NER-Aktivitat besitzen, jedoch keine
Interstrangquervernetzungen aufldsen koénnen. Das segmentale Progerie-Syndrom
manifestiert sich sowohl durch Kennzeichen von XP als auch von FA. Die Zellen haben

einen sehr geringen Anteil an nukledrem XPF-Protein, wodurch weder NER noch die
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Reparatur von Interstrangquervernetzungen maglich ist. Bis heute wurde nur ein Patient
fur XFE beschrieben, der auch im klinischen Phanotyp eine Mischung aus FA und XP
zeigt. Er hat eine erhdhte Photosensitivitat sowie Andmie und auch auf zellularer Ebene
lasst sich die Kombination aus den beiden anderen Erkrankungen erkennen. Die Zellen
sind sowohl sensitiv gegentber UV-Strahlen als auch gegentber DNA-gquervernetzenden
Substanzen. (Niedernhofer et al., 2006) Zeitgleich mit der Entdeckung von XPF als FA-
Gen, wurde von Kashiyama et al. eine Patientin mit Mutationen in ERCC4 beschrieben,
die klinische Merkmale fir sowohl XP, FA als auch Cockayne Syndrom (CS) zeigt. Neben
einer erhdhten UV-Sensitivitdt zeigen ihre Zellen ebenfalls eine erhdhte Sensitivitat
gegeniber MMC und daraus resultierende erhéhte Chromosomenbruchraten.
Interessanterweise sind die beschriebenen Mutationen bisher nur mit XP und CS in
Verbindung gebracht worden und reflektieren keine der Mutationen der beiden bei
Bogliolo et al. beschriebenen FA-Q Patienten. In beiden Arbeiten ist die verminderte
Endonukleaseaktivitait von XPF in Bezug auf FA untersucht und obwohl sich das
Mutationsspektrum der drei Patienten unterscheidet, ist bei allen eine verminderte
Endonukleaseaktivitat zu beobachten. In Bogliolo et al. resultiert diese aus den
Mutationen, die direkt in der Nuklease-Doméane des Proteins lokalisiert sind. Bei
Kashiyama ergibt sie sich aus der gestorten Interaktion mit TFIIH. (Bogliolo et al., 2013;
Kashiyama et al., 2013) Einen &hnlichen Fall wie fur XPF, kennt man von XPD, der
Komplementationsgruppe D von Xeroderma Pigmentosum. Unterschiedliche Mutationen
in diesem Gen konnen ebenfalls zu drei verschiedenen Erkrankungen fuhren: XP, CS

oder Trichothiodystrophie. (Cleaver et al., 2009)

Zudem ist XPF auf Grund seiner Funktion als Endonuklease sehr interessant im Kontext
des FA/BRCA-Signalwegs. Die bisher beschriebenen FA-Gene sind entweder in der
Schadenserkennung oder der DNA-Reparatur mittels HR oder TLS beteiligt. XPF und sein
Interaktionspartner ERCC1 bilden zusammen eine Endonukleaseeinheit, deren Funktion
im FA/BRCA-Signalweg die eigentliche Schadensbehebung darstellt. Im Rahmen vieler
Studien hat man herausgefunden, dass XPF an verschiedenen
DNA-Reparaturmechanismen Dbeteiligt ist. (Manandhar et al, 2015) Je nach
Reparaturweg schneidet die Endonuklease 5 oder 3° des DNA-Schadens. Bei NER
erfolgt der Einschnitt 5° der geschadigten DNA-Stelle. (Mu et al., 1996; Sijbers et al.,
1996) Findet die Reparatur mittels NHEJ statt, entfernt ERCC1-XPF die
3' non-homologen Enden der DSB innerhalb des alternativen-NHEJ Wegs. (Bennardo et
al., 2008) In Bezug auf FA ist die Beteiligung an der ICL Schadenbeseitigung jedoch am
wichtigsten. Vergleichbar mit NER erfolgt der Einschnitt der DNA 5' der
Interstrangquervernetzung. Im Anschluss wird mittels seines Interaktionspartners
SLX4/FANCP entweder die HR oder TLS eingeleitet. (Kuraoka et al., 2000) Trotz seiner
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vielfaltigen Funktion innerhalb verschiedenster Reparaturmechanismen, ist XPF ein
Schlisselprotein im FA/BRCA-Signalweg, da es durch seine Nukleaseaktivitat die

eigentliche DNA-Schadensreparatur erst einleitet.

