URB

Universitat Autonoma de Barcelona

UNIVERSITA DEGLI STUDI DI TRIESTE

UNIVERSITAT AUTONOMA DE BARCELONA

XXXV CYCLE OF THE RESEARCH DOCTORATE IN
SCIENZE DELLA RIPRODUZIONE E DELLO SVILUPPO

DOCTORADO EN GENETICA

PO FRIULI VENEZIA GIULIA - FONDO SOCIALE EUROPEO 2014/2020

DEALING WITH THE MAIN CHALLENGES OF FANCONI
ANEMIA MOLECULAR DIAGNOSIS AND THERAPY

Academic discipline: MED/03 GENETICA MEDICA

PhD STUDENT
llaria Persico 75’2”;@ fée (O
COORDINATOR “\)

Sl

—

Prof. Paolo Gasparini
THESIS SUPERVISORS i
Prof. Adamo Pio D’Adamo

Prof. Jordi Surrallé

Prof. Massimo Bogliolo

ACADEMIC YEAR 2021/2022



2% UNIVERSITA
ﬁﬁ“g DEGLI STUDI UNB
~_3,_c-_3§.._;‘ 4 DITRIESTE Universitat Autbonoma de Barcelona

“"GJM

UNIVERSITA DEGLI STUDI DI TRIESTE

UNIVERSITAT AUTONOMA DE BARCELONA

XXXV CYCLE OF THE RESEARCH DOCTORATE IN
SCIENZE DELLA RIPRODUZIONE E DELLO SVILUPPO

DOCTORADO EN GENETICA

FSE/10 PhD SCOLARSHIP - EUROPEAN SOCIAL FUND - OPERATIONAL
PROGRAMME OF FRIULI VENEZIA GIULIA REGION 2014/2020

DEALING WITH THE MAIN CHALLENGES OF FANCONI
ANEMIA MOLECULAR DIAGNOSIS AND THERAPY

Academic discipline: MED/03 GENETICA MEDICA
PhD STUDENT

llaria Persico

COORDINATOR

Prof. Paolo Gasparini

THESIS SUPERVISORS

Prof. Adamo Pio D’Adamo

Prof. Jordi Surrallés

Prof. Massimo Bogliolo

ACADEMIC YEAR 2021/2022
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ABSTRACT

Fanconi anemia (FA) is a rare genetic DNA repair deficiency with vast genetic heterogeneity,
multiple private mutations, and high mosaicism rate, still jeopardizing molecular diagnosis
in case of variants with difficult characterization or unclear pathogenicity.

FA also shows bone marrow failure and enhanced susceptibility to hematologic and solid
malignancies. Since current treatments only address hematopoietic defects, it is essential
to find new systemic drug-based therapies for FA patients.

We sought to cope with these hurdles through:

Design of an optimized mutation screening strategy based on targeted next generation
sequencing and complementary techniques for a faster and exhaustive FA molecular
diagnosis.

We successfully characterized 14/14 patients from three different complementation
groups, and reported a total of 23 genetically distinct alleles, including a founder one.
We also developed a statistical analysis to infer copy-number variants (CNVs) from the
NGS data, and, for all the 5 gross deletions predicted, we provided detection rates
matching with those of CNVs gold standards. Moreover, we described the case of a
patient with a large deletion and a known splicing variant compensated by a de novo
insertion, elucidating a presumptive natural gene therapy phenomenon in vivo.

Validation of cellular systems expressing three stable, but defective FANCA proteins
(Arg951GiIn, Thr1131Ala, Phe1263del) suitable for high content screening (HCS) to
identify drug/s able to rescue mutants’ phenotypes.

To generate the models, we transduced lentiviral vectors carrying the mutations into a
FANCA-deficient line that expresses a fluorescent FANCD2 protein. These cells are
unable to mono-ubiquitinate FANCD2 or promote its relocation to DNA repair foci, both
hallmarks of FA pathway activity. Despite confirming mutant FANCA expression in all
models, only the Phe1263del one exhibited a cellular phenotype compatible with the
FANCA-null line; the other wild-type behaving mutants were instead discarded as HCS
candidates. We will next monitor Phe1263del correction via fluorescent FANCD2 foci
formation with the aim of finding a drug, possibly already approved by the Food and
Drug Administration (FDA), for a personalized mutation-dependent therapy towards all
FA clinical features.

Performance of genome-wide (GW) clustered regularly interspaced short palindromic
repeats (CRISPR) knockout (KO) screens to dissect novel synthetic interactions (Sls)
with FA deficiency.

We transduced CRISPR-associated protein 9 (Cas9)-expressing FANCA-deficient and
control lines with two GW KO libraries of guide RNAs (gRNAs), i.e., an in-house and
the commercial Toronto KO version 3 (TKOv3) library. Over the screens we did not
apply any biological challenge in order to analyze the end phenotypes deriving from the
proliferative competition between the cells subjected to gene KO. To keep



gRNAs/phenotypes representation, screens were ended at ~10 cell doublings, and
genomic DNA from all replicates was isolated and amplified with barcode-tagged
primers for NGS. Bioinformatic and statical analyses have already been run for the in-
house library screen, providing a preliminary roster of depleted (lethal Sls) and enriched
(viable Sls) hits. Subsequently, we will contrast these results with those of the TKOv3
screen sequencing and validate the best hits to prove the Sls detected and, thus,
provide novel druggable targets for FA treatment (viable Sls) and/or new indications for
gene alterations sensitizing cancer cells to the inhibition of FA pathway or its interactors
(lethal Sls).

The achievement of the goals of this thesis project will provide a comprehensive strategy for
the current challenges of FA, proceeding from the bench to the bedside and back.

Sensitive data (i.e., denomination of the candidate genes identified by CRISPR screening)
have been partially omitted from the thesis content for publication and/or patent purposes .



RIASSUNTO

L’anemia di Fanconi (Fanconi anemia, FA) &€ una sindrome genetica rara causata da un
difetto nella riparazione del danno al DNA con ampia eterogeneita genetica, numerose
mutazioni private ed elevato tasso di mosaicismo. Tali fattori compromettono tuttora la
formulazione di una diagnosi molecolare in caso di varianti di difficile caratterizzazione o
significato patogenetico incerto. La FA & caratterizzata da aplasia midollare e un’aumentata
suscettibilita allo sviluppo di tumori ematologici e solidi. Dato che i trattamenti attualmente
disponibili si rivolgono ai soli difetti ematopoietici, &€ essenziale identificare nuove terapie
farmacologiche sistemiche per il trattamento dei pazienti FA.

Abbiamo cercato di far fronte a tali criticita mediante:

Progettazione di una strategia di screening mutazionale ottimizzata basata sul
sequenziamento mirato di nuova generazione (targeted next generation sequencing, t-
NGS) e su tecniche complementari per una diagnosi molecolare di FA piu rapida ed
esaustiva.

Abbiamo caratterizzato con successo 14/14 pazienti appartenenti a tre gruppi di
complementazione differenti e riportato un totale di 23 alleli geneticamente distinti, tra
cui uno fondatore. Abbiamo anche sviluppato un’analisi statistica per inferire le varianti
del numero di copie (copy-number variants, CNVs) dai dati di NGS e, per tutte le 5
ampie delezioni predette, abbiamo fornito tassi di rilevazione sovrapponibili a quelli
delle tecniche di riferimento per le CNVs. Ulteriormente, abbiamo descritto il caso di un
paziente con un’ampia delezione e una mutazione di splicing nota compensata da
un’inserzione de novo, rivelando un probabile fenomeno di terapia genica naturale in
Vivo.

Validazione di sistemi cellulari basati sull’espressione di tre proteine FANCA mutanti,
ma stabili (Arg951GIn, Thr1131Ala, Phe1263del), per uno screening ad alto contenuto
di farmaci (high content screening, HCS) al fine di trovare molecole capaci di
correggerne il fenotipo aberrante.

Per generare i modelli, abbiamo trasdotto vettori lentivirali con le mutazioni in una linea
deficitaria di FANCA e che esprime una proteina FANCD2 fluorescente. Tali cellule non
sono in grado di mono-ubiquitinare FANCDZ2, né di promuoverne la traslocazione a foci
di riparazione del DNA, entrambi elementi caratteristici dell’attivita della via FA di
riparazione del DNA. Nonostante la conferma dell’espressione della proteina FANCA
mutante in tutti i modelli, solo quello del mutante Phe1263del ha mostrato un fenotipo
cellulare compatibile con la linea deficitaria di FANCA; gli altri che mostravano un
fenotipo normale sono stati invece esclusi come candidati per il HCS.
Successivamente, monitoreremo la correzione del mutante Phe1263del tramite la
formazione di foci fluorescenti di FANCD2 con l'obiettivo di individuare una molecola,
possibilmente gia approvata dalla Food and Drug Administration (FDA), per una terapia
mutazione-dipendente personalizzata verso ogni caratteristica clinica della FA.



Realizzazione di clustered regularly interspaced short palindromic repeats (CRISPR)
knockout (KO) screening su scala genomica per identificare nuove interazioni
sintetiche (synthetic interactions, Sls) con i geni FA.

Abbiamo trasdotto una linea cellulare deficitaria di FANCA e una di controllo, che
esprimevano entrambe CRISPR-associated protein 9 (Cas9), con due librerie KO di
RNA guida (guide RNA, gRNAs), una generata in laboratorio (“libreria interna”) e la
commerciale Toronto KO version 3 (TKOv3). Durante gli screen non abbiamo applicato
alcuno stimolo biologico esterno poiché interessati ad analizzare i fenotipi derivanti
dalla competizione proliferativa tra le cellule soggette a soppressione genica. Per
mantenere la rappresentativita gRNA/fenotipi, abbiamo concluso gli screen attorno alle
10 divisioni cellulari, estratto il DNA genomico e lo abbiamo amplificato con primers
contenti sequenze “codici a barre” per NGS. Abbiamo gia condotto I'analisi
bioinformatica e statistica dello screen con la “libreria interna”, stilando una lista
preliminare di geni deleti (Sls letali) e arricchiti (Sls vitali). In seguito, compareremo tali
risultati con quelli di sequenziamento dello screen con la libreria TKOv3 e valideremo i
migliori candidati per comprovare le Sls identificate e, pertanto, individuare nuovi
bersagli farmacologici per il trattamento della FA (Sls vitali) e/o indicazioni per
alterazioni genetiche in grado di sensibilizzare le cellule tumorali all'inibizione della via
FA o dei suoi interattori (Sls letali).

Il conseguimento degli obiettivi di questo progetto di tesi fornira una strategia comprensiva
per le attuali sfide poste dalla FA, procedendo dal laboratorio al letto del paziente e
viceversa.

Dati sensibili (i.e., denominazione dei geni candidati individuati mediante CRISPR
screening) sono stati parzialmente omessi dal contenuto della tesi a scopo di pubblicazione
e/o brevetto.



RESUMEN

La anemia de Fanconi (Fanconi anemia, FA) es un trastorno genético raro de la reparacion
del ADN con amplia heterogeneidad genética, multiples mutaciones privadas y alta tasa de
mosaicismo. Todo esto hace que el diagnostico molecular se vea perjudicado, sobre todo
en el caso de variantes de dificil caracterizacidén o de patogenicidad dudosa.

Los pacientes con FA también presentan insuficiencia de la medula 6sea y mayor
susceptibilidad a tumores so6lidos y neoplasias hematologicas. Dado que los tratamientos
actuales solo abordan los defectos hematopoyéticos, es indispensable encontrar nuevas
terapias farmacologicas sistémicas para los pacientes FA.

Intentamos hacer frente a estos obstaculos a través de:

Disefio de una estrategia optimizada de cribado mutacional basada en secuenciacion
dirigida de nueva generacion (targeted next generation sequencing, t-NGS) y en
técnicas complementarias para un diagndstico molecular de FA mas rapido y
exhaustivo.

Logramos caracterizar 14/14 sujetos pertenecientes a tres grupos de complementacion
diferentes, y reportamos un total de 23 alelos genéticamente distintos, incluido uno
fundador. También desarrollamos un analisis estadistico para inferir variantes de
numero de copia (copy-number variants, CNVs) a partir de los datos de NGS y, para
las 5 deleciones pronosticadas, proporcionamos tasas de deteccidon coincidentes con
las de las técnicas de referencia para el estudio de CNVs. Ademas, describimos el
caso de un paciente con una gran delecion y una variante de splicing conocida
compensada por una insercién de novo, resultando en un potencial efecto de terapia
geénica natural in vivo.

Validacidon de sistemas celulares de tres proteinas FANCA mutadas pero estables
(Arg951GIn, Thr1131Ala, Phe1263del), aptos para un cribado de alto contenido de
farmacos (high content screening, HCS), con el fin de identificar molécula/s capaces
de rescatar sus fenotipos.

Para generar los modelos, transducimos vectores lentivirales con las mutaciones en
una linea deficiente para FANCA que expresa una proteina FANCD2 fluorescente.
Estas células no son capaces de mono-ubiquitinar FANCDZ2 o promover su reubicacion
en focos de reparacioén del ADN, caracteristicas propias de la actividad de la ruta FA.
A pesar de confirmar la expresion de la proteina FANCA mutante en todos los modelos,
solo el del mutante Phe1263del mostré un fenotipo celular compatible con la linea
deficiente para FANCA,; por el contrario, los otros dos modelos con comportamiento de
tipo salvaje se descartaron como candidatos para el HCS. Posteriormente,
monitorearemos la correccion de Phe1263del a través de la formacion de focos
FANCD2 fluorescentes con el objetivo de encontrar un farmaco, posiblemente ya
aprobado por la Food and Drug Administration (FDA), para una terapia mutacion-
dependiente personalizada para todos los rasgos clinicos de FA.



Realizacion de cribados clustered regularly interspaced short palindromic repeats
(CRISPR) knockout (KO) en todo el genoma para diseccionar nuevas interacciones
sintéticas (synthetic interactions, Sls) con los genes FA.

Transducimos una linea FANCA deficiente y su control, ambos caracterizados por la
expresion de CRISPR-associated protein 9 (Cas9), con dos librerias KO de ARN guia
(guide RNA, gRNA), una libreria generada en laboratorio (“libreria interna”) y una
comercial denominada Toronto KO version 3 (TKOv3). Durante los cribados no
introdujimos ningun estimulo externo, con el fin de poder analizar los fenotipos
resultantes de la competencia proliferativa entre las células sometidas a supresion
genética. Para mantener la representacion de gRNAs/fenotipos los cribados fueron
detenidos después de 10 duplicaciones celulares, tras lo cual aislamos el ADN
genomico de todas las réplicas y lo amplificamos con cebadores con cédigo de barras
para NGS. A continuacion, se llevé a cabo el analisis bioinformatico y estadistico del
cribado de la “libreria interna”, redactando una lista preliminar de genes con baja
representacion (Sl letales) y enriquecidos (Sl viables). A continuacion, compararemos
estos resultados con los de secuenciacion del cribado con la biblioteca TKOv3 y
validaremos los mejores candidatos para probar las Sls identificadas y, por lo tanto,
proporcionar nuevas dianas farmacologicas para la FA (Sl viables) y/o indicaciones
para alteraciones genéticas capaces de sensibilizar las células tumorales a la inhibicion
de la ruta FA o de sus interactores (S| letales).

El logro de los objetivos de este proyecto de tesis proporcionara una estrategia integral para
los actuales desafios de la FA, desde el laboratorio hasta la cama del paciente y vuelta.

Datos confidenciales (i.e., la denominacion de los genes candidatos identificados mediante
el cribado con tecnologia CRISPR) han sido parcialmente omitidos del contenido de la tesis
para fines de publicacién y/o patente.
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Introduction

1. INTRODUCTION

Fanconi anemia (FA) is a rare genome instability syndrome due to mono-, biallelic or x-
linked variants in 23 DNA repair genes [1]. First defined in 1927 by the Swiss pediatrician
Guido Fanconi [2], the condition affects 1/160,000 newborns and displays an estimated
carrier frequency of 1/200. FA has been described in all population groups, even though it
mainly occurs in specific ethnic backgrounds due to founder effect [3].

1.1 CLINICAL FEATURES

FA exhibits a wide phenotypic heterogeneity, a trait which often undermines the reliability of
diagnosis based on the sole clinical signs. Among the diverse features, the hematological
abnormalities are regarded as FA major life-threatening conditions within the first two
decades of life. Consistently, previous to the recent implementation of optimized therapies,
FA was classified as a typically pediatric disorder [4]. Most patients manifest progressive
pancytopenia evolving to bone marrow failure (BMF) in 80% cases before age 10, and
develop hematological malignancies, as acute myeloid leukemia (AML) and myelodysplastic
syndrome (MDS), with a cumulative incidence of up to 25% during their life [5], [6], [4]. In
the early adulthood, FA individuals become more prone to solid tumors, mainly to head and
neck squamous cell carcinomas (HNSCCs), reaching a cumulative incidence of 50%
beyond the fourth decade of life [4], [7]. Similarly esophagus and anogenital tracts are often
affected by solid tumors [7], [8] and specific genetic subtypes have been associated to
augmented breast and ovarian cancer predisposition [9]. Whether compared to age-
matched healthy subjects, FA patients show a 500-fold greater risk to suffer from AML [7],
and over 700-fold increased hazard from HNSCCs, paired to a very aggressive course with
2-year survival rates <50% [9]; FA is indeed reported as the commonest inherited BMF
syndrome with the highest cancer susceptibility [6].