Auf Grund seiner Zugehorigkeit zu den sog. ,downstream“ Genen des
FA/BRCA-Signalwegs, war XPF ein potenzielles Kandidatengen fur familiar bedingten
Brust- und Eierstockkrebs, so wie es auch bei FANCN, FANCO und FANCD1 der Fall
war. Jedoch bestatigen verschiedene Studien, dass der Anteil an monoallelischen
Mutationen unter den betroffenen Familien mit Brust- und Eierstockkrebs sehr klein bis
vernachlassigbar ist. Somit kann XPF als kausales Gen fir die erbliche Variante dieser
Erkrankungen ausgeschlossen werden. (Kohlhase et al., 2014; Osorio et al., 2013) Des
Weiteren scheint XPF in der embryonalen Entwicklung eine wichtige Rolle zu spielen, da
bisher kein  Patient beschrieben wurde, der eine homozygote oder
compound-heterozygote Nullmutation tragt. (Kashiyama et al., 2013) Im Gegensatz dazu
konnte von Lehmann et al. mit Hilfe des CRISPR/Cas9 Systems eine stabile humane
Fibroblastenzelllinie mit einer XPF-Defizienz hergestellt werden. (Lehmann et al., 2017)
Es handelt sich hierbei jedoch um ein in vitro Experiment. So ist davon auszugehen, dass
XPF in vivo weitere Aufgaben bzw. Interaktionen tbernimmt, welche fur das Uberleben
eines Organismus von grof3er Bedeutung zu sein scheinen. Zukunftige Studien werden
notig sein, um dieses Phanomen aufzuklaren und zu testen, ob andere Endonukleasen
wie Mus81l/Emel, SLX4/SLX1 oder FAN1 die Aufgaben im Fall einer XPF-Defizienz

Ubernehmen kénnen. (Lehmann et al., 2017)
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4.2.2 DIE E3-UBIQUITIN LIGASE RFWD3

Mit Hilfe von WES wurde neben XPF/FANCQ auch das neuste FA-Gen, die RING-Typ
E3-Ubiquitin Ligase RFWD3, alias FANCW, identifiziert. (siehe 3.2.2) Ubiquitinierung, als
eine Form der post-translationen Modifikation, wurde im Zusammenhang mit
DNA-Reparatur bereits haufig beschrieben. (Schwertman et al., 2016) Der Prozess der
Ubiquitinierung ist durch drei Enzyme geregelt: das Ubiquitin-aktvierende Enzym (E1),
das Ubiquitin-konjugierende Enzym (E2) und die Ubiquitin-Protein-Ligase (E3). (Hershko
and Ciechanover, 1998) Zudem gibt es verschiedene Formen der Ubiquitinierung:
Monoubiquitinierung wie bei FANCD2/FANCI, Multiubiquitinierung an verschiedenen
Lysinen des selben Zielproteins oder Polyubiquitinierung, wobei mehrere
Ubiquitin-Molekule in Form einer Kette an ein Lysin des Zielproteins angehangt werden.
(Boisvert and Howlett, 2014) Daruber hinaus ist Ubiquitin in der Lage Polymere bzw.
Ubiquitinketten zu bilden, die an acht verschiedenen Bindungsstellen entstehen kénnen.
Jedes siebte Lysin innerhalb von Ubiquitin (K6, K11, K27, K29, K33, K48 und K63) sowie
das amino-terminale Methionin kann als Ubiquitin-Akzeptor dienen. (Komander, 2009;
Komander and Rape, 2012) Diese interne Ubiquitinierung reguliert Protein-Protein-
Interaktionen oder gibt das Signal fir den proteasomalen Abbau. Die Ubiquitinierung an
K11 und K48 bspw. dient als Markierung fur den Abbau mittels des Proteasoms. Fir eine
Signaltransduktion bei DSBs wird hingegen K63 bevorzugt ubiquitiniert. (Elia et al.,
2015a) Die unterschiedliche Funktion ist durch die strukturellen Gegebenheiten der
polyubiquitinierten Lysine gegeben. (Komander, 2009) Im menschlichen Genom wurden
bisher zwei E1-, ca. 40 E2- und > 600 E3-Enzyme charakterisiert. (Deshaies and
Joazeiro, 2009)

Fehlerhafte oder fehlende Ubiquitinierung konnte bereits mit verschiedenen Erkrankungen
assoziiert werden. So fuihren Mutation in der Ubiquitinligase PARKIN zu einer bestimmten
Form der Parkinson Erkrankung. (Shimura et al., 2000) Au3erdem wurden Mutationen in
der E3 Ligase CULLIN7 mit der autosomal-rezessiven Wachstumsstérung 3M-Syndrom in
Verbindung gebracht. (Huber et al., 2005) Ein weiteres Beispiel ist BRCAL, bei dem
Mutationen in der RING-Domane haufig in Brust- und Eierstockkrebs resultieren. (Maxwell
and Domchek, 2012) Neben BRCA1/FANCS, gibt es auch weitere Gene im FA-Signalweg
(bspw. FANCI, FANCD2, UBE2T, FANCL) die auf Grund einer fehlenden oder
fehlerhaften Ubiquitinierung zu FA fuhren. (Dorsman et al., 2007; Hira et al., 2015; Meetei
et al.,, 2003a; Rickman et al.,, 2015; Sims et al., 2007; Smogorzewska et al., 2007;
Timmers et al., 2001; Virts et al., 2015)

Unsere Studie zeigt, dass biallelische Mutationen in RFWD3 zu einer fehlerhaften

DNA-Reparatur  fihren und in einem FA-Phanotyp resultieren. Bei den
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compound-heterozygoten  Mutationen  unserer Patientin ist vor allem die
Missense-Mutation ¢.1916 T>A (p.l639K) von Interesse, da die Duplikation von zwei
Cytosinen an der Stelle ¢.204_205 zu einem vorzeitigen Abbau des Proteins fihrt
(nonsense-mediated decay, NMD). Die Missense-Mutation ist in der WD40-Doméane am
C-terminalen Ende des Proteins lokalisiert ~ und  verhindert  dadurch
Protein-Protein-Interaktionen, insbesondere mit RPA2 (replication protein A2) und eine
Relokalisation von RFWD3 ans Chromatin. (Gong and Chen, 2011; Liu et al., 2011) Inano
et al. untersuchte auf der Basis, der von uns gefundenen Missense-Mutation in RFWD3
die Interaktion von RPA (vor allem RPA1 und RPA2) und RFWD3 néher. Dies geschah im
Wesentlichen in einer etablierten Modellzelllinie, DT40 Zellen von Gallus gallus. Dabei
stellten sie fest, dass RFWD3 und RPA einen Komplex bilden, der an ssDNA bindet. Dies
steht im Gegensatz zu der Hypothese, dass RPA erst an ssDNA bindet und im Anschluss
RFWD3 rekrutiert. (Gong and Chen, 2011; Liu et al., 2011) Erst kirzlich wurde von Elia et
al.,, in einem FA-unabh&ngigen Kontext, die Funktion von RFWD3 und RPA n&her
charakterisiert. Hierbei ist vor allem die Ubiquitinierung von RPA mittels RFWD3
hervorzuheben. (Elia et al., 2015b) Diese Interaktion ist bei der von uns beschriebenen
Patientin gestort. Die Daten von Inano et al. stellen zudem einen Widerspruch zu Elia et
al. dar. Anhand von untersuchten RPA-Foci 16-48 Stunden nach einem induzierten DNA-
Schaden mittels MMC, konnten Inano et al. einen Abbau von polyubiquitinierten RPA
feststellen, wohingegen Elia et al. diesen Abbau nicht beobachten konnten. (siehe 3.2.3)
RPA ist neben RAD51, einer der Hauptkomponenten der Homologen Rekombination
(HR), da es einzelstrangige DNA (ssDNA) stabilisiert, indem es sich an sie anlagert und

somit einen Abbau verhindert (siehe 1.3.2.4 B).