The disorder is further related to congenital multi-organ malformations and other recurrent
features, grouped into the VACTERL-H (Vertebral abnormalities, Anal atresia, Cardiac
abnormalities, Tracheo-esophageal fistula, Esophageal or duodenal atresia, Renal
abnormalities, upper Limb abnormalities and Hydrocephalus) and PHENOS (skin
Pigmentation abnormalities, small Head, small Eyes, structural central Nervous system
abnormalities, Otologic abnormalities and Short stature) acronyms, respectively, and
frequently coupled in patients [11], [12].

The plethora of clinical manifestations and their expressivity, ranging from no evidence to
fatal features, complicate the establishment of a clear genotype-phenotype correlation [13],
as well as increase the phenotypical overlap of FA with other conditions (i.e. Seckel
syndrome, Nijmegen breakage syndrome, Diamond-Blackfan anemia, Shwachman-
Diamond syndrome, thrombocytopenia absent radius syndrome, dyskeratosis congenita)
[14].



1.2 CELLULAR PHENOTYPE AND DIAGNOSTIC TESTS

FA cells show a distinctive hypersensitivity to DNA interstrand cross-links (ICLs)-inducing
agents (e.g., mitomycin C (MMC), diepoxybutane (DEB), hydroxyurea (HU) and cisplatin),
leading to increased chromosome fragility (Figure 1), G2/M cell cycle prolongation or arrest
due to genome integrity checkpoint failure, and reduced survival rates in comparison with
normal cells [15], [16]. Augmented chromosomal breakage and multiradial figures caused
by DNA cross-linkers provide unique FA cellular markers, which have been exploited for the
development of first-line diagnostic tests (i.e., DEB test) [17], [18] (Figure 1). DEB is the
main ICL-inducing drug used for this purpose by virtue of its high stability and specificity for
FA probands’ detection [19]. Despite the wide variability of clastogens sensitivity among
patients, these assays have greatly contributed to overcome the difficulties of diagnosis
based on the sole clinical manifestations [14].
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Figure 1. Comparison of metaphase spreads of FA lymphocytes with no (A) and 0.1 pg/ml DEB
treatment (B). FA cells display spontaneous chromosome fragility and consequent aberrations (black row),
destined to significantly increase after exposure to DEB (ID: interstitial deletion; MF: multiradial figure; CB:
chromosomal breakage). (Adapted from Auerbach, 2003 [18] ; Castella et al., 2011 [19]).

An accurate cellular diagnostic process could be further complicated by somatic mosaicism,
estimated at around 15-25% of all FA cases [20], [21]. Somatic mosaicism may spring from
reversion or compensatory mutations in either pluripotent or committed hematopoietic stem
and progenitor cells (HSPCs), endowing corrected clones with a proliferative advantage and
favoring their expansion over FA cells [21]-[23]. In this light, the phenomenon has been
defined as a “natural gene therapy” process and recently rated as a good prognostic factor,
able to predict the clinical course of FA patients and provide important insights for gene
therapy recipients [24]. Somatic mosaicism is often first recognized by a divergent DEB
susceptibility between proband’'s T lymphocytes and primary fibroblasts (PFs); while the
former endure clastogenic concentrations typically toxic to FA cells, the latter, hardly ever
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affected by mosaicism [25], tend to maintain the characteristic fragility [19], [20], [26]. In the
past most of mosaic patients were not properly characterized because of limited percentage
of resilient T cells, but optimized algorithms are now available to diagnose the condition,
despite the lack of common standard criteria among centers [21], [24], [27]. Evaluations of
refractory cells percentage within a single lineage (i. e., T lymphocytes) and timepoint,
however, may not be representative of multilineage hematopoietic reversion; thus, genetic
sequencing and assessment of distinct blood and bone marrow (BM) progenitor populations
(e.g., BM-derived colony forming cells, CFCs) have been proposed as valuable tools to
confirm FA mosaicism, whilst still confined to the research dimension due to the
cumbersome feasibility in the medical routine [22].

FA cells also commonly manifest oxygen and aldehyde sensitivity, cell-reprogramming
anomalies, increased cell death, aberrant production of hematopoietic stem cell (HSC)
proapoptotic cytokines, and significant oxidative stress due to mitochondrial impairment. All
these features are likely to be elicited by both DNA repair defects, and the alteration of
additional FA/BRCA pathway functions, whose combination plainly account for patients’
great phenotypic variability [9], [28].

1.3 FA/IBRCA PATHWAY ROLES AND COMPONENTS

FA proteins cooperate in the FA/Breast cancer (BRCA) genome maintenance pathway,
which coordinates the resolution of ICLs, covalent bonds between the two DNA strands
impairing physiological replication-fork progression and transcriptional process [9], [29].

As illustrated in Figure 2, ICL-stalled replication forks elicit the assembling of at least eight
FA proteins (FANC-A, -B, -C, -E, -F, -G, -L, -M) into a nuclear multimer ubiquitin ligase
(FANCore complex) [9], [30], [31]. This latter, together with an E2-conjugase (FANCT/
UBEZ2T) and additional FA interacting proteins (FAAP100, FAAP24, HES1) [16], [32]-[34],
mono-ubiquitinates the FANCD2-FANCI heterodimer (ID complex) (Figure 2), which in turns
relocates to DNA damage in an ATR-FANCS/BRCA1-dependent manner forming
microscopically visible repair foci [35], [36]. The ID complex mono-ubiquitination is a key
stage for the activation of the FA/BRCA ICL repairosome [37], [38], and it is commonly
disrupted in patients bearing mutations in any of the FANCore complex genes or FANCI/
[15], [16].

Upon the lesion, the ID complex fosters ICL unhooking and translesion synthesis through
the recruitment of FANCP/SLX4 and FANCQ/ERCC nucleases, and REV1 and POL(
translesion polymerases, respectively (Figure 2) [39]-[42]. The second reaction elongates
the DNA leading strand, which is then used as a template for homologous recombination
repair (HRR) by downstream FA proteins, as FANCD1/BRCA2 and FANCS/BRCA1 (Figure
2) [29], [43]. Once genome integrity has been reestablished, USP1 deubiquitinase removes
the ubiquitin from the ID complex, disabling FA functional network [44]. Indeed, the activation
of the FA/BRCA repair pathway is confined to sole conditions of endogenous or exogenous
DNA damage in the S-phase of the cell cycle [45].
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Figure 2. FA/BRCA DNA repair pathway. FANCore complex recognizes ICLs and, thus, exerts the mono-
ubiquitination of the ID complex. This latter relocates to the DNA damage and, together with additional
interacting proteins, stimulates ICL unhooking, translesion synthesis, and HRR. The final physiological
outcome is the restoration of genome integrity. (From Bogliolo and Surrallés, 2005 [9]).

Further to their primary involvement in ICL processing, FA proteins have been associated
to additional functions, encompassing mitochondrial metabolism and oxidative stress [28],
[46]-[49], autophagy, inflammation [50], viral infection [51], [52], apoptosis signaling [53],
telomere shortening [54], and HSCs maintenance [55]. Most of these ancillary activities are
still poorly understood due to their recent discovery, but the scientific community is making
great efforts to clarify FA proteins contribution in hopes of identifying novel therapeutic
targets.



1.4 GENETIC HETEROGENEITY

FA is characterized by a complex genetic heterogeneity; 23 genes have thus far been
associated to the disorder [1], and open clinical cases further hint at still unidentified ones
[56]. Biallelic pathogenic variants affect any of 21 genes (FANC-A, -C, -D1/BRCA2, -D2, -E,
-F, -G, -1, -J/BRIP1, -L, -M, -N/PALB2, -O/RAD51C, -P/SLX4, -Q/ERCC4/XPF, -S/BRCA1, -
T/UBE2T, -U/XRCC2, -V/IMAD2L2, -W/RFWD3, -Y/FAAP100), and X-linked and autosomal
dominant mutations have been reported for FANCB and FANCR/RADS51, respectively [57],
[58]. Moreover, monoallelic mutations in FANCD1/BRCA2, FANCS/BRCA1, FANCJ/BRIP1,
FANCM, FANCN/PALB2, and FANCO/RAD51C predispose to breast and ovarian cancer,
elucidating the deep connection between FA and these familial tumors, and justifying the
FA/BRCA naming of the pathway [56], [59].

Stricter criteria, set before FANCV/MAD2L2, FANCW/RFWD3, and FANCY/FAAP100
discovery, recognize only 15 as bona fide FA genes (FANC-A, -B, -C, -D1/BRCA2, -D2, -E,
-F, -G, -I, -J/BRIP1, -L, -M, -N/PALB2, -P/SLX4, -Q/ERCC4/XPF, -S/BRCA1, -T/UBEZ2T),
whereas suggest FANCO/RAD51C, FANCR/RADS1 and FANCS/BRCA1 inclusion into a
separate category inducing a FA-like syndrome without BMF [9]. Still according to this
stringent classification, FANCM and FANCU/XRCC?2 should be excluded from bona fide FA
genes; biallelic mutations of FANCM have been found only in patients carrying variants also
in another bona fide gene or not showing a FA phenotype [60]-[62], while homozygous
FANCU/XRCCZ2 mutations have been reported in a single case without further functional
evidence in support of their causative role [63].

Up to 60-80% of all FA individuals harbor pathogenic variants in FANCA, which appears
typically altered in the Mediterranean basin populations [56], [64]-[68]. FANCC is reported
as the second most often mutated gene in the FA patients from the United States of America
(USA) (10-15%) [14], the majority of whom are Ashkenazi Jews carrying c.711+4A>T
founder mutation of FANCC [69]. However, this is not representative of most of the FA
European probands, where FANCD?Z is the second mainly affected gene and, together with
FANCG, account for around 15% of cases [56], [66]. Eventually, the other 19 genes are
altered in <56% of patients [70]. A greater incidence is reported in highly inbred ethnic
communities, as South Afrikaners [71], Spanish gypsies [72], Ashkenazi Jews [69], and
some Tunisian [65], [73] and Italian families [64], [66] due to founder mutations [74].

1.5 FANCA: GENE, PROTEIN, VARIANT SPECTRUM

FANCA gene (MIM#607139; GenBank: NM_000135.2) maps on chromosome 16q24.3 and
spans around 80 kilobase (kb), displaying a 5 GC-rich region, distinctive of the
housekeeping genes, upstream the transcriptional start site [75], [76]. FANCA consists of
43 exons, and its open reading frame (4365 bp) encodes the FANCA protein (UniProtKB:
NP_000126.2; 1,455 aa, 162.775 kDa), which exerts its main activity as a component of the
FANCore complex in the nucleus [75], [77]. Accordingly, FANCA canonical isoform presents
a well conserved nuclear localization signal (NLS), causing cytoplasmic retention if disrupted
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[78], and five nuclear export signals (NESs) [79]. Additional functional sites include binding
and/or interaction domains with other proteins (e.g., FANCG, BRCA1, FAAP20) [80]-[82],
and phosphorylation-residue targets [83], [84].

FANCA is typically associated to private mutations in individual or few familial groups; as a
result, the number of distinct FANCA alleles documented appears extremely high
considering the limited amount of FA probands [56], [64]-[66], [68], [74], [85]. An exception
is given by founder mutations, as the well-known exon 12-31del in South Afrikaner [71],
€.295C>T (p.Q99%) in Spanish gypsy [72], and exon 15del in Tunisian communities [73].
All types of variants have been reported for FANCA, of which more than 25% consist of
missense/nonsense mutations (Table 1) [3], [86]. According to previous studies, almost any
missense or other FANCA not-truncating (NT) variant (i.e., in frame deletions and insertion
not impairing the translational process) produces a stable, albeit not functional protein that
is unable to normally translocate to the nucleus, and to activate the FA/BRCA pathway via
FANCD2 mono-ubiquitination [3], [87]. Consistently, no clinical difference has been noticed
between probands expressing NT mutants and FANCA-null ones [19]. The defective
subcellular localization of FANCA NT proteins is still unknown. Since the variants are
dispersed throughout the entire gene and rarely disrupt the NLS, inappropriate peptide
folding is suspected to be the main cause [68], [78]. Moreover, FANCA nuclear relocation
has been proven to strongly impact on protein function; forcing FANCA nuclear exclusion
by a NES-tag is enough to compromise the whole pathway, as well as merging a N-terminal-
deficient FANCA with a NLS can restore ICLs sensitivity [88]. Some FANCA NT mutants
have further shown to resist clastogens exposure when expressed at higher levels than the
endogenous ones [87], [88]. These findings illustrate that, in overexpressing conditions, NT
proteins can not only relocate to the nucleus, but also keep a partial activity if sufficiently
concentrated in the nuclear compartment. Thus, NT mutants appear as promising
substrates for the activity of candidate drugs, increasing the chances of identifying new
therapeutic options to rescue FA/BRCA pathway [3].

The second major category of FANCA variants is that of gross deletions, accounting for up
to 20% all FANCA alleles (Table 1) [3], [66], [68], [86]. These are mainly due to long distance
recombination between Alu-repeats in cis [74], [89], [90], and often exceed FANCA borders
[91]; however, the adjacent genes affected are generally not responsible for any other
autosomal dominant disorder, nor for any change of FA typical clinical phenotype [3].
Other recurrent FANCA variants encompass splicing mutations and small deletions, both
found in nearly 15% of all cases (Table 1) [3], [66], [86] . Splicing variants commonly result
from the disruption of conserved bases facilitating the recognition of exon-intron boundaries
by the spliceosome [92], and lead to intron retention, exon skipping, and activation of cryptic
sites impairing messenger RNA (mRNA) and/or protein synthesis. Small deletions, instead,
are generally attributed to DNA polymerase slippage events during replication, as they often
include short repetitive tracts [3], [86]. Moreover, this mutation type involves two variants
frequently found among distinct ethnicities, c.1115_1118delTTGG and ¢.3788_3790delTCT
[74], [86]. The latter is a NT variant representing the commonest FANCA mutation worldwide
(around 20-30% of all FA alleles), with the highest percentages observed in probands from
La Palma Island (Spain) and Brazil (80% and 51%, respectively) [3], [74], [86], [93].
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Haplotype analysis in patients with ¢.3788 3790delTCT and from geographic distant areas
allowed to rule out the hypothesis of a mutational hotspot, and to confirm the spreading of
the variant from a common Indo-European ancestor [3].

Eventually, the remaining FANCA variants (regulatory substitutions, small and gross
insertions/duplications, insertions and deletions (indels), complex rearrangements) are
found in <8% of FA cases (Table 1).

Table 1. FANCA mutational spectrum. The table illustrates the mutation type and the corresponding number
of all the 833 FANCA pathogenic variants annotated in Human Gene Mutation Database (HGMD) to date [94].

Mutation type Total number of mutations
Missense/nonsense 300
Splicing substitutions 125
Regulatory substitutions 1
Small deletions 122
Small insertions/duplications 54
Indels 6
Gross deletions 271
Gross insertions/duplications 3
Complex rearrangements 3
TOTAL 885

The wide mutational spectrum and the mostly private nature of the variants of FANCA and
the other 22 FA genes emphasize the need to adopt multiprocessing strategies for a
thorough molecular diagnosis.

1.6 FA MOLECULAR DIAGNOSIS

After an early clinical suspicion, FA diagnostic process entails the investigation of the cellular
phenotype via chromosome fragility test [17], [18] and, in case of positive response, the
determination of the underlying gene and causative variants as ultimate confirmation.

The traditional approaches for FA variants analysis based on Sanger sequencing of
candidate genes and viral complementation [66], [95] have now given way to next-
generation sequencing (NGS) and orthogonal techniques [56], [66], [68], [96], [97], [1].
Consistently, FA genes have been inserted into designated [66], [96], [98] and BMF
syndromes [99] gene panels, as well as in clinical and whole exome sequencing services
(including ~4,000 genes involved in Online Mendelian Inheritance in Man (OMIM) [100]
genetic disorders, and ~22,000 coding genes, respectively). Targeted NGS (t-NGS)
methods are time and cost-effective diagnostic tools, but their target-specificity might collide
with the detection of variants into genes not yet linked to FA or the brisk pace of gene
discovery [56]. These limitations could be partially compensated by a high coverage of the
sequences intercepted and/or periodic updates of the panels; indeed, works exploiting these
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approaches succeeded in the characterization of most of the FA candidates interrogated
[66], [98].