Es stellte sich die Frage, ob RFWD3 - als ein Interaktionspartner von RPA - ebenfalls ein
Teil der HR ist und welche Rolle es in diesem wichtigen Reparaturweg einnimmt. In den
letzten zwei Jahren wurden einige Gene, die Bestandteil der HR sind, als FA-Gene
identifiziert (bspw. RAD51, BRCA1 oder XRCC2). (Ameziane et al.,, 2015; Park et al.,
2016; Sawyer et al., 2015; Wang et al., 2015) Insgesamt kann man bis heute sieben
FA-Gene zahlen, die in verschiedenen Bereichen der HR involviert sind. RAD51, RAD51C
und XRCC2 sind vor allem an der Stranginvasion, D-Loop Bildung und der Auflésung der
Holliday Junctions beteiligt, wohingegen RFWD3 eine frihere Rolle in der HR
einzunehmen scheint, indem es ssDNA markiert. Die persistierenden RPA1-, RPA2- und
RADS51-Foci in Patienten- und ARFWD3 DT40 Zellen geben einen weiteren Hinweis
darauf, dass RFWD3 nicht nur mit RPA interagiert, sondern auch mit RAD51, dem
Schlisselprotein der HR. Diese Hypothese konnte vor allem die Gruppe um Inano et al.
mit ihrer biochemischen Charakterisierung von RFWD3 in Bezug auf FA untermauern.

RADS51 wird ebenfalls von RFWD3 ubiquitiniert und damit fir einen Abbau markiert. Fur
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diesen Mechanismus gibt es zwei mogliche Erklarungen: 1) Bei einer fehlenden
Ubiquitinierung bilden RAD51 und RPA Filamente aus, woraus eine fehlerhafte HR
resultieren konnte. 2) RPA und RAD51 missen aus einer D-Loop Struktur am 3'-Ende der
ssDNA entfernt werden, um ein Fortschreiten der DNA-Reparatur zu gewahrleisten.
Hierbei kdnnte RFWD3 die entscheidende Rolle spielen. Anhand der Foci-Daten, scheint
RFWD3 RPA nicht durch RAD51 an ssDNA zu ersetzen. Dies ist mit Hilfe von BRCA2
reguliert. (Zelensky et al.,, 2014) Es scheint, als ob RFWD3 downstream von und
epistatisch mit BRCA2 interagiert. Die Daten erlauben die Hypothese, dass die
Ubiquitinierung von RPA und RAD51 sowohl réaumlich als auch zeitlich streng durch
BRCAZ2 geregelt ist. So gehen Inano et al. davon aus, dass das aktivierte BRCA2-Protein
wahrend der DNA-Schadensantwort eine Phosphatase oder Deubiquitinase inhibiert, die

die Aktivitat von RFWD3 mindern kdnnten. (Inano et al. 2017, in revision, Molecular Cell)

An der Anzahl der Gene lasst sich erkennen, dass der FA/BRCA-Signalweg stark mit der
HR verwoben ist. Dennoch wurden die meisten dieser Gene erst in den letzten Jahren als
FA-Gene identifiziert. Mit Hilfe von WES konnte jedoch auch der geringe Anteil an
Patienten mit Mutationen in diesen Genen zugeordnet werden. Auf3erdem weisen
Patienten mit Defekten in den HR-Genen oft hypomorphe Mutationen auf. Dies kdnnte
einen Hinweis darauf sein, dass andere Mutationen bereits embryonal lethal sind. Des
Weiteren sind die meisten dieser Gene auch mit verschiedenen Krebserkrankungen,
insbesondere erblichem Brust- und Eierstockkrebs, assoziiert. (Katsuki and Takata, 2016)
Dennoch zeigen biallelische Mutationen in diesen Genen erstaunlicherweise kaum ein
erhohtes Krebsrisiko im Kindesalter oder eine verstarkte Neigung zu AML fur
FA-Patienten. Eine Ausnahme stellen hierbei BRCA2 und PALB2 dar. (Howlett et al.,
2002; Reid et al.,, 2007) Aufgrund der reduzierten Penetranz der p.1639K Mutation in
RFWD3, zeigt unsere Patientin bisher ebenfalls keine Tumorgenese. Dies ist vergleichbar
mit Patienten der Komplementationsgruppe FA-O, FA-U, FA-R und FA-S. (Ameziane et
al., 2015; Park et al., 2016; Sawyer et al., 2015; Shamseldin et al., 2012; Vaz et al., 2010)
Es ist daher davon auszugehen, dass vor allem BRCA2 und sein Interaktionspartner
PALB2 die verstarkte Neigung zu bdsartigen Tumoren beglnstigt, da sich das bei den
anderen ,downstream” Genen nicht beobachten Idsst. Interessanterweise konnte die
Gruppe um Chung et al. einen SNP (rs4888262) in RFWD3 mit einem erhdhten Risiko fur
Stammzell-basierten Hodenkrebs assoziieren. (Chung et al., 2013) Eine weitere Studie
brachte den gleichen SNP mit einem erhdhten Risiko fur Multiples Myelom in Verbindung.
(Mitchell et al., 2016) Beide Studien konnten einen Hinweis fir eine erhohte
Krebsdisposition bei RFWD3 Mutationen geben, obgleich es sich nicht um Krebsarten

handelt, die typischerweise bei FA auftreten. Es ist daher abzuwarten, was die kommende
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Entwicklung unserer Patientin zeigt und ob weitere FA-Patienten gefunden werden, die

der Komplementationsgruppe FA-W zugeordnet werden kdénnen.

Mittels verschiedener Zellsysteme und einem weiteren in vivo Modell, der Maus, konnten
wir zeigen, dass die E3-Ligase RFWD3 ein Bestandteil der HR ist und damit erheblich
zum Verstandnis des FA/BRCA-Signalwegs beitragt. Weitere Studien werden nétig sein,
um den exakten Mechanismus der Ubiquitinierung von RPA und RAD51 mittels RFWD3
aufzuklaren. Dabei ist auch zu prifen, ob es weitere Interaktoren gibt, die an diesem
Prozess beteiligt sind. AuRerdem ist es interessant zu untersuchen, ob die Deubiquitinase
UCHL3, die fir die Deubiquitinierung von RAD51 und der damit verbundenen Interaktion
mit BRCA2 verantwortlich ist, auch RPA in Rahmen der HR deubiquitiniert. Damit wirde
UCHL3 den Gegenspieler von RFWD3 darstellen. Dies wirde die 0. g. These von Inano
et al. untermauern, dass BRCA2 eine Phosphatase oder Deubiquitinase inhibiert, die die
Aktivitdt von RFWD3 mindern konnten. Ferner ist UCHL3 in meinen Augen ein
potenzielles FA-Kandidatengen, das sich durch seine Interaktion mit RAD51 und dem

bereits beschriebenen Zusammenhang mit Brustkrebs auszeichnet. (Luo et al., 2016)
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l. LISTE DER ABKURZUNGEN

A Adenin

ACMG American College of Medical Genetics and Genomics
AML Akute myeloische Leukamie

ALL Akute lymphatische Leukamie

Alt-EJ alternatives End-joining

AT Ataxia Teleangiectasia

ATM Ataxia Telangiectasia Mutated

ATR Ataxia Telangiectasia and Rad3 related

BAM Binary sequence alignment/map

BLM Bloom Syndrom, RecQ helicase-like

BMF Bone marrow failure (Knochenmarkversagen)
bp Basenpaar(e)

BRAFT Komplex aus BLM, RPA, FA und Topo Il alpha
BRCA1/2 Breast cancer susceptibility gene 1/2

BRIP1 BRCA1 interacting protein C-terminal helicase 1
bzw. beziehungsweise

C Cytosin

cDNA Complementary DNA

cbc27 Cell division cycle 27 homolog (S. cerevisiae)
cNHEJ Classical Non-homologous-end-joining

CNV Copy number variation

Co-IP Co-Immunoprazipitation

CRAM Challenge-response authentication mechanism
CRISPR Clustered regularly interspaced short palindromic repeats
CS Cockayne Syndrom

CtBP C-terminal binding protein

CtIP CtBP-interacting protein

DBA Diamond-Blackfan Anamie

dbSNP Single nucleotide polymorphism database

DEB Diepoxybutan

dHJs Double Holliday junctions

DNA Desoxyribonucleic acid

DSB Doppelstrangbruch

EME1 Essential meiotic endonuclease 1 homolog (S. cerevisiae)
EP Expected pathogen
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ERCC1