A challenge to NGS, regardless of the technology used, is given by the recognition of large
genomic rearrangements, such as copy-number variants (CNVs), mainly due to short read
lengths and GC-content bias [101]-[103]. This feature assumes a particular connotation
within the FA context, since large deletions constitute the second major category of FANCA
mutations [3], [66], [68], [86]. Thus, several tools to infer CNVs from NGS data have been
developed, providing validation rates matching with those of the gold standards for CNVs
detection (i.e., multiplex ligation-dependent probe amplification, MLPA) [56], [66], [98], [104].
These results supported the use of the NGS data produced in the diagnostic process as a
first CNVs screening step, with the potential to reduce or even avoid MLPA high costs and
time consumption, and enlarge the subset of genes assayed [56], [104]. Albeit time-
consuming, the determination of the specific breakpoint coordinates could further provide
important evidence for founder deletions [66], [68], [90], [98].

An additional hurdle to FA molecular diagnosis is the characterization of variants of unknown
significance (VUSs), accounting together for about 45% of FANCA alterations [3], [86].
Contrary to the clear deleterious effect of CNVs, VUSs pathogenicity does require additional
functional studies to be assessed [105]. Regarding unreported missense variants, this need
could be addressed by investigating the genetic complementation of FA probands’ cell lines
[66] or cellular models carrying the target VUS [56], [68] through established tests (i.e.,
western blot, cell cycle arrest, and survival under MMC/DEB exposure) [95], [106].
Moreover, these strategies allowed to unveil the neutral effect of missense variants
previously annotated as pathogenic, reiterating the importance of VUS functional analysis
[56], [66], [68].

The impact of the splicing variants could be instead evaluated via reverse transcription
polymerase chain reaction (RT-PCR) on patients’ RNA [66], [68] or minigene assay, used
to artificially reproduce splicing patterns in case of specimen unavailability [92]. In both
situations, the effect produced could be further investigated by Sanger sequencing and/or
real-time PCR (qPCR) to determine the expression levels of the aberrant transcripts.
Another bottleneck in FA molecular diagnosis is due to deep intronic variants (DIVs).
Considering the location outside t-NGS and whole exome sequencing (WES) targets, DIVs
presence could be deduced as a consequence of the unsuccessful identification of FA
alleles, or, alternatively, determined via whole genome sequencing (WGS) or RNA
sequencing (RNA-seq) [66], [68]. This last technique also allows to examine DIVs impact on
splicing and/or RNA stability by evaluating transcripts quality and quantity through NGS.
Eventually, the high frequency of FA somatic patients is an additional factor that cannot be
ignored in the diagnostic process. Depending on the levels and the genetic events eliciting
the reversion, one pathogenic variant could be missed in probands’ peripheral blood (PB)
DNA [107], [108] and requires more invasive procedures, such as PFs samples, to be
revealed. However, published studies successfully proved the solidity and reliability of WES
approaches for the detection of FA mosaics, irrespective of the DNA source [24], [56].

A complete, prompt molecular diagnosis is of utmost importance for FA patients’ appropriate
clinical management, families’ genetic counseling, carrier testing, prenatal and postnatal
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diagnosis, donor selection for HSCT, genotype-phenotype correlations for prognostic
implications, and therapeutic novelties [1], [14]. Several diagnostics and research groups
worldwide have made multiple endeavors in this direction, indeed producing large
collections of characterized FA probands [56], [66], [68]. Nevertheless, the identification of
approved and commonly adopted standards for FA molecular diagnosis still remains a
mostly unmet need.

1.7 FA THERAPIES
1.7.1 CURRENT TREATMENTS

Since the dawn of FA therapy, hematopoietic stem cell transplantation (HSCT) has remained
the only curative approach for hematological defects, encompassing BMF, AML and MDS.
The first effective conditioning regimen was established in 1984, requiring low-doses of
cyclophosphamide and single-fraction irradiation, given patients’ susceptibility to DNA
cross-linkers and radiosensitivity [109], [110]. Current HSCT protocols are ideally performed
before multiple transfusions and malignancies occurrence [111], and further benefit from the
incorporation of the immunosuppressant fludarabine and T-cell depletion, which greatly
contributed to lower both graft rejection and graft-versus-host disease (GVHD) risks [112].
Consistently, optimized regimens now provide an overall survival of up to 90% at 5 years
post HSCT with sibling donors in case of BMF, and of 50% when AML and MDS are present,
a rate, this latter, which still has margin for improvement [111]. As an alternative to BM,
umbilical cord blood represents another valuable source of HSCs, exploited worldwide to
treat FA and other blood disorders [113].

Despite the unquestionable progress of HSCT protocols in the last three decades, not all
FA subjects have full access or are prepared for transplantation, nor have a compatible
donor [111]. In vitro fertilization combined with preimplantation genetic diagnosis could
represent a viable option to generate savior human leukocyte antigen-identical offspring
and, thus, provide a compatible donor to cure affected siblings [114]. Where this is not
possible, androgens administration (e.g., oxymetholone, oxandrolone, danazol) could be
used as a palliative alternative to ameliorate low blood counts. 50-70% patients show a
positive response to the treatment, but <20% tolerate it in the long term, and most of them
experience side effects, as virilization and liver toxicity [115]-[117]. Beyond these
problematics, the very major concern raised by HSCT is both its indirect, and direct influence
in tumor solid appearance. The longer lifespan of transplanted patients is shading light on
the side-effects of chemotherapeutic agents use in HSCT conditioning regimens, and
GVHD. Transplanted FA subjects with GVHD indeed show an increased rate of HNSCCs
and, in general, patients who underwent HSCT have a 4.4-fold higher risk of developing
HNSCCs than probands who were not transplanted [118], [119]; as a result, transplanted
FA patients have more than 2000-fold increased probability to suffer from HNSCCs than
healthy individuals. Moreover, FA oncologic patients are not eligible for conventional cancer
therapies due to their susceptibility to chemotherapy and radiation. Surgical resection is thus
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the only feasible approach providing good survival at early tumor stages, but malignancies
are often lately diagnosed and palliative cures, as surgery and low chemotherapy/radiation,
have henceforth poor effect [4], [120].

It is therefore an open challenge to respond to the urgent need for novel chemopreventive
and therapeutical strategies in FA, especially without favoring the resolution of a
manifestation to the detriment of another.

1.7.2 CLINICAL TRIALS

To date over 50 FA clinical studies, of which more than 10 still active and recruiting patients
[121], have been run with the aim to overcome the limitations of the currently available cures,
and so prevent and effectively heal FA clinical features.

1.7.2.1 GENE THERAPY

Gene therapy (GT) provides a compelling option for the treatment of hematological defects,
well on its way to supplant allogenic HSC transplantation soon. Considering somatic reverse
mosaicism recall to “natural GT” [24], the ex vivo correction of autologous FA HSCs holds
promises to rescue blood manifestations, and further abolish HSCT main issues (i.e., need
for a matched donor, conditioning, rejection and GVHD risks) [122], [123]. However, despite
this and the successful use of GT in other monogenic hematopoietic disorders [124]-[127],
the efficacy of FA clinical trials was long confined to xenogeneic murine models only [128],
[129], due to poor HSCs engraftment in patients. Several factors accounted for these
negative results, such as poor numbers and quality of collected and, thus, reinfused HSCs,
increased cell fragility in prolonged ex vivo transduction with gamma-retroviral vectors, no
pre-infusion conditioning facilitating HSCs engraftment [130], [131]. Based on the
conclusions of the previous studies, GT approaches for FA have been progressively
optimized, reaching just in 2019 the first successful outcomes with FANCOLEN-1
(NCT03157804) conducted in FA subtype A (FA-A) probands with BMF [132]. This still
active phase I/l clinical trial includes the short ex vivo transduction of a safe, integrative
lentiviral vector for FANCA [133] into cells carrying CD34* HSC marker from patient’'s BM or
mobilized PB, then reinfused into hosts without any conditioning regimen [134]. Increases
of up to 60-70% corrected cells in PB and BM at 24 months post-GT indicated stable
engraftment in all candidates, with better results in those reinfused with the highest number
of HSPCs. The proliferative advantage of corrected repopulating cells over FA ones was
associated not with genotoxic insertions, but normalized cellular phenotypes and,
consistently, no leukemogenesis events were reported [132]. These data were further linked
to an arrest in BMF progression despite no marked augment in PB cell counts, suggesting
patients’ hematological recovery as a slow, long-term process, on a par with the phenotypic
rescue of FA mosaic individuals [21], [23]. In the wake of FANCOLEN-1, many other clinical
studies have been started, aiming to augment the number of corrected HSCs to inoculate,
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use non-genotoxic conditionings, and, importantly, improve the hematological response to
chemotherapy in GT-treated patients in case of solid tumors [135]-[137].

1.7.2.2 BONE MARROW FAILURE AND CANCER PREVENTION

As previously mentioned, FA cells show increased oxidoreductive status imbalance due to
mitophagy impairment [28], [47], [50] and hypersensitivity to proinflammatory cytokines and
aldehydes [138], [139]. These observations have promoted the start of drug-based clinical
trials towards reactive oxygen species (ROS) synthesis and aldehyde-induced DNA damage
to prevent BMF and, potentially, solid tumor appearance. Within this framework, two active
studies are centered on the usage of quercetin [140], [141], a naturally occurring flavonoid
with antioxidant, chelating, and anti-inflammatory and anticancer properties [142], [143].
Quercetin viability was first tested in FA obese mice with insulin resistance, showing the
reversion of both hormonal signaling and obesity phenotype, as a consequence of
decreased ROS production [144]. Furthermore, early studies in FA subjects demonstrated
long-term safety, good tolerance, and biologically relevant blood levels of quercetin delivery
[145]. On these bases, the current trials aim to assess the efficacy of oral quercetin therapy
in curtailing the progression of BMF [141], and in preventing or delaying squamous cell
carcinomas (SCCs) and their associated complications in FA [140]; importantly the latter
study includes both no transplanted and post-HSCT patients, with or without malignancies.
Another antioxidant drug exploited in FA clinical trials is metformin [146], used to safely treat
type 2 diabetes and insulin resistance, and known to trigger kinases with a role in HSC
maintenance [147]. By virtue of its aldehyde scavenger activity, metformin was also linked
to enhanced hematopoiesis and delayed tumor appearance in FancDZ2-deficient mice with
impaired aldehyde detoxification [148]. Consistently, the pilot study conducted at Boston
Children’s Hospital proved feasibility and tolerability of oral metformin application in non-
diabetic FA patients, reporting an improved hematological response in a subset of them
[149]. Metformin is further employed in clinical trials centered on solid tumor prevention, not
excluding FA subjects enrollment [121]. As lately published, metformin administration in
individuals with oral premalignant lesions led to encouraging histological response, and
modulation of HNSCC-dysregulated pathways, opening up to new, possible preventive
strategies in FA [150].

FA patients with oral cancer risk are admitted to participating in a clinical study focused on
pembrolizumab [121], an immunotherapy antibody targeting cell programmed cell death
protein (PD)-1 and approved for tumors deficient for mismatch repair [151], [152]. In a very
recent publication, pembrolizumab activity was also tested in FA homologous recombination
(HR)-defective malignancies, elucidating their susceptibility to immune-checkpoint blockade
[153].
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1.7.2.3 SOLID TUMOR TREATMENT

Clinical trials in FA have so far addressed the occurrence of solid tumors with merely
prophylactic approaches, and none has yet been designed for the specific treatment of the
condition. In the attempt to push in this direction, FA patients are eligible to participate in
trials investigating poly (ADP-ribose) polymerase inhibitors (PARPi) delivery in individuals
with HR-deficient cancers due to BRCA1(FANCS)/BRCAZ2 (FANCD1) mutations [121]. The
therapeutic triumph of PARPI resides in the exploitation of synthetic interactions (Sls)
between distinct DNA repair mechanisms. Referring to the ancient Greek term “synthetic”
as “combination of two entities to generate a novel one”, Sls are genetic relationships where
perturbations of two genes are individually tolerated, while their co-occurrence is deleterious
(synthetic lethality, SL) [154]-[156] or, on the contrary, confers a proliferative advantage to
cells (synthetic viability, SV) (Figure 3). Within the PARPi context, PARP repression affects
the resolution of single-strand breaks (SSBs) and traps PARP enzyme at the lesion, causing
DNA damage accumulation and replication interference [157]. Cells with defective BRCA1/2
proteins, involved in double-strand breaks (DSBs) repair by HR, cannot fix these ruptures
nor restore replication, causing cell lethality and, thus, halting cancerous proliferation [158]—
[160]. At present four PARPI (olaparib, rucaparib, talazoparib, niraparib) have received Food
and Drug Administration (FDA) approval to treat breast, ovarian, pancreatic, or prostate
BRCA1/2-mutant cancers [161]. Moreover, new research is trying to widen the spectrum of
PARPi action by recapitulating BRCA-like impairment of HR (“BRCAness”) in BRCA-
proficient tumors [162]-[164], or targeting cancers with mutations in other HR repair genes
[165], [166]. However, the selectively lethal effect of PARPI still encounters some limits in
FA; unlike the other oncological patients, FA subjects show biallelic mutations and HR
defective pathway not only in malignant, but all body cells, thus requiring more carful toxicity

controls.
Gene A Gene B G A G B G A G B
(e.g. PARP) k(e.g. BRCA1/2) (Xp) or k (e'x /2) (ex) and K (e-x/Z)

Alive Alive Death Improved survival
(Synthetic lethal) (Synthetic viable)

Figure 3. Schematic depiction of Sis. The expression of gene A (e.g., PARP) and B (e.g., BRCA1/2) together
(left), as well as the inactivation of either alone (middle) is compatible with cell survival, while their simultaneous
abrogation could compromise (synthetic lethality) or, instead, ameliorate cell fitness (synthetic viability) (right).

Optimized HSCT protocols have originally contributed to lower post-transplant mortality
below 20%, and thus provide FA patients with a lifespan longer than 20 years [111], [112]
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(Figure 4). However, the actual implementation of GT, non-genotoxic antitumoral molecules,
new targeted and preventive approaches is foreseen to further improve FA patients’ survival,
achieving levels similar to healthy individuals [4] (Figure 4).

No HSCT
- FA-HSCT
— GT
— GT/Prevention + TT
— General population

Survival

Age

Figure 4. Estimate of FA patients’ survival rates in response to novel potential therapies. FA subjects’
life expectancy has significantly benefited from optimized HSCT protocols, going from a survival below 20
years (No HSCT) to a mortality reduction to less than 20% (FA-HSCT). GT approaches (GT), non-genotoxic
antitumoral molecules, novel targeted (TT) and preventive treatments, as well as their combination
(GT/Prevention + TT) hold the promises to further improve FA patient’s quality of life, bringing it closer to that
of healthy individuals (General population). (From Minguillon and Surrallés, 2018 [4]).

1.7.3 NOVEL PROMISING DIRECTIONS

1.7.3.1 CELL-BASED HIGH CONTENT DRUG SCREENINGS FOR
DRUG REPURPOSING

Cell-based drug screenings, key steps of drug discovery strategies, have arose as one of
the latest therapeutic promises for the still unmet burdens of FA medical treatment. Drug
screenings could be divided into high throughput screenings (HTS), directed at specific
pathways or functions, and high content screenings (HCS), based on phenotypic changes
as readouts [167], [168]. Until recently, HTS were the prevalent drug discovery approach
used, contemplating the identification of a molecular target by basic research, and its further
investigation via large-scale compounds screenings in research centers or pharmaceutical
industries [168], [169]. HCS, instead, have mainly caught on more recently, and entail the
recognition of a disorder-specific defect with a commonly unknown target [169]. These
assays are often performed in disease cell models to test candidate drugs for their ability to
rescue an aberrant phenotype, and rely upon supports (i.e., microscopy or cytometry paired
with robotic devices) suitable for the interrogation of high content (HC) libraries in a short
time [168], [169].
A complete de novo drug discovery process requires on average 15 years and elevated
costs, with a failure rate exceeding 95% [170]-[172]. This approach is hence hardly feasible
for rare disease, which, due their little physiopathology knowledge and number of patients,
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do not arouse interest from the pharmaceutical industry [168]. A possible way to overcome
these hurdles is given by repurposing strategies [168], [173], successfully employed in HCS
for some rare pathologies including already available drugs into the libraries screened, and
exploring their therapeutic potential within a novel indication [174]-[178].

The combination of HCS and drug repositioning has also been tested in the FA field by
Montanuy et al., who interrogated a fluorescent cell-based system with 3,082 molecules,
including 1,200 FDA-approved drugs (Prestwick library), in search for candidates rescuing
FA/BRCA pathway activity [169]. To achieve this purpose, they completely abolished
FANCA expression by transcription activator-like effector nuclease (TALEN) gene editing
[179] in a U20S cell line, stably transfected with yellow fluorescent protein (YPF)-tagged
FANCD2. Upon DNA damage, these cells were not able to mono-ubiquitinate FANCD2, nor
to promote its relocation to fluorescent repair foci, instead visible in the nuclei of wild type
(WT) cells via fluorescence microscopy (Figure 5) [169]. The model was then assayed by
HCS [169], [180], and the hits identified were individually assessed for their capability to
restore FANCD2 mono-ubiquitination and foci (Figure 5), and chromosomal fragility in a
FANCA-null background. Unfortunately, all the promising candidates turned to be false
positives, as any displayed high autofluorescence or FANCD2 distribution different from
nuclear foci [169]. Thus, despite a mild reduction of chromosome instability, no drug was
found to correct FA cellular phenotype at the conditions adopted. Nevertheless, Montanuy
et al.’s work had the merits to illustrate the advantages and drawbacks to screen HC libraries
for the development of new FA therapies, and to shift the focus of the search from inhibitors
of FA/BRCA pathway [181], [182] to molecules able to recover its functionality [169].
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Figure 5. FA cell-based model for HCS. In WT conditions, FANCore complex is activated by DNA damage,
ubiquitinates FANCD2 (FANCD2-Ub), and stimulates the formation of FANCD2 foci upon the lesion (nuclear
intense spots) (A). FANCA loss prevents FANCore complex activation, compromising FANCD2-Ub and foci
assembly (diffuse nuclear pattern) (B). In the HCS, YPF-FANCD2 foci restoration is the expected readout for
a drug able to correct FANCA/BRCA pathway (C). (Adapted from Montanuy et al., 2020 [169]).

This very HCS further allowed to identify several nongenotoxic drugs with potential cancer-
specific cytotoxicity, validated in PFs and HNSCC lines from FA patients [180]. Over 150
candidates tested, the two best hits were gefitinib [183] and afatinib [184], inhibitors of
epidermal growth factor receptor (EGFR) kinase activity and downstream signaling,
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FDA/European Medicines Agency (EMA)-approved for the treatment of non-small cell lung
cancer (NSLC). Both molecules selectively inhibited HNSCC growth at low nanomolar
concentrations without relevant effects on FA PFs and, used at therapeutic doses, produced
no DNA damage-induced consequences (no FA pathway activation, chromosome fragility
or G2/M cell-cycle arrest) on the viability of nontumor FA cells [180]. Regarding in vivo
studies, gefitinib and afatinib were demonstrated to significantly diminish FA HNSCCs
growth or size in mouse xenografts and to be well-tolerated in Fanca-deficient mice on
chronic treatment [180]; only afatinib displayed some mild side effects, however easily
managed by dose adaptation [185], [186]. Consistently, gefitinib administration to a single
FA patient with EGFR-positive oral SCC led to a tumor size reduction by 80% after two
months, without any documented toxicity [187].

Taken together, Montanuy et al.’s data provided a comprehensive preclinical analysis for
gefitinib and afatinib repurposing as first, safe drugs exerting FA HNSCC-specific lethality
[180]. These findings represented a real breakthrough in FA therapies, since, unlike the
mainly preventive action of the available cures and clinical trials [4], both EGFR inhibitors
showed potential for treating ongoing malignancies in vivo [180]. In addition, the two
molecules did not exert any genotoxic effect on FA-deficient cells, or require combination
with radio-chemotherapy, in contrast to PARPI [4] and approved antibodies for sporadic
HNSCC [188], [189], respectively. Montanuy et al.’s work eventually led to the EMA orphan
drug designation for gefitinib (EMA/OD/090/18; EU/3/18/2075) and afatinib
(EMA/OD/141/18; EU/3/18/2110), with the next goal to launch a clinical trial for the treatment
of HNSCC in FA [180].

1.7.3.2 CRISPR KNOCKOUT SCREENS FOR FA SYNTHETIC
INTERACTIONS DISCOVERY

The therapeutic success of PARPi SL in BRCA1/2-mutant tumors has drawn attention to the
discovery of new Sls to define combinatorial strategies against cancer drug resistance and
relapse [190]. Consistently, there is a growing interest in adapting SL and SV principles to
lower cure side-effects and treat tumors and additional features in FA, as well as in further
monogenic disorders. To address this issue, CRISPR-CRISPR-associated protein 9 (Cas9)
screens have emerged as the state of art to uncover novel Sls.

CRISPR-Cas9 technology derives from type |l CRISPR-Cas apparatuses, prokaryotic
adaptive immune systems evolved to recognize and trim invasive viral genomes and
plasmids [191]-[193]. Its functioning relies upon Cas9, an endonuclease protein component,
and a guide RNA (gRNA), a short oligonucleotide capable to bind its 5’ end (spacer) to a
complementary sequence within the target DNA, and precisely direct Cas9 cleavage in loco
[194]-[196] (Figure 6). Another fundamental requisite for the site-specific activity of the
system is the recognition of protospacer adjacent motifs (PAMs), conserved sequences
flanking the foreign target [197]-[199] (Figure 6). In terms of genome editing, CRISPR-Cas9
large feasibility stems from the unique chance to program Cas9 to intercept any genomic
region of interest by simply changing gRNA spacer complementarity [200]. Thus, upon the
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gRNA-binding site, Cas9 introduces DSBs that, whether repaired by the error prone non-
homologous end joining (NHEJ) mechanism, lead to indels (Figure 6) associated to
phenotypes ranging from in-frame mutations to complete gene knockouts (KOs) [200].
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Figure 6. CRISPR-Cas9 system core components and function. Steered by a gRNA, Cas9 introduces
DSBs within the target sequence flanked by PAMs. In absence of a template, DNA lesion is repaired by error-
prone mechanisms (NHEJ), which result into small indels with possible KO phenotypes. (From Bock et al.,
2022 [201]).

Moreover, CRISPR-Cas9 variants (i.e., nuclease-deactivated Cas combined with specific
protein domains) have allowed to expand the genome-wide (GW) targeting potential beyond
KO induction (CRISPRko) toward transcriptional control (CRISPR interference (CRISPRI)
or activation (CRISPRa)) [202]-[205], RNA modulation [206]-[210], epigenome remodeling
[211]-[214], base editing (CRISPR base editors) [215]-[217], and large-scale genome
engineering (CRISPR prime editing) [218]-[220]. Owing to the targeting and repositioning
suitability, design simplicity, effectiveness, and affordable cost, CRISPR-Cas9 technology
has been exploited in a broad variety of models, and biotechnology and therapeutic
branches, instead precluded to other engineered nucleases [200], [221], [222].

Forward genetic CRISPRko screens, being the mostly used CRISPR technique to date
[201], [223], are meant to discover Sls through the suppression of target gene’s expression.
One of the first steps in the strategy includes the selection of a CRISPRko gRNA library with
a GW scale activity (~20.000 gRNAs) or directed towards a smaller fraction of genes (~ 10'-
102 gRNAs) for unbiased or more focused approaches, respectively (Figure 7). Nowadays
various tools and resources assist library design and election by sorting and ranking
candidate gRNAs to optimize their efficiency and on-target action [224]-[227]; otherwise, it
is possible to rely on commercial CRISPR libraries, already available and tested [228]. As a
general principle, libraries are conceived to be redundant; it is advisable to use at least four
independent oligonucleotides for each target locus to compensate gRNAs diverse efficiency
and, thus, potential off-targets [226]. Libraries should also comprise gRNAs for application-
specific control genes to validate the screen, as well as for safe harbor regions to monitor

16



DNA damage response and altered cell proliferation [201]. In most of cases, the guides are
cloned into lentiviral vectors (Figure 7), which benefit of a high insert capacity, transduce
both dividing and non-dividing cells, and stably integrate into the host genome.
Another key point in a CRISPR screen is the choice of a model system gathering the main
biological processes and suitable for genetic screening (Figure 7). Immortalized cell lines
represent a low-cost and easy to handle option with no limitation in cell number, particularly
suitable for GW analyses. Nevertheless, the presence of supernumerary loci in genetically
instable lines, such as some immortalized models, could lead to uneven CRISPR/Cas9
editing and potentially skew the final results [225], [229]. Further alternatives include primary
cells, tissue-explants, organoids, or living animals, generally adopted to investigate more
complex and context-dependent phenotypes [230]. To enhance results robustness and
reproducibility, it is however recommendable to perform the screen in more biological
replicates [226], [231] (Figure 7), as different genetic and cellular backgrounds could lead to
divergent end phenotypes [232]. Alongside model selection, it should be decided whether
to administer Cas9 together with the gRNAs, or to previously engineer the target cells to
express the enzyme (Figure 7). Albeit requiring additional selection steps, the latter is
generally favored for its greater safety- no single construct carrying both DSB-inducing
components- and screening efficiency. Cas9 activity should be then validated by delivering
gRNAs towards several test loci [122], [123] and assessing its editing efficiency at DNA and
protein levels [233] (Figure 7).
Prior to model transduction, the viral gRNA library is titrated to meet the total amount of
infectious particles required (Figure 7), based on the library size and the average number of
cells per gRNA established (coverage). The library is typically delivered in bulk at low
multiplicity of infection (MOI, set at 0.3- 0.5) (Figure 7), to enrich for cells integrating a single
construct and avoid genetic interactions between distinct gRNAs [190], [201]. As a result,
the number of viral particles multiplied by the MOI provides an estimate of the number of
cells- including experimental replicates- that must be infected and cultured to maintain a
congruous representativeness of the diverse gRNAs along the experiment. Once
transduced, cells may be selected for antibiotic resistance during several days (~ 7 to 14
days) or the whole duration of the screen to ensure efficient KOs generation [224], [225],
[229], [234] (Figure 7); their representation in the final pool will be henceforth determined by
the proliferative competition with each other, fruit of the precise editing produced. Over the
study, cells are also periodically split and/or harvested in independent replicates to
increment end phenotypes separation, and enhance final hits percentages [226] (Figure 7).
To achieve this, genomic DNA (gDNA) is extracted from different replicates, controls, and
time point specimens, and polymerase chain reaction (PCR)-amplified by universal primers
binding common sequences adjacent to the integrated gRNA cassettes (Figure 7).
Moreover, during amplification, diverse barcodes (indexes) are added to the distinct
samples to allow the simultaneous sequencing of more gRNA amplicon libraries, and the
subsequent match of the single reads to the corresponding specimens [190].
Bioinformatic and statistical analyses are then run to compare the read counts of each gRNA
to its representativeness within the library, and between different samples and controls
[235], to calculate the enrichment/depletion scores and respective p-values of each
gRNA/target gene [236], and to carry out screen quality control [236], [237] (Figure 7). The
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outcome is a roster of candidate-gene hits, ranked according to their effect upon the
phenotype of relevance. Importantly, CRISPRko screens readout for both negative and
positive phenotypic selection [190], [201]; gRNAs depletion indicates genes whose
repression sensitizes cells to the proliferative challenge (SL screens), while guides
enrichment identifies genes that, if silenced, confer a selective advantage (SV screens).
To avoid false positives results, promising candidates should be validated by more focused
screens or other small-scale assays, preferably employing complementary models and
readouts [201], and performing genetic complementation as ultimate evidence [190] (Figure
7). Besides the top-raking genes, it is also advisable to test other randomly selected hits for
a more representative evaluation of the screen outputs [201]. Eventually, accurate
documentation of the screen workflow and data should be submitted to dedicated
repositories to guarantee the reproducibility of the study conducted [201].
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Figure 7. Schematic depiction of a CRISPRko screen workflow. A) The experimental design, the first
indispensable step in a screen, should be conducted in compliance with the biological question to be answered.
It encompasses the choice of the biological model, CRISPR library and its representation, and study scale up
(number of biological and technical replicates, sample collection timeline). B) Previous to the actual screen
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start, it is necessary to characterize the model selected and engineer it with Cas9, amplify the gRNA library,
clone it into viral particles, and delivered it at low MOI. C) The experimental stages include biological model
selection and maintenance for proper Cas9 activity and phenotypes representation, basal controls and
samples collection over time, gDNA extraction, amplification, and sequencing, computational analysis and
candidate statistics. D). Top-ranking hits should be validated by alternative approaches, such as RNA
interfering (RNAI), short hairpin RNA (shRNA) and CRISPR focused KO, both in vitro and in vivo. Moreover, it
is wise to further assay other randomly selected hits for a more accurate evaluation of the final results. (From
Castells-Roca et al., 2021 [190]).

Richardson et al. demonstrated as CRISPR-Cas9 editing depends on several components
of the FA/BRCA HRR pathway for single-strand template repair, but not for NHEJ [238]. FA
defects thus do not obstruct the default NHEJ repair for Cas9-induced DSBs [238], [239]
and, GW and focused CRISPRko approaches have consistently been exploited to uncover
Sls involving FA genes.

Similarly to BRCA1/2-deficient tumors vulnerability to PARPI, the disruption of FA/BRCA
members via a CRISPR loss-of-function (LOF) screen [240] was linked to the
hypersensitization of several cancer cell lines to ataxia telangiectasia mutated (ATM)
inhibitors [241]. FA and ATM pathways work in concert to activate the choline transporter-
like protein (CtIP) [242], [243], which promotes the initiating step of HR, DSB end resection,
and simultaneously prevents NHEJ [244]. Accordingly, the parallel inhibition of both
pathways was demonstrated to significantly reduce end resection and enhance toxic NHEJ,
resulting in radial chromosome accumulation and cellular death through SL [241].

Beyond the subordination to ATM-mediated repair, FA pathway loss also generates a
dependency on the specific action of DNA polymerase (Pol) 1, emerged as a top hit in GW
CRISPR-Cas9 fitness screens [226] on different FA KO lines [245]. The combined depletion
of Pol 1 and FA proteins was indeed congruent with an important attenuation of cell
proliferation and survival due to heightened replicative stress, as documented by increased
YH2AX foci formation and ATM/ATR activation [245], [36]. The nature of this synthetic
interplay was ascribed to the lesion bypass activity of Pol 1 [246], [247], assumed to
compensate for replication stall by promoting fork stability and resumption in FA pathway-
deficient cells [245].

Another example of FA SL interactor is aldehyde dehydrogenase 2 (ALDHZ2), which oxidizes
aldehydes in healthy tissues [248], but is recurrently methylation-silenced in tumors [249],
[250]. Via a CRISPR screen focused on the ubiquitination machinery, Yang et al. defined
FA pathway as a biased essentiality in a subset of AML lines with low ALDHZ2 expression
and activity [251]-[254]. This dependency hinted at a SL interaction between FA and ALDH2
proteins, indeed proved by cell sensitization and growth arrest in AMLs devoid of both FA
and ALDHZ? genes [254]. FA pathway loss was therefore proposed to lead to the
accumulation of aldehyde-induced ICLs in ALDHZ2-null AMLs, ultimately causing cell cycle
block and death [254]. This SL relationship was further corroborated in murine models [255],
and in patients with combined deficiencies of FA and ALDHZ2 genes showing accelerated
BMF progression [256]. Moreover, Yang et al.’s work pointed out a major observation: while
FA predisposes to AML onset, the fitness of sporadic AMLs could hinge on the very function
of FA proteins [254].
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To emphasize the close link between the FA/BRCA and aldehyde metabolism pathways,
Jung et al. carried out a CRISPRko screen with a metabolism-focused gRNA library on
FANCD2-null Jurkatt cells, revealing aldehyde dehydrogenase 9 family member A1
(ALDH9A1) as a previously unrecognized SL gene for FANCD2 deficiency [257].
Interestingly, ALDHZ2 expression was not depleted to indicate an aldehyde sensitivity typical
of the cell type considered. ALDH9A1 and FANCDZ2 combined deficiency was associated to
genomic instability, DNA damage-induced apoptosis and hematopoietic colony formation
decrease [257]. Furthermore, Fanca” Aldh9a1”- mice showed no spontaneous BMF, but a
higher susceptibility to solid tumors, in particular to ovarian cancers, with aging [257].
Eventually, Jung et al. performed a suppression screen in FANCD2”ALDH9A 17 clones,
which elucidated as ATP13A3 loss improved cell survival probably by decreasing ALDH9A1
substrates and lessening DNA damage [257]-[259].

Turning to SV interactions, the exposure of FANCC-deficient cells to GW CRISPRko
libraries [260] and insertional mutagenesis allowed to pair the lack of members of the
Bloom’s syndrome (BLM) complex to an augmented resistance to crosslinkers-induced
damage and apoptosis [261]. Similar results were recapitulated also in FANC/ and FANCD2-
mutant models, but not in BRCA1-null cells, elucidating the specificity of the interaction to
bona fide FA components [261]. The BLM complex indeed intervenes in the HR-mediated
ICL resolution interacting with the FANCore complex via FANCM [262], and simultaneously
preventing alternative NHEJ [263]. Consistently, the release of the NHEJ repair due to the
absence of both complexes was suggested as the mechanism underlying the SV interaction
between BLM and FA proteins. This was further supported by a decrease of DNA damage
foci, but no chromosomal instability, and MMC sensitivity of FANCC/BLM-double KO clones
upon PARPI [261]. The same work further validated the synthetic rescue of FA pathway by
the nicotinamide adenine dinucleotide phosphate (NAD(P)H) quinone dehydrogenase
(NQO1), which was regarded as a positive control owing to its known role in MMC bio-
activation [264] and sensitization of cancer cells to MMC treatment [265].

Both BLM complex- and NQO1-SV interactions with FA were reconfirmed in genome-broad
insertional mutagenesis screens performed across a panel of FA-defective cells, additionally
reporting ubiquitin specific peptidase 48 (USP48) and late endosomal/lysosomal adaptor,
MAPK and MTOR activator 1/5 (LAMTOR1/5) among top hit genes [266]. Ensuing studies
on CRISPR-Cas9 edited FANCC/USP48 cells correlated the loss of the ubiquitin peptidase
USP48 to improved crosslinkers survival, DNA-damage removal, and chromosomal stability.
This effect was attributed to an enhanced recruitment of BRCA1 and RAD51 upon the lesion,
hinting at a role for USP48 in the counteraction of BRCA1 HR-activity [266], [267].
Complementary, FA-protein assembly at ICLs was assumed to tackle the onsite relocation
and function of USP48 to favor HR repair [266]. All together these data endorsed USP48
intervention in the balance between different repair routes. In FA backgrounds, USP48 loss
was also demonstrated not to recover FANCD2 mono-ubiquitination but, to some extent,
histone H2A’s one, thus possibly recognized by endonucleases solving ICLs in a FA-
independent manner [266].

All together these studies emphasize the central role of CRISPRko technology in identifying
novel druggable SV targets for the design of therapeutic strategies towards the entire FA
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clinical spectrum, as well as targets for the treatment of sporadic cancers with alterations in
a FA gene or one of its SL interactors employing inhibitors against the former or the latter,
respectively.
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Aims

2. AIMS

This thesis project intended to cope with the main hurdles now encountered in FA, which
were addressed as follows:

¢ Impairment of molecular diagnostic process due to FA vast genetic heterogeneity,
multiple private and complex mutations, and high mosaicism rate.

(i) Development of an optimized mutation screening approach based on t-NGS and
orthogonal techniques for a faster and exhaustive molecular characterization of FA
patients, independently from their complementation group, inheritance pattern, variant
type, and mosaicism condition.

¢ Need for new systemic, and less noxious drug-based therapies, focusing on solid
tumors prevention, delay and/or treatment.

(ii) Generation and validation of cellular models expressing three frequent FANCA NT
mutants and their phenotypic correction in a HCS for drug repurposing.

(iii) Performance of pooled GW CRISPRko screens on FANCA-deficient and control
cellular systems to dissect novel Sls, and, thus potential druggable targets to cure FA
clinical features (SV) and sporadic cancers involving mutations in FA genes or their
interactors (SL).
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Materials and methods

3. MATERIALS AND METHODS

3.1 FA MOLECULAR DIAGNOSTIC STRATEGY
3.1.1 PATIENTS

All the patients assessed were provided by the Italian Association of Pediatric Hematology
and Oncology (AIEOP) centers, and, according to the Declaration of Helsinki, their family
members or legal guardians unanimously gave informed consent to the trials. The research
and experimental protocols were endorsed by the competent Ethics Review Boards. DEB-
induced chromosome fragility tests, showing positive results and thus indicating a suspected
diagnosis of FA, were carried out at Gaslini Children’s Hospital of Genoa.

3.1.2 CELL CULTURES

Probands’ lymphoblastoid cell lines (LCLs) were generated from primary lymphocytes
isolated from PB [28]. LCLs and HEK293T cells were grown in Roswell Park Memorial
Institute (RPMI) 1640 medium 1X (L-Glutamine) and Dulbecco's Modified Eagle Medium
(DMEM) 1X (Euroclone), respectively, with 10% Fetal Bovine Serum (FBS) and 1%
penicillin- streptomycin at 37°C in a humidified atmosphere containing 5% carbonic
anhydride (COz). Following DNA, RNA or protein extraction, cell cultures were transferred
to RPMI or DMEM medium with 10% dimethyl sulfoxide (DMSQO) and then frozen in liquid
nitrogen for the storage.

3.1.3 DNA EXTRACTION, MUTATION SCREEENING AND
VARIANTS ANALYSIS

Genomic DNA (gDNA) was extracted from patients’ PB, BM and/or LCLs, and cell pellets
were then resuspended in 5 ml of lysis buffer (NaCl 10 nM, Tris- HCI 10 mM (pH 7.5), SDS
0.6%, EDTA 10 mM (pH 8)) to which 1 mg/ml of proteinase K (20 mg/ml) was added before
the incubation of the lysed cells at 50°C overnight (O/N). The following day 5 ml of NaCl 75
mM in cold 100% ethanol (EtOH) were added, and the solution was repeatedly inverted in
order to allow DNA precipitation. After performing a centrifugation at 13000 rpm for 10’, the
supernatant was discarded and 500 ul of 100% EtOH. The same step was repeated, but the
pellet was eventually suspended in water. The quality and the quantity of the DNA samples
extracted were detected through the usage of NanoDrop-1000 spectrophotometer (Celbio),
while 2 pl of each sample were loaded on 1% agarose gel in order to evaluate a possible
degradation.
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FA genes were analyzed using lon PGM system for next generation sequencing (Life
Technologies) [66]. FANCA deletion was identified analyzing lon PGM row data [98]. Sanger
sequencing PCR was carried out by Kapa 2G Fast Hot Start ReadyMix (Kapa Biosystems),
and the following thermal cycle:
e Polymerase activation at 95°C for 1’;
e 30 amplification cycles, further divided into:

= Denaturation at 95°C for 10”;

= Annealing at 62°C for 15”;

= Extension at 72°C for 4”;
e Final extension at 72°C for 30”.
Both the presence and the proper length of the amplified products were checked through
agarose gel electrophoresis (Seakem). The specific primers (28F - 28R) employed for the
amplification of FANCA variants mapping on exon 28 are reported in Table 2.
After PCR performance, DNA fragments were purified using 1.5 pl of ExoSAP-IT (Applied
Biosystems) and 4.5 pl of amplified products, and the final mixture was brought to 37°C for
15’ and then 85°C for 15" for enzyme activation and inhibition, respectively. Labelling
procedure was thus performed by incorporating the purified products in a mixture containing
3 ul of DNA, 0.5 pl of Big Dye, 2 pl of Big Dye Buffer, 2 ul of primer forward or reverse (2
MM), specific to each fragment, and 3 ul of water for a total volume of 10.5 pl. Subsequently,
the sequencing reactions were performed as follows:
e 96°Cfor1;
e 26 amplification cycles, including:

= 96°C for 107;

= 50°C for 57

= 60°C for 4”.
Labelled products were eventually purified through the usage of MicroSpin G-50 Columns
(GE Healthcare) and electrophoretic run was carried out in ABI PRISM sequencer (Applied
Biosystem). The analysis of the sequences deriving from direct sequencing was performed
by using SeqMan application of DNASTAR’s Lasergene package. Nucleotide numbering
reflects FANCA cDNA with +1 corresponding to the A of the ATG translation initiation codon
within the reference sequence (RefSeq NM_000135).
The discrimination between WT and ¢.2778+83C>G/ ¢.2778+86insT mutant allele was
pursued by designing specific primers (28F _ex-28R_wt and 28F_ex-28R_mut, respectively,
with 28R _mut encompassing two mismatches to anneal to the variants targeted) (Table 2)
and adopting the ensuing touchdown PCR protocol:
e 96°C for 3’;
e 10 amplification cycles, such as:

= 95°C for 157;

= 68°C for 10”(reducing 0.5°C/cycle);

= 72°C for 1’;
e 28 amplification cycles, including:

= 95°C for 157;

= 63°C for 157;
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= 72°Cfor 1.
The variants identified were eventually searched in annotation databases: Single Nucleotide
Polymorphism Database (dbSNP) [268]; Genome Aggregation Database (gnomAD) [269],
Human Gene Mutation Database (HGMD) [94]. The in silico analyses of splicing mutations
were conducted by Splice Site Prediction by Neural Network (NNSplice) [270].

3.1.4 RNA EXTRACTION AND ANALYSIS

Total RNA was extracted from patient’s PB, BM and/or LCLs by using PAXgene Blood RNA
Kit IVD (QIAGEN) and High Pure RNA Isolation Kit (Roche), respectively. PB and BM
samples, collected in PAXgene Blood RNA Tubes, were initially stored at -20°C, brought at
4°C the day before performing the extraction and left at room temperature (RT) for 3h before
the procedure in order to increase the final yield. Both kits were employed according to
manufacturer’s instructions. The quality and the quantity of the RNA samples extracted were
checked as described at 3.1.3 section.

Complementary DNA (cDNA) was synthetized from 1 pug of RNA using Transcriptor First
Strand cDNA Synthesis Kit (Roche), according to manufacturer’s instructions. For the RT-
PCRs, prepared with KAPA2G FastHotStart (Kapa Biosystems), both oligo dT (2.5 pmol/pl)
and random hexamer primers (60 pmol/ul) were employed, and the ensuing thermal cycle
was applied:

o 25°Cfor¥%;

o 42°C for 60’;

e 70°Cfor15.

cDNA products were amplified following the procedure reported above (number of
amplification cycles varying between 26 and 30 to ensure a better control of the amplicons
production) and their presence and length were checked through agarose gel
electrophoresis (Seakem). RT-PCR primers to verify the deletion from exon 11 to 14
(c.894_1359del) and assess ¢.2778+83C>G effect (9F-16R and 27F-30R, respectively) are
reported in Table 2. After amplification, cDNA fragments were purified, labelled, and
sequenced as explained at 3.1.3 section. The same procedure was also adopted for the RT-
PCR amplicon extracted from 3% agarose gel by using QlAuick Gel Extraction Kit (QIAGEN)
in line with manufacturer’s instructions. To increase the performance and purify the
extraction, the products obtained were further subjected to classical PCR with the same
primer pair used for RT-PCR.

3.1.4.1 MULTIPLEX  LIGATION-DEPENDENT PROBE
AMPLIFICATION ASSAY

SALSA MLPA P031/P032-A2 FANCA kit (MRC-Holland) was employed to perform the
analysis. For each reaction, 100 ng of DNA were used and, according to the kit protocol,
samples were subjected to an initial denaturation at 98°C for 5’ and then to a strict thermal
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cycle. 1.5 pl of SALSA probe mix and 1.5 ul of MLPA buffer were added at a thermocycler
temperature of 25°C, followed by a step at 54°C for 1°. Samples were then maintained at
60°C for 16h in order to allow probe hybridization. Ligation was achieved by lowering the
temperature at 54°C and adding 32 pl of ligase-65 mix, followed by incubation at 54°C for
15’ and heating at 98°C for 5. A PCR reaction represented the final step, which was
performed at a thermocycler temperature of 60°C by adding 10 pl of ligation products, 4 pl
of SALSA PCR buffer and 26 ul of water (final volume of 30 pl). The reaction included 30
cycles, further divided into: DNA denaturation at 95°C for 30", annealing of the universal
primer at 60°C for 10” and extension at 60°C for 30”. Eventually, the completion of the
extension step was executed at 72°C for 20°. Samples were subjected to capillary
electrophoresis with AB3130 sequencer, and the data generated were imported into
GeneMapper v.4 software for both the analysis of the results and the statistical analysis.

3.1.4.2 PLASMID CONSTRUCTION AND MINIGENE ASSAY

A 533 bp cassette that contains FANCA exon 28 with portions of intron 27 and 28 was
created by amplification of the cDNA obtained from patients’ LCLs in order to obtain all the
investigated haplotypes. Amplification primers (clonF-clonR, Table 2) were designed with a
Ndel restriction site (underlined) at the end in order to allow the cloning into the a-globin
minigene under the control of the a-globin promoter and the SV40 enhancer [92]. HEK293
cells, seeded in 6-well plate, were transfected with 3 ug of each minigene plasmid using
Lipofectamine 3000 (Thermo Fisher Scientific). For the analysis of the splicing isoforms the
primers used (a2F- B2R) are reported in Table 2.

Table 2. Sequence of the primers used in the FA molecular diagnostic strategy. Oligonucleotides for
Sanger sequencing PCR, detection and differentiation of ¢.2778+83C>G/c.2778+86insT and WT alleles on
gDNA (28F_ex-28R_wt and 28F _ex-28R_mut), and RT-PCR analysis of FANCA variants (9F-16R; 27F-30R),
amplification of the minigenes carrying patients’ haplotypes (clonF-clonR), and analysis of the related splicing
isoforms on cDNA (a2F- B2R).

Name | Sequence (5'-3")
gDNA
28F GTTGATGGTCTGTTTCCACC
28R ACCCTAGACTCGAGACGA
28F ex AGACCCTTGCACCTTCCTTC
28R _wt GAAGGAACGGTCACCTACG
28R_mut GAAGGAACGGTCACCTAACC
cDNA
9F TTGATGTACTGCAGAGAATGC
16R GTGTCTTGGCCAATGAGATG
27F AGCTGCTTATCTCCAGGCC
30R GGAAATCCATCAGTGCGTTG
clonF ATCATCCATATGGAATGTGGGGTTGTG
ClonR TGTTGTCATATGGTCAAGATTCCAATC
a2F CTTCAAGCTCCTAAGCCACTG
B2R CACCAGGAAGTTGGTTAAATC
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3.1.5 IMMUNOBLOTTING: PROTEIN EXTRACTION, SEPARETION,
TRANSFER AND IMMUNODETECTION

For immunoblotting, 4x10° cells were seeded on 6 wells plates in duplicates and 24h later
treated with 2mM HU or left untreated. After 18h, protein whole cell extracts were lysed
using 200 pl 1x RIPA buffer (1 ml RIPA lysis buffer (10x, Millipore), 2 ml cOmplete ULTRA
tablets protease inhibitor (5x, Roche), distilled water (dH20) till 10 ml) with 1:1000
benzonase (VWR International). Samples were then sonicated for 15" and 25% amplitude,
centrifuged at maximum speed for 5’, and quantified with Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific) according to manufacturer’s instructions. Absorbance was
measured at 562 nm with the Thermo Scientific Multiskan Sky (Thermo Scientific) microplate
reader. Based on the quantification results and the creation of a linear standard curve, the
concentration of the protein lysates was calculated to load 50 mg of protein. Subsequently,
samples were mixed with 50 pl 2x Laemmli buffer containing 1:10 B-mercaptoethanol,
heated at 95°C for 5’ and loaded in 6% polyacrylamide gels. A voltage of 200 V was applied
for the time necessary for the separation, and proteins were then transferred to a
nitrocellulose membrane (Mini or Midi Nitrocellulose Transfer Packs, Bio- Rad) by using
Trans-Blot® TurboTM Transfer System (Bio-Rad) with a program specific to high molecular
weights. Nitrocellulose membranes were blocked with TBST (1X Tris-Buffered Saline, 0.1%
Tween 20) containing 5% non-fat dried milk for 1h at RT. Membranes were then incubated
with primary antibody properly diluted in blocking solution (anti-FANCA (rabbit, A301-980A,
Bethyl, 1:2000), anti-FANCD2 (rabbit, Abcam, ab2187; 1:2000), anti-vinculin (rabbit, Abcam,
ab155120; 1:5000)), O/N at 4°C. After two rapid washes and four washes of 5’ each with
TBST, membranes were incubated with the appropriate secondary antibody (anti-rabbit,
goat, Bethyl, A120-101P, 1:2500) for 1h at RT. After the removal of the excess secondary
antibody, membranes were developed by Immobilon® Crescendo Western HRP Substrate
(Merck Millipore) (FANCA) or Pierce™ ECL Western Blotting Substrate (all the other
proteins) and band signals eventually detected at the GeneGome Bio Imaging System
(Syngene) by using Gene Snap Software. The densitometric analysis of anti-FANCA
antibody signal was performed via Imaged software, based on the use of vinculin for data
normalization and the comparison with both positive and negative controls’ results.

3.1.6 MMC SURVIVAL ASSAY

Patients’ LCLs were exposed to increasing concentrations of MMC (0, 3, 10, 33 ,100, 333
nM) in culture medium. After five days, cells were resuspended in phosphate-buffered saline
(PBS)—bovine serum albumin (BSA; 0.05%) with 0.5 mg/ml propidium iodide (PI), incubated
for 10 min at 4°C and, their survival tested by flow cytometry based on Pl exclusion test [28],
[95]. The assay was performed after a few of cell passages (Time 0), and repeated a month
after the establishment of the cultures (Time 1) to monitor cell survival patterns overtime.
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3.2 CELLULAR MODELS FOR HIGH CONTENT DRUG
SCREENING IN FA

3.2.1 CELLULAR MODELS: ESTABLISHMENT

3.2.1.1 CELL CULTURES

HEK293T cells and all FA cellular systems (Table 3), created from U20S FANCA”--YFP-
FANCD2 line [169], were cultivated in DMEM high glucose (Biowest) supplemented with
10% heat inactivated FBS (Biowest) and 0.01% Plasmocin (PlasmocinTM prophylactic, ant-
mpt InvivoGen) at 37°C in a humified atmosphere containing 5% CO2, and periodically
stored as indicated in Material and Methods (3.1.2).

Table 3. List of the FA models. For each cell line generated, the establishment characteristics are reported.

Cell line Origin and characteristics

U20S line, FANCA knocked-out by TALEN gene editing (Transposagen
U20S FANCA-/- -YFP-FANCD2 Biopharmaceuticals), stably transfected with pEAK8-YFP-FANCD2 plasmid for
yellow fluorescent (YF) FANCD2 expression
U20S FANCA -/- YFP-FANCDZ2, stably transduced with PGK-FANCA . WPRE
lentiviral vector for wild type (WT) FANCA expression

U20S FANCA -/- YFP-FANCDZ2, stably transduced with PGK-FANCA . WPRE
lentiviral vector mutagenized to carry ¢.2852G>A (p.Arg951Gin) variant

U20S FANCA -/- YFP-FANCDZ2, stably transduced with PGK-FANCA.WPRE
lentiviral vector mutagenized to carry c.3391A>G (p.Thr1131Ala) variant

U20S FANCA -/- YFP-FANCD?2, stably transduced with PGK-FANCA.WPRE
lentiviral mutagenized to carry ¢.3788_3790delTCT (p.Phe1263del) variant

U20S FANCAcorrected-YFP-FANCD2

U20S Arg951GIn-YFP-FANCD2

U20S Thr1131Ala-YFP-FANCD2

U20S Phe1263del YFP-FANCD2

3.2.1.2 MUTANT PLASMIDS GENERATION BY SITE-DIRECTED
MUTAGENESIS

To reproduce the endogenous FANCA expression levels observed in the patients, PGK-
FANCA.WPRE lentiviral vector (11606 bp), already used to successfully drive the
physiological expression of FANCA protein [132], [133], was employed. Apart from
c.3788_3790delTCT variant, already inserted into PGK-FANCA.WPRE vector, ¢.2852G>A
and c¢.3391A>G point mutations were introduced by site directed-directed mutagenesis
using the QuickChange Il XL Site-Directed Mutagenesis Kit (Agilent Technologies). The
specific mutagenic primers (29Fmut-29Rmut and 34Fmut-34Rmut for ¢.2852G>A and
c.3391A>G, respectively) (Table 4) were designed according to the web based
QuickChange Primer Design program (Agilent Technologies) [271]. Sample reactions were
prepared using 5 pl 10X reaction buffer, 1 uyl double stranded DNA (dsDNA) template (100
ng), 1.25 pl sense and antisense oligonucleotides (10 uM), 1 pl ANTPmix, 3 pl QuiKSolution,
and dH20 up to 50 pl per a single reaction, and finally adding 1 pl PfuUltra HF DNA
polymerase (2.5 U/ul). The ensuing protocol was applied:
e 95°Cfor1;
e 18 amplification cycles, such as:
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= 95°C for 507;

= 60°C for 507;

= 68°C for 12’ (1'/kb);
e 68°Cfor7.

3.2.1.3 PLASMID TRANSFORMATION

Following temperature cycling, amplification products were treated with 10 U/ul Dpnl
restriction enzyme and incubated at 37°C for 1h to digest the parental nonmutated dsDNA.
Subsequently, 2 ul of Dpnl-treated DNA from each sample were transferred to 45 ul of XL10-
Gold ultracompetent cells, incubated on ice for 30" and heat-pulsed at 42°C for 30” to allow
transformation. Reactions were then incubated in 0.5 ml of preheated NZY+ broth at 37°C
for 1h with shaking at 220 rpm, and 500 ul of each sample eventually split and plated on two
lysogeny broth (LB) agar plates containing 1:1000 ampicillin selection. Transformation
plates were incubated at 37°C for >16 h.

3.2.1.4 PLASMID AMPLIFICATION, EXTRACTION AND PURIFICATION
(MINI-PREPARATION)

Per each plate, 7 colonies were picked for bacteria mini-preparations (mini-preps),
consisting of 5 ml LB broth with 1:1000 ampicillin incubated overnight at 37°C and 220 rpm
shaking. After 14-16h, three aliquots of 500 pl were collected from each bacterial
suspension, mixed with one volume of glycerol, and stored at -80°C for further use; plasmid
DNA was isolated from the remaining samples and purified by using E.Z.N.A. Plasmid DNA
Mini Kit | - Plasmid DNA Extraction and Purification from E. coli culture (Omega Bio-tek)
according to manufacturer’s instruction. Plasmids were quantified at NanodropTM 1000
Spectrophotometer (Thermo Scientific, ND1000) and diluted to reach 1 ug/pl concentration.
The quality of the samples was further tested by gel electrophoresis in a 0.8% agarose gel
and comparing their migration patterns to that of the WT PGK-FANCA.WPRE vector.

3.2.1.5 PLASMID SEQUENCING AND PRIMER WALKING

To verify the mutagenesis efficiency and select the properly mutagenized plasmids, 5 ul of
each 100 ng/pl DNA sample, mixed with 5 yl of 5 mM specifically designed primers (Table
5), were sequenced by Macrogen EZ-sequencing service. The results were analyzed with
CodonCode Aligner software, reporting at least 5 out of 14 samples carrying the mutations
of interest (c.2852G>A or ¢.3391A>G). Furthermore, the mutant plasmids and PGK-
FANCA.WPRE vector (WT control) were tested for potential aberrations within FANCA
insert via primer walking strategy. The primers employed (Backbone 5’ end — Backbone 3’
end) (Table 4) were designed by GenScript DNA Sequencing Primers Design Tool [272],
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considering annealing sites spaced about 400 bp a part to ensure sequence overlaps among
the reads generated (read lengths of 700-800 bp).

Table 4. Sequence of the primers used to establish HCS-suitable FA models. Oligonucleotides employed
to generate ¢.2852G>A and c.3391A>G PGK-FANCA.WPRE vectors by site-directed mutagenesis (29Fmut-
29Rmut; 34Fmut-34Rmut), and of the sense oligonucleotides used to sequence all 43 exons of FANCA insert
and partial backbone ends by primer walking approach (Backbone_5’ end- Backbone_3’ end). The name of
the primers is indicative of the respective annealing sites.

Name Sequence (5'-3')
29Fmut ACTGGTGGAAGTCCTGCTGTTCAGTATCTGAAAGA
29Rmut TCTTTCAGATACTGAACAGCAGGACTTCCACCAGT
34Fmut CTGAAGAAGTGGGCAGCGATGTCCTGTGTCAGG
34Rmut CCTGACACAGGACATCGCTGCCCACTTCTTCAG
Backbone_5’ end ACAGCGCCAGGGAGCAAT
FANCA_exon 2 CTCCTGCGAAGCCATCAG
FANCA exon 6 TGGCATCTTCACGTACAAGG
FANCA_exon 11 GAAGAGGTTCTTCAGTCATACCC
FANCA_exon 14-15 AGACTGGTTCAAGGCCTCCT
FANCA exon 19 GTGTCCCACTTCCTCCCC
FANCA_ exon 23-24* ACATTGCTGTGGACCTCCTG
FANCA_exon 27* CAAGTTTTCTTCCCAGTCACG
FANCA_exon 30** CCATTCTTGTCAACGCACTG
FANCA_ exon 33-34** GAGAAACTTCTGCTCCCACG
FANCA_ exon37 AGCTGGACTGCGAGAGAGAG
FANCA_ exon 41 CTGGCAGGAGCCTGGAGC
Backbone_3’ end TAGTTCAGGTGTATTGCCACAA

*, **: primers to assess the presence of ¢.2852G>A and ¢.3391A>G variants, respectively.

3.2.1.6 PLASMID AMPLIFICATION, EXTRACTION AND PURIFICATION
(MAXI-PREPARATION)

To amplify ¢.2852G>A and ¢.3391A>G mutant plasmids, 500 ul of corresponding bacterial
glycerol stocks were used for maxi-preparations (maxi-preps), consisting of 250 ml LB broth
with 1:1000 ampicillin incubated overnight at 37°C and 220 rpm shaking. After 14-16h,
plasmid DNA was isolated and purified by using NucleoBond Plasmid DNA purification
(Macherey-Nagel) according to manufacturer’s instruction. Plasmids were quantified and
diluted to reach 1pg/pl concentration, and their quality was tested by gel electrophoresis in
a 0.8% agarose gel. To reconfirm the presence of the target mutations, DNA samples were
sequenced by Macrogen EZ-sequencing service using the starred primers of Table 4.
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3.2.1.7 LENTIVIRAL PARTICLES PRODUCTION AND
CONCENTRATION

To generate the infectious lentiviral particles, 4x10%® HEK293T packaging cells were seeded
in a 10 cm diameter dish (3 dishes per each lentivirus to produce) and, after 24h, incubated
in fresh medium supplemented with 100 mM chloroquine. Solution A of Calphos-kit infection
was then preprepared employing 10 ul Transfer plasmid (10 pg), 6.5 yl psAX2 packaging
plasmid (6.5 ug), 3.5 ul ENV lenti VSV G envelope plasmid (3.5 pg), 87 pl Calcium solution
(Calphos), and dH20 up to 700 pl per a single reaction. One volume of solution B was next
added dropwise, and the final infection solution incubated for 15’ at RT, vortexed and
released dropwise onto HEK293T cultured cells. After 24h medium was changed, and
lentivirus-containing supernatant was collected at 48h and 72h. Whole supernatant was then
centrifuged in Millipore Ultra-15 centrifugal filter units at 4000 rpm during 30" at 6 °C.
Concentrated lentiviral particles were eventually stored at -80 °C until further use.

3.2.1.8 CELL TRANSDUCTION

2x10°% U20S FANCA™ -YFP-FANCD?2 cells for each cellular model to establish were seeded
in a well of a 6-well plate and incubated O/N. Culture medium was then changed with fresh
one supplemented with 1:1000 polybrene and, after 15’, 1:50 lentiviral particles were
administered. Infected cells were incubated for 24h to allow proper transduction, and
medium was subsequently replaced to remove the lentiviral excess and avoid potential
cytotoxic effects. The cell line established were progressively expanded in culture to allow
the start of the functional assays.

3.2.2 CELLULAR MODELS: FUNCTIONAL VALIDATION
3.2.2.1 CELL SORTING

Once established, the models were checked for YFP-FANCD?2 fluorescence by analyzing
3x10° cells in 300 pl 1x PBS with 1% FBS at the MACSQuant VYB flow cytometer (Miltenyi
Biotec). 10x108 cells per each system were then collected in 1 mL 1x PBS with 1%FBS,
filtered and selected for fluorescence with the BD FACSAria Il cell sorter (BD Bioscience).
In brief, a single-cell suspension passes through a fluid system and is hit by lasers, which
change the charge of the cell-containing droplets depending on the cell fluorescence. This
shift is used to divert the positively charged droplets (containing fluorescent cells), from
those with a negative charge (containing non fluorescent cells), allowing to collect and
regrow the former ones and to discard the others. Fluorescent cells were periodically tested
and sorted to ensure fluorescence maintenance over time (at least 85% fluorescent cells in
the final pool).
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3.2.2.2 IMMUNOBLOTTING: PROTEIN EXTRACTION, SEPERATION,
TRANSFER AND IMMUNODETECTION

Total protein extracts were lysed, quantified, prepared for separation, and immunoblotting
as reported in Material and Methods (3.1.4). Protein immunodetection was operated
consistently by using the following antibodies: anti-FANCA (rabbit, A301-980A, Bethyl,
1:1000), anti-FANCD2 (rabbit, Abcam, ab2187; 1:2000), anti-vinculin (rabbit, Abcam,
ab155120; 1:5000) as loading control, anti-rabbit (goat, Bethyl, A120-101P, 1:2500).

3.2.2.3 SUBCELLULAR PROTEIN FRACTIONATION

To investigate FANCA subcellular localization and capability to enter the nucleus, 8x10°
cells were seeded on 6 wells plates, and sample preparation and extraction was performed
by NE-PERTM Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific). In brief,
20 mg of dry cellular pellet were resuspended in 200 pl of CERI reagent supplemented with
protease inhibitor, vortexed for 15” and incubated on ice for 10’. 5 yl of CERII reagent were
then added, and samples were vortexed for &', incubated on ice for 1’, vortexed again and
centrifuged for 5’ at maximum speeded. Supernatant (cytoplasmic extract) was collected,
while the insoluble fraction, containing nuclei, was suspended in 100 uyl of NER reagent
supplemented with protease inhibitor. Samples were vortexed for 15, placed on iced and
vortexed for 15” every 10’ for a total of 40’. After a centrifugation at maximum speed for 10’,
supernatant (nuclear extract) was collected. Both cytoplasmic and nuclear fractions were
sonicated, quantified (CERI + CERII and NER used as blanks for cytoplasmic and nuclear
samples, respectively) and prepared for separation (4-10% gradient polyacrylamide gel) and
immunoblotting as reported in Material and Methods (3.1.4). Protein immunodetection was
operated as previously described by using the antibodies indicated in Material and Methods
(3.2.2.2) and anti-ORC2 (mouse, Abcam, ab31930; 1:2500) and anti-mouse (goat, Bethyl,
A90-116P, 1:2500). FANCA nuclear and cytoplasmic fractions were quantified by using
ImagedJ software and operating an intrasample normalization based on the quantification of
both nuclear (ORC2) and cytoplasmic (GAPDH) loading controls from the same specimen.

3.2.2.4 CELL SURVIVAL BY SULFORHODAMINE B (SRB)
COLORIMETRIC ASSAY

Survival assays were performed following an adaptation of the protocol established by
Vichai, & Kirtikara [273]. Cells were exposed to four DEB concentrations (50, 100, 150, 200
ng/ml) for a 120h period (t=144h), and a 24h time-point post-seeding was performed for
normalization purposes (t=24h). For t=144h, 1x10° cells were seeded in 96 well plates
establishing 6 repetitions for each DEB dose to be tested, treated 24h later, incubated for
120 h, and then fixed with 10% trichloroacetic acid (TCA) solution overnight at 4°C. For
t=24h, 1x103 cells were seeded in a 96 well plate in 10 repetitions and, 24h after seeding,
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left untreated and fixed with TCA solution. Subsequently, t=144h and t=24h plates were
rinsed two times with slow-running tap water and once with distilled water and let air-dry at
RT. Cells were then stained with SRB solution for 1h at RT with mild shacking, rinsed three
times with 1% acid acetic solution to discard unbound dye and let air-dry at RT. To allow
SRB release and solubilization, samples were resuspended with 10mM Tris base solution
for OD measurement at 510 nm by the Thermo Scientific Multiskan Sky (Thermo Scientific)
microplate reader. GraphPad Prism tool (version 8.4.0, Dotmatics) was used for the
statistical analysis of the results of four independent technical replicates. Data were
expressed as means +SEM and their parametrical distribution was assessed by Shapiro-
Wilk test. The means of the samples of interest were then compared to that of the positive
control (FANCA YFP-FANCD2 cell line) using two-way Anova and Dunnett's multiple
comparisons tests, and considering P-values <0.05 for statistical significance.

3.2.2.5 G2/M CELL CYCLE ARREST

2.5x10* cells were seeded in 6 well plates in duplicates, 24h later treated with 50 or 100
ng/ml DEB or not treated and left in culture for 72h. Cells were trypsinized and resuspended
in the staining solution (10 pl sodium citrate dehydrate (340 mM), 10 ul Triton X-100 (10%),
20 yl RNase (10mg/ml), 5 pl propidium iodide (10 mg/ml), 200 pl FBS (20%) and dH20 up
to 1 ml. Samples were eventually analyzed at MACSQuant VYB flow cytometer (Miltenyi
Biotec), acquiring 15,000 live event cells based on the DNA content. The statical analysis of
the results was performed with GraphPad Prism tool (version 8.4.0, Dotmatics) as reported
above, considering three independent technical replicates.

3.2.2.6 FLUORESCENT FOCI ANALYSIS BY CONFOCAL
MICROSCOPY

2x10° cells were plated in duplicate in coverslips in 6 wells plates, and 24h later treated with
2 mM HU or left untreated. After 24h, samples were washed with PBS, fixed with 4%
paraformaldehyde (PFA) in PBS for 15°, permeabilized with 0.5% TX-100 solution in PBS
for 10 min, stained with 4’-6’-diamidino-2-phenylindole (DAPI), and foci imaged at confocal
fluorescent microscope.
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3.3 GENOME-WIDE CRISPR KNOCKOUT SCREENS FOR
SYNTHETIC INTERACTIONS WITH FA DEFICIENCY

3.3.1 CELL MODELS CREATION AND MAINTENANCE

h-TERT RPE-1 p53 line, kindly provided by Prof. Daniel Durocher (Lunenfeld-Tanenbaum
Research Institute), was engineered for Cas9 expression by using lentiCas9-Blast plasmid
(#52962, Addgene) [274], and then subjected to blasticidin selection to keep only the
properly integrating clones. h-TERT RPE-1 Cas9**p53” cells were subsequently infected
with lentiviral particles generated with the transfer plasmids of Table 4 to establish RPE-1
NT-- green fluorescent protein (GFP) and RPE-1 FANCA” GFP models. Transduction
efficiency was assessed by checking GFP-signal at the MACSQuant VYB flow cytometer
(Miltenyi Biotec), and positive clones were sorted for fluorescence with the BD FACSAria Il
cell sorter (BD Bioscience) and regrown. Gene KOs production was further proved by
Sanger sequencing, and FANCA loss, and thus Cas9 on-target activity via immunoblotting.
Cells were then maintained in DMEM (Thermo Fisher Scientific) supplemented with 10%
heat inactivated FBS (Thermo Fisher Scientific) and 1% penicillin-streptomycin (Sigma-
Aldrich) at 37°C with 5% CO., and periodically stored as indicated in Material and Methods
(3.1.2).

Table 4. Transfer plasmids used to produce the lentiviral particles for KO models establishment. Both
vectors were generated by mutagenizing pLKO5.sgRNA.EFS.GFP (#57822, Addgene) [275]. pLKOS5.NT.GFP
and pLKO5.FANCA.GFP were exploited to establish RPE-1 NT-/- GFP and RPE-1 FANCA-/- GFP systems,
respectively.

Plasmid Generation and characteristics
pLKO5.sgRNA.EFS.GFP with sgRNA spacer substituted by
non-human gRNA target, GFP reporter

pLKO5.sgRNA.EFS.GFP with sgRNA spacer substituted by
gRNA for fanca target, GFP reporter

pLKOS.NT.GFP

pLKO5.FANCA.GFP

sgRNA: single guide RNA, deriving from the fusion of the trans-activating CRISPR RNA (tracrRNA) and
CRISPR RNA (crRNA) duplex within a single molecule; EFS: elongation factor 1alpha binding sequence.

3.3.2 LIBRARIES GENERATION AND AMPLIFICATION, AND
EVALUTION OF TRANSFORMATION EFFICIENCY

To perform the screens, we employed two lentiviral GW KO pooled libraries of gRNAs; the
commercially available Toronto KnockOut v3 (TKOv3) library [276], and a collection (from
now on in-house library) just fine-tuned at Prof. Manuel Kaulich’s laboratory (Institute of
Biochemistry I, University Hospital Frankfurt Goethe University), created following the
protocol of the “covalently-closed-circular synthesized (3Cs) gRNA library generation
technology” by Wegner et al. [277], [278].
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Both libraries were amplified electroporating 6 ug of DNA into 400 ul electrocompetent E.
coli (10-beta, New England Biolabs, C3020K) with a Bio-Rad Gene Pulser (resistance 200
Q, capacity 25 F, voltage 2.5 kV). Cells were immediately rescued in 25 ml of pre-warmed
super optimal broth with catabolite repression (SOC) medium, incubated for 30’ at 37°C and
200 rpm, and eventually transferred into 400 ml of LB medium with 100 ug/ml ampicillin and
shaken at 37°C O/N. To maintain a library representation of at least 1,000-fold, the number
of transformants was assessed by making serial dilutions of electroporated bacteria (from
10" to 108) in PB, then plated in triplicates onto LB agar plates with 100 ug/ml ampicillin,
and incubated at 37°C for >16 h. The next day, the transformation efficiency observed was
calculated as the product of the number of colonies/ml by the corresponding coefficient of
dilution and the final volume of electroporated bacteria suspension. To keep library diversity,
the transformation efficiency had to be at least 100-fold higher than the library complexity.

3.3.3 LENTIVIRAL PARTICLES PRODUCTION AND TITER

24h before transfection, HEK293T cells, grown in 10 cm dishes and at about 90-100%
confluence, were split 1:2 in 15 cm dishes in order to prepare at least 4 dishes/library. To
treat them, transfection medium containing 2 ml cultured volume Opti-MEM | (Thermo Fisher
Scientific), 210 pl Geneduice Transfection reagent (Merck), 54 yl pPAX (500ng/ul), 20 pl
pMD2 (500 ng/ul) and 33 pg DNA (TKOv3 or in-house library plasmid) was prepared per
each 15 cm dish. The mixture was then incubated for 30’ at RT and added dropwise to the
cells, with no medium switching. Lentiviral supernatant was harvested after 48h and stored
at -80°C.

To determine the lentiviral titer, RPE1 puromycin-sensitive cells were seeded in a 6 well
plate with 50,000 cells/well. After 24h, cells were transduced with 8 ug/ml polybrene (Sigma-
Aldrich) and a series of viral supernatant dilutions (from 10%to 107 and an untreated well,
as control) to provide puromycin resistance in case of proper infection. After 72h, cells were
subjected to 2.5 pg/ml puromycin selection for a duration of 2 weeks, and then the colonies
established counted per viral dilution. The final lentiviral titer was established based on the
number of colonies in the highest dilution normalized for the volume used to grow the cells.

3.3.4 CELLULAR MODELS TRANSDUCTION AND SELECTION

Prior to start the transduction, the number of lentiviral particles needed per each screen was
calculated as the ratio of the library diversity by the desired coverage, and the volume
containing them as the ratio of the number of lentiviral particles by the titer obtained (Table
5). Similarly, the number of cells to transduce at the beginning of a screen was established
by dividing the number of lentiviral particles by the MOI, set at 0.5 for all experiments (Table
5). On the first day of transduction, RPE-1 NT”- GFP and RPE-1 FANCA”- GFP cells were
mixed with polybrene (final concentration of 8 pg/ml), and the volume of lentiviral
supernatant was next added. Subsequently, the suspension was split into a number of total
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flasks consistent with that of the cells/flask desired (Table 5). After 1-2 days and 3-5 days
two puromycin selection steps were performed.

Table 5. Conditions adopted for the transduction of the cell models. The table reports the precise values
of each parameter considered to perform the screen based on the usage of the TKOv3 library (middle) or the
in-house one (left) and calculated as described above.

TKOv3 library screen In-house library screen
Library size ~80,000 ~85,000
Coverage 250 100
MOI 0.5 0.5
Total cell number 40x1076 18x10"6
Cells/Flask (T175) 2x10"6 1x10"6
Number of flasks 20 18
Virus titer (particles/ml) 0.5x1077 4.5x10"6
Total viral particles needed 20x10"6 9x10"6
Virus volume (ml) 4 20

3.3.5 REPLICATES ESTABLISHMENT, AND CELL DOUBLINGS
AND LIBRARY REPRESENTATION EVALUATION

After selection, RPE-1 NT”- GFP and RPE-1 FANCA™ GFP cells were left to grow and, at
80-90% confluence (day 6-7 from transduction), they were collected from all the flasks,
mixed together, and counted to determine the number of cell doublings and the respective
library representation. These two parameters were calculated as the logarithmic ratio of the
number of cells harvested by that of cells infected, and the ratio of the number of cells
harvested by the size of the library, respectively. Thereafter, cells were reseeded to establish
two biological replicates per line (each made up of 9 and 10 flasks for the in-house and
TKOv3 screen, respectively) to keep and treat separately. The same procedure was
repeated twice at 80-90% confluence of the cells of the biological replicates (day 12-14 and
17-21 from transduction).

3.3.6 CELLS HARVERSTING, GENOMIC DNA ISOLATION AND
PREPERATION FOR SEQUENCING

At 10 cell doubling (day 17-21 from transduction), considered enough to obtain a significant
phenotypic fold change, cells were harvested, washed with PBS, and spun down. To isolate
gDNA via the desalting method, pellets were resuspended in 12 ml of TEX buffer (10 mM
Tris-HCI pH 7.5, 1 mM EDTA pH 7.9, 0.5% SDS), and 1 ml of RNase (20 mg/ml) and the
incubated O/N at 37°C at constant shaking. Subsequently, 1 ml of proteinase K was added,
and samples were incubated as previously done. The following day, 4 ml of NaCl (5M) were
added to the cells, yet completely degraded, and the mixture was shacked vigorously and
incubated at 4°C for 1h. Samples were then centrifuged at maximum speed for 1h at 4°C,
the supernatant was collected, supplemented with 24 ml of ice cold 100% ethanol, vortexed
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shortly and incubated at -20°C O/N. Specimens were thereafter centrifuged at maximum
speed for 1h at 4°C, supernatant was removed, and 14 ml of ice cold 70% ethanol were
added to precipitate DNA, mixing well by inversion. After an additional centrifugation step at
maximum speed for 1h at 4°C, supernatant was discarded, and the gDNA-containing pellet
was dried at RT and subsequently dissolved in 1-5 ml of sterile H2O, depending on its size.
gDNA was quantified and stored at -20°C until util use.
To prepare samples for sequencing and maintain the coverage of the libraries, the amount
of gDNA required was calculated based on the number of cells transduced multiplied by of
6.6 pg (average quantity of gDNA per diploid cell) [279]. The amount of gDNA established
was then split in PCR reactions, each with 2.5 ug of gDNA (recommended template/PCR
reaction limit), 2.5 yl PCR primers containing Illumina adaptors and barcodes (Table 6), 25
Ml Next High-Fidelity 2x PCR Master Mix (New England Biolabs), and H20 up to 50 pl of
final volume. Thermal cycler parameters were set as follows:
e 98°C for 5’;
e 30 amplification cycles, such as:

= 98°C for 507,

= 65°C for 45’;

= 72°C for 1’;
o 72°Cforb’.
A test PCR was previously performed to assay protocol conditions, primers efficiency and
specificity, and gDNA quality and integrity. Amplified products were then analyzed by gel
electrophoresis on a 1.5% TAE/agarose gel (100 V, 45’-1h), and purified using GeneJet Gel
Extraction Kit (Thermo Fisher Scientific), according to manufacturer’s instructions. In brief,
600 pl of binding buffer and 5 ul of sodium acetate (3 M, Sigma-Aldrich) were added to PCR
products, mixed, and applied to two purification columns and centrifuged for 3’ at 460 RFC
twice to maximize the final yield. After two wash steps and a centrifugation of 3" at maximum
speed, gDNA samples were eluted in 50 pl pre-warmed H>O and quantified at Qubit (Life
Technologies Invitrogen). Subsequently, they were diluted according to lllumina protocol, all
set to a final concentration of 15 nM in a total volume of 20 ul, and sequenced onto a
NovaSeq lllumina sequencer (Azenta/Genewiz) considering 250 coverage, and 2x10” read
counts.
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Table 6. Primers used to sequence the gDNA samples of the TKOv3 and in-house library screens. F1-
F8 and pefor#17-24: pool of forward primers for all the specimens from TKOv3 and in-house library screens,
respectively. pe rev#3.1-8, pe rev#4.1-8, pe rev#5.1-8, pe rev#6.1-8, pe rev#7.1-8: pool of barcode-tagged
reverse primers (*), each one used for a distinct sample of the TKOv3 library screen; pe rev#7.1-8
oligonucleotides were used to sequence the library itself. R026-29: barcode-tagged reverse primers (*), each
one employed for a different sample of the in-house library screen. Stagger sequences are indicated in italics
(N: any nucleotide), barcodes in bold, and priming sites in lowercase.

Name [ Full sequence (5'-3')
TKOv3 library screen
3 F1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTN TAAGGCGAtctigtggaaaggacgaggtaccg
4 F2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNN TAAGGCGAtcttgtggaaaggacgaggtaceg
g F3 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN TAAGGCGAtcttgtggaaaggacgaggtaceg
£ F4 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNN TAAGGCGAtcttgtggaaaggacgaggtaccg
-E,' F5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNN TAAGGCGAfcttgtggaaaggacgaggtaccg
s F6 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNN TAAGGCGAtcttgtggaaaggacgaggtaccg
§ F7 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNN TAAGGCGAtcttgtggaaaggacgaggtaccg
& F8 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNNN TAAGGC GAtcttgtggaaaggacgaggtaccg
pe revi#3.1 CAAGCAGAAGACGGCATACGAGATCATGATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNN ggactagccttatittaacttgctatttctagctc
pe revi#3.2 CAAGCAGAAGACGGCATACGAGATCATGATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNN ggactagccttatittaacttgctatttctagctc
pe rev#3.3 CAAGCAGAAGACGGCATACGAGATCATGATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNN ggactagccttattttaacttgctatttctagcte
pe rev#3.4 CAAGCAGAAGACGGCATACGAGATCATGATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNN ggactagccttattttaacttgctatttctagctc
pe rev#3.5 CAAGCAGAAGACGGCATACGAGATCATGATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTN ggactagccttattttaacttgctatttctagcte
pe rev#3.6 CAAGCAGAAGACGGCATACGAGATCATGATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNN ggactagccttattttaacttgctatttctagctc
pe rev#3.7 CAAGCAGAAGACGGCATACGAGATCATGATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNN ggactagccttatittaacttgctatttctagcte
pe revi#3.8 CAAGCAGAAGACGGCATACGAGATCATGATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNN ggactagccttatittaacttgctatttctagcte
pe revi#4.1 CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNN ggactagccttatittaacttgctatttctagcte
pe revi4.2 CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNN ggactagccttatittaacttgctatttctagctc
pe revi4.3 CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNN ggactagccttattttaacttgctatttctagctc
pe revit4.4 CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNN ggactagccttatittaacttgctatttctagete
pe revi#4.5 CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTN ggactagccttattttaacttgctatttctagctc
pe rev#4.6 CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNN ggactagccttattttaacttgctatttctagctc
pe revi#4.7 CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNN ggactagccttattttaacttgctatttctagctc
pe rev#4.8 CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNN ggactagccttattttaacttgctatttctagcte
5 pe revi#5.1 CAAGCAGAAGACGGCATACGAGATATGCGCAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNN ggactagccttattttaacttgctatttctagctc
13 pe revi#5.2 CAAGCAGAAGACGGCATACGAGATATGCGCAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNN ggactagccttattttaacttgctatttctagetc
g pe rev#5.3 CAAGCAGAAGACGGCATACGAGATATGCGCAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNN ggactagccttatittaacttgctatttctagctc
E pe rev#5.4 CAAGCAGAAGACGGCATACGAGATATGCGCAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNN ggactagccttattttaacttgctatttctagcte
5 pe rev#t5.5 CAAGCAGAAGACGGCATACGAGATATGCGCAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTN ggactagccttattttaacttgctatttctagctc
g pe rev#5.6 CAAGCAGAAGACGGCATACGAGATATGCGCAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNN ggactagccttatittaacttgctatttctagete
H pe rev#5.7 CAAGCAGAAGACGGCATACGAGATATGCGCAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNN ggactagccttattttaacttgctatttctagcte
o pe rev#5.8 CAAGCAGAAGACGGCATACGAGATATGCGCAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNN ggactagccttatittaacttgctatttctagcetc
pe rev#6.1 CAAGCAGAAGACGGCATACGAGATTAGCGCTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNN ggactagccttatittaacttgctatttctagcte
pe revi#6.2 CAAGCAGAAGACGGCATACGAGATTAGCGCTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNN ggactagccttatttaacttgctatttctagcte
pe rev#6.3 CAAGCAGAAGACGGCATACGAGATTAGCGCTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNN ggactagccttatittaacttgctatttctagctc
pe revi#6.4 CAAGCAGAAGACGGCATACGAGATTAGCGCTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNN ggactagccttatittaacttgctatttctagcte
pe rev#6.5 CAAGCAGAAGACGGCATACGAGATTAGCGCTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTN ggactagccttattttaacttgctatttctagcte
pe rev#6.6 CAAGCAGAAGACGGCATACGAGATTAGCGCTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNN ggactagccttatittaacttgctatttctagcte
pe revi#6.7 CAAGCAGAAGACGGCATACGAGATTAGCGCTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNN ggactagccttatittaacttgctatttctagctc
pe rev#6.8 CAAGCAGAAGACGGCATACGAGATTAGCGCTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNN ggactagccttattttaacttgctatttctagcte
pe rev#7.1 CAAGCAGAAGACGGCATACGAGATACTGAGCG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNN ggactagccttattttaacttgctatttctagctc
pe rev#7.2 CAAGCAGAAGACGGCATACGAGATACTGAGCG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNN ggactagccttattttaacttgctatttctagcte
pe rev#7.3 CAAGCAGAAGACGGCATACGAGATACTGAGCG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNN ggactagccttatttaacttgctatttctagcte
pe revit7.4 CAAGCAGAAGACGGCATACGAGATACTGAGCG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNN ggactagccttattttaacttgctatttctagctc
pe revi#7.5 CAAGCAGAAGACGGCATACGAGATACTGAGCG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTN ggactagccttatittaacttgctatttctagcte
pe rev#7.6 CAAGCAGAAGACGGCATACGAGATACTGAGCG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNN ggactagccttatittaacttgctatttctagctc
pe rev#7.7 CAAGCAGAAGACGGCATACGAGATACTGAGCG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNN ggactagccttattttaacttgctatttctagctc
pe revi#7.8 CAAGCAGAAGACGGCATACGAGATACTGAGCG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNN ggactagccttatittaacttgctatttctagcte
In house-library screen
35 pe for#17 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTN tgcgecgcettgggtacctcG
4 pe for#18 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNN tgcgeegcttgggtacetcG
g pe for#19 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN tgcgecgcttgggtacctcG
= pe for#20 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNN tgcgecgcttgggtacctcG
_‘g- pe for#21 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNN tgcgecgettgggtacctcG
s pe for#22 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNtgcgccgettgggtacctcG
§ pe for#23 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNN tgcgcegcttgggtacctcG
& pe for#24 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNNN tgcgccgettgggtacctcG
® « R026 CAAGCAGAAGACGGCATACGAGATCGATCAGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTtgctgtttccagcatagctcttaaac
g g R027 CAAGCAGAAGACGGCATACGAGATTGCAGCTAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTatgctgtttccagcatagctcttaaac
E g R028 CAAGCAGAAGACGGCATACGAGATTCGACGTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTgatgctgtttccagcatagcetcttaaac
R029 CAAGCAGAAGACGGCATACGAGATAGCGATAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTcegatgctgtttccagcatagetcttaaac
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3.3.7 SEQUENCING DATA QUALITY CONTROL, READ COUNT
TABLE CREATION, AND ENRICHMENT ANALYSIS

Bioinformatics analysis was performed along the lines of Diehl et al.’s work [279]. Bcl2fastq
v2.19.1.403 (lllumina) was used to process and demultiplex raw sequencing data. Cutadapt
2.8 and Botwie2 2.3.0 were exploited to trim reads, and to truncate them to 20 nucleotides
and align them to the corresponding gRNA library with no mismatches allowed, respectively.
The cumulative distribution of the sequencing reads was plotted as a Lorenz curve and the
area under the curve determined, allowing to examine the uniformity of the library
distribution. The density of the read counts of each library was plotted and the 90™" percentile
divided by the 10" percentile to evaluate the library distribution skew. The quality score of
or biased library screening was assessed by applying Cohen’s d statistics and measuring
the separation of mean logarithmic fold change (LFC) values of on-targeting sequences and
sequencing targeting core essential genes, as described in Kim & Hart’'s work [280].
Pearson’s correlation of the normalized read counts was used establish pairwise sample
correlations, visualized as hierarchically clustered heat maps [281].

MAGeCK enrichment analysis were conducted with median or total normalization of read
counts, discarding gRNAs having zero counts in the control samples [282]. Data were down-
sampled, generating a series of read count tables containing 1-16 random gRNAs
combinations per gene. The cutoff filters used to determine the statical significance of the
gRNA combinations were set to false discovery rates (FDR) < 10% and LFC < -0.5 [283],
[284].
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Results and Discussion

4. RESULTS AND DISCUSSION

4.1 COMPREHENSIVE OVERVIEW OF FA MOLECULAR
DIAGNOSTIC STRATEGY

Whilst observing the guidelines for FA diagnosis and clinical management [1], the present
strategies for patients’ molecular characterization are mostly shaped on the expertise of the
single analytical laboratories and, hence, tend to differentially address the multiple obstacles
mentioned in Introduction (1.6). The genetic analysis, however, constitutes an integral part
of the FA diagnostic path, performed before or after the chromosome breakage evaluation
depending on the case considered [1].

Our algorithm for FA testing, perfected on the basis of the knowledge gained over the last
five years (over 150 FA diagnosed patients within 2018-2022), is schematically illustrated in
Figure 8. In particular, for the objectives of this thesis work, major attention will be given to
the lower section, including targeted sequencing and in-depth analysis for the detection and
validation of both FA mutant alleles (Figure 8).

Patient with
FA clinical suspicion

I

| DEB test |

/\

Positive | | 0 Negative/Inconclusive |

| Strong FA clinical evidence || Weak FA clinical evidence |

+ LCL establishment
+ DNA extraction from PB J. J.
and/or LCL | PFCLestablishment || No additional studies |

2 FA alleles | ) No/ FAallele |

| |

+ Sanger sequencing In-depth analysis |
« Segregation analysis CNVs VUS
* NGS data statistical analysis * Complementation assay
* MLPA (FANCA) » Further studies (WB, cell
* gap-, long-, and/or gPCR cycle arrest and survival with
+ 1 or 2.5 million SNP array DEB, FANCD2-foci analysis)

Splicing and DI variants Somatic mosaicism Gene not included
*« RT-PCR * New cell line testing in the panel or
« Sanger sequencing + PB and other samples new FA gene
+ Minigene assay analysis « WES

Figure 8. Schematic depiction of the FA diagnostic algorithm adopted. A DEB test is carried out on the
PB cells of a patient with a clinical suspicion of FA for chromosome fragility confirmation. A negative or
equivocal test response leads to the hypothesis of somatic mosaicism, followed by the establishment of a
primary fibroblast cell line (PFCL) and its testing. In case of positive result, t-NGS is performed using a FA
gene panel to identify the disease-causing variants, potentially validated by additional functional analysis.
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The diagnostic process involves the initial recruitment of individuals with a clinical suspicion
of FA, followed by the performance of a DEB test on patient's PB for evidence of
chromosomal fragility (Figure 8). In case of positive result, PB DNA is extracted to keep a
biological sample not subjected to reversion overtime, and, whether possible, proband’s LCL
is established guaranteeing a virtually unlimited supply of material (e.g., DNA, RNA,
proteins) for next analysis (Figure 8). This last procedure also contains future requests of
specimens from patients, as they frequently experience pancytopenia and/or become
unsuitable for genetic testing after HSCT. Conversely, a negative DEB test removes the
need for additional studies, unless there is strong clinical evidence of FA. In this context, or
in presence of inconclusive results, PFs testing is carried out to examine the hypothesis of
somatic mosaicism, using the same techniques adopted for LCL (Figure 8).

Once ascertained a chromosome breakage profile within the FA range, genetic testing is

performed to determine the precise disease-causing gene and related variants (Figure 8).

The mutation screening strategy described in this thesis relies upon the targeted sequencing

approach by lon Torrent platform. This NGS technology allows examining 16 out of 23 FA

known genes split into 639 amplicons of 125-225 bp each, and provides 96% coverage of
the coding exons sequences, together with nearly 30 bp of the flanking introns. The
sensitivity and specificity ensured are respectively around 95.58% and 100% at least for

FANCA, FANCC e FANCG genes [98]. Nevertheless, the design does not encompass

regions variably dispersed through the sequences intercepted, within a range of 0.03%- 10%

depending on the target, and the 6 remaining FA genes (FANCS/BRCA1, FANCO/RADS51C,

FANCV/MAD2L2, FANCW/RFWD3, FANCT/UBE2T, FANCU/XRCC2, FANCY/FAAP100).

The exclusion of these latter is due to both their discovery after the design of the mutation

panel, and detection in only a few families, without affecting the informativity of the analysis.

The characterization of both FA mutant alleles is eventually followed by variants confirmation

in the proband via Sanger sequencing, and, whether possible, segregation analysis within

the family (Figure 8). Negative or incomplete molecular test results, associated with
suggestive clinical phenotype and/or positive DEB test, instead lead to in-depth analyses to

unveil the pathogenic variant/s as reported in Figure 8.

e CNVs characterization: gross deletions and duplications. We developed a statistical

analysis to infer CNVs by easily reprocessing the row NGS data generated during the
same mutation screening process. We exploited the amplicon read depth, and performed
a two-step normalization (including both an intra- and inter-sample normalization) to
account for sample and sequencing runs variations [98]. We eventually assumed
amplicons average values lower than 0.7 and upper than 1.3 as indicative of deletions
and duplications, respectively.
We further validated the NGS outcomes by commercial MPLA kit for FANCA, gap- and/or
long-range PCR to narrow down the breakpoints, or gPCR. Where possible, large CNVs
(>5-6 exons) were additionally ascertained through single nucleotide polymorphism
(SNP) array technologies based on 1 or 2.5 million SNP probes.

e Evaluation of VUS pathogenicity. We focused on assessing and/or ascertaining the
deleterious effect of VUS of FANCA, as the most frequent mutated FA gene worldwide.
We introduced VUS in WT FANCA cDNA by site-directed mutagenesis, and then
transduced both WT and mutant lentiviral vectors in FANCA-null cells to test their
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capability to complement the aberrant phenotype through more in-depth studies (western
blot, cell cycle arrest and survival under DEB exposure, FANCD2-foci formation via
fluorescence microscopy).

Investigation of splicing variants impact (including DIVs). We parallelly carried out RT-
PCR and Sanger sequencing on proband and WT control's RNAs, monitoring the
presence of aberrant splicing profiles. In a few cases, we also established minigene
systems to recapitulate the splicing patterns, and univocally determine the pathogenicity
of the variant detected. Thanks to the inclusion of exon-flanking intronic regions within
the panel, in our experience we successfully identified DIVs without resorting to WGS or
RNA-seq.

Somatic mosaicism detection. To rule out the reversion of the single cell line examined,
new lines were established and tested at distance of time. Moreover, whether possible,
we analysed the DNA from patient’s PB and/or additional biological specimens to dissect
the in vivo occurrence of potential de novo variants.

Involvement of genes not included in the panel or new FA genes. In case of indecisive
molecular test results, we evaluated this possibility through WES analysis performance.

4.1.1 FAPATIENTS’ MOLECULAR CHARACTERIZATION

Over the realization of this thesis work, the application of our diagnostic algorithm (Figure 8)
on AIEOP FA families allowed us to accomplish the molecular characterization of both FA
alleles in 14 out of 14 probands (Table 7), proving the full mutation detection success of our
integrated approach. Consistently with the literature [3], [66], FA-A emerged has the
predominant complementation group in our case study (12/14 patients, 85.7%), followed by
FA-C and FA-D2 (both 1/14 patients, 7.1%) (Table 7). Moreover, we observed a surprisingly
elevated rate of compound heterozygote probands (13/14 individuals, 93.0%), suggesting a
FA incidence within the population higher than that documented (Table 7).

In terms of mutation analysis, we described 23 genetically distinct alleles, such as (Table 7):

19 FANCA alleles: 5 large deletions (2 frameshift and 3 in frame), 4 splicing variants (3
frameshift and a in frame), 4 nonsense variants, 3 small deletions (2 frameshift and an
in frame one), 2 missense variants, a small frameshift indel.

Among these, we reported 12 already known FA-causing mutations [94], and 3 novel
anomalies (1 small deletion (frameshift), and 2 splicing variants (frameshift) (Table 7).
In most of cases we could not ascertain the previous identification of FANCA gross
deletions, as generally annotated without their precise breakpoints [94]; nevertheless,
we confirmed their considerably high rate in our records (5/19 alleles, 26.3%), in line
with the literature [3], [66], [94]. Eventually, we explored further c.(1470+1_1471-
1)_(1626+1_1627-1)del in FA2, FA11 (Table 2) and other two already characterized
patients, unveiling common breakpoint coordinates and, thus, postulating a possible
founder effect of this mutation.

2 FANCC alleles: a reported nonsense variant, and a novel frameshift splicing mutation.
2 FANCD?2 alleles: 2 already documented splicing variants with a frameshift effect.
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4.1.2 PATIENT FA1: AN EMBLEMATIC CASE OF FA COMPLEX
MOLECULAR DIAGNOSIS

In the present section we chose to delve into the case of patient FA1 (Table 7; from now on
P1), who, owing to his variants (a splicing mutation and a large intragenic deletion) and
mosaic status, provides a prime example of the feasibility and effectiveness of our integrated
strategy for a complete, definite molecular diagnosis of FA.

4.1.2.1 T-NGS: VARIANTS DETECTION AND CNVs INFERENCE

P1 propositus (II-1, Figure 9A), the seven-year-old child of a non-related couple of Italian
descent, was suspected of FA on the basis of the clinical symptoms (white blood cells
6.7x109/, neutrophils 2.5 x10%1, hemoglobin 13.3 g/dl, platelets 95 x10%/1, indicative of mild
thrombocytopenia) and chromosome fragility test positivity.

The early diagnostic hypothesis was molecularly explored via t-NGS on P1’s PB DNA, which
revealed two heterozygous variants of FANCA intron 28 (c.2778+83C>G and
c.2778+112T>C) confirmed in the same proband and his mother (I-2, Figure 9A) by Sanger
sequencing (Figure 9B). On the paternal allele (I-1, Figure 9A), the analysis of the t-NGS
amplicon coverage (Results and Discussion (4.1)) led us to postulate an intragenic deletion
of FANCA exons 11-14 (c.894_1359del, Figure 10A), later ascertained at RNA level through
MLPA (Figure 10B) and RT-PCR followed by Sanger sequencing (284bp; Figure 10C).

A 1-1 12
+ | delel1-e14 + | +
+ |+ + | c.2778+83C>G
|+ + | c2778+112T>C
. 111 (P1)
del e11-e14 | +
+ | c2778+83C>G
+ | c.2778+112T>C
B 11 ¢ ¢c aceorTa M T C A T G C C
N
f/ / /\ .l \ / \ /\/\/ ‘\
2 6 C AC/GG T A 1-2 T C AT/CG C C
A
2 N /\
/ ) / . /\\/
\ N\ A\ ALY ’
M @6 ¢ AC/GG T A 1 T ¢ AT/CG C C
(P1) (P1)
. N\
N ‘ / \ AR
VAV RVAY N ‘ (N XN /\/ N _
A A
C.2778+83C>G ¢.2778+112T>C
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Figure 9. Identification of ¢.2778+83C>G and ¢.2778+112T>C variants and the deletion of exons 11-14
(del e11-e14) in FANCA gene. A) Patient’s familial pedigree: the black arrow shows the proband (ll-1, P1)
and plus symbols (+) represent the wild type (WT) alleles. B) Electropherograms of the family members’
variants confirmed by Sanger sequencing. Black arrows indicate ¢.2778+83C>G (left) and ¢.2778+112T>C
(right) substitutions in heterozygous status.
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Gene-Exon Chrband P1 C1 | C2 Gene-Exon Chrband | P2 | C1 | C2
FANCA-43 169243 0,98 | 1,02 | 0,97 FANCA-42 16924.3 0,987| 1 1,137
FANCA-41 169243 0,88 | 1,01 | 1,07 FANCA-40 16g24.3 | 0,927] 1 1,077
FANCA-39 169243 0,99 | 0,97 | 1,05 FANCA-38 16q24.3 | 0,957 1 1,01°
FANCA-37 16924.3 1,01 [ 0,99 | 0,95 FANCA-36 16924.3 0,977| 1 1,08"
FANCA-35 160243 1,01 | 0,99 | 0,96 FANCA-34 16q24.3 | 0,977| 1 1,197
FANCA-33 160243 0 0 0 FANCA-32 16924.3 1?1 1,01:
FANCA-31 169243 1,01 | 0,99 | 0,98 FANCA-30 169243 | 1,077| 1 1,077
FANCA-29 169243 1 095]0 FANCA-28 16924.3 | 1 ,09; 1 0
FANCA-27 169243 1 0950 FANCA-26 16924.3 0,987 1 0
FANCA-25 169243 1,01 (098 | 0 FANCA-24 16q243 (111741 0
FANCA-23 169243 1 0,9 |0 FANCA-22 16q24.3 (11541 }0O
FANCA-21 169243 1,03 | 1 0 FANCA-20 16q24.3 | 1.077} 1 0
FANCA-19 16243 1 0,9 [0 FANCA-18 169243 | 1,057 1 g
FANCA-17 169243 1 0570 EANCA-16 16924.3 XE B i
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FANCA-6 16924.3 1,117 1 0,97
FANCA-7 169243 1,04 [ 0,96 | 0,87 7 ?
FANCA-4 16q24.3 | 1,167] 1 1,01
FANCA-5 16924.3 1,06 | 1,01 | 0,95 7 ?
FANCAS3 6 FANCA-2 16924.3 1,117 1 0,96
- 9243 1,13 | 0,94 | 0,96 2 2
GAS8-11 16g24.3 | 0,867 1 1
FANCA1 169243 1 1 0,91 Reference* 01p221 ] 0,897| 1 0,917
Reference” 02936.1 0,97 | 1,02 ] 1,03 Reference” 06p122 | 0,877| 1 T
Reference” 039271 1 0,96 | 1 Reference* 079221 1,037] 1 1,057
Reference* 04q31 21 0 ,98 1 ,03 1,02 Reference* 08g24.22 0,917 1 0,857
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Figure 10. Prediction and characterization of exon 11-14 deletion. A) t-NGS amplicon coverage analysis:
the average of the amplicons of exons 11-14 (blue box) is lower than 0.7 (disomic condition). B) MLPA assay.
SALSA mix 1 and SALSA mix 2 are the mixtures of probes targeting the even and the odd exons (chromosome
location beside), respectively. C1 is the negative control without deletions. while C2 the positive one carrying
a homozygous deletion (involving exons from 16 to 29). C) RT-PCR performed with primers 9F and 16R on
the proband (P1) and WT (above). Further to the expected fragment of 750 bp, P1 showed a 284 bp band
hypothesized to be the deleted product. The other bands detected in the samples were likely