ExXAC
EXO1
FA
FAN1
FAAP
G
gDNA
GEN1
HEF
HR
HRR
HES1
HLA
HNPCC
ICGC
ICL

ID
IFAR
INF

IPS

KP

Lof

MB
MDS
MEF
MHF1/2
MLH1/3
MLPA
MMC
MMEJ
MRN
MSH2/3
MUC
MUS81
NBPF
NBS
NCBI
NER
NGS

Excision repair cross-complementing rodent repair
complementation group 1

Exome Aggregation Consortium

Exonuklease 1

Fanconi Anamie

Fanconi anemia associated nuclease 1

Fanconi Anamie assoziiertes Protein

Guanin

Genomische DNA

Holliday Junction 5' Flap Endonuclease
Helicase-associated endonuclease for fork-structured DNA
Homologe Rekombination

Homologe Rekombinationsreparatur

Hairy and enhancer of split-1

Human leukocyte antigen

Hereditares non-polyposes kolorektales Karzinom
International Cancer Genome Consortium
Interstrand crosslink (Interstrang-Quervernetzung)
Komplex bestehend aus FANCI und FANCD2
International Fanconi Anemia Registry

Interferon

Induzierte pluripotente Stammzelle

Known pathogen

Loss of function

Megabyte

Myelodysplastisches Syndrom

Mouse embryonic fibroblasts

FANCM:-interacting histone fold protein 1/2

mutL Homolog 1/3

Multiplex Ligation-dependent Probe Amplification
Mitomycin C

Microhomology-mediated end-joining

Komplex bestehend aus MRE11, RAD50 und NBS1
mutS Homolog 2/3

Mucin gene, oligomeric mucus/gel-forming
MUS81 endonuclease homolog (S. cerevisiae)
Neuroblastoma Breakpoint Family
Nijmegen-Breakage-Syndrom

National Center for Biotechnology Information
Nucleotidexzisionsreparatur

Next Generation Sequencing

deficiency,
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NHEJ Non-homologous-end-joining

PALB2 Partner and localizer of BRCA2

PCNA Proliferating-cell-nuclear-antigen

PHD Plant homeodomain

PKC Proteinkinase C

PMS2 Postmeiotic segregation increased 2

Pol Polymerase

POLD Polymerase delta

RAD51 RAD51 Homolog (S. cerevisiae), RecA-like protein
RAD51C RAD51 Homolog C (S. cerevisiae), RAD51L2
RAD52 RAD52 Homolog (S. cerevisiae)

REV1 REV1 Polymerase

RFC Replication factor C

RFWD3 Ring Finger and WD Repeat Domain 3

RNA Ribonucleic acid

ROI Region of interest

ROS Reaktive Sauerstoffspezies

RPA Replication protein A

RTEL1 Regulator of telomere elongation helicase 1
SAM Sequence alignment/map

SDSA Synthesis-dependent strand annealing

SLX1 SLX1 structure-specific endonuclease subunit homolog (S. cerevisiae)
SLX4 SLX4 structure-specific endonuclease subunit homolog (S. cerevisiae)
SNP Single nucleotide polymorphism

SSA Single-strand annealing

SSDNA single-stranded DNA (Einzelstrangige DNA)
T Thymin

TAR Thrombocytopenia-Absent Radius Syndrome
TLS Translasionssynthese

TNF Tumornekrosefaktor

TOPOIlI Topoisomerase Il

TWIST1 Twist-related protein 1

UAF1 USP1 associated factor 1

UBE2T Ubiquitin Conjugating Enzyme E2 T

uBz Ubiquitin-binding zinc finger domain

UCHL3 Ubiquitin Carboxyl-Terminal Esterase L3
USP1 Ubiquitin specific peptidase 1

uv Ultraviolett (Strahlung)

VCF Variants call format

WES Whole Exome Sequencing

WGS Whole Genome Sequencing
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WT Wildtyp

XFE ERCC4 associated progeroid syndrome, segmental progeria
XLF XRCC4-like factor

XP Xeroderma pigmentosum

XPD Xeroderma pigmentosum, Komplementationsgruppe D

XPF Xeroderma pigmentosum, Komplementationsgruppe F
XRCC4 X-ray repair cross-complementing protein 4
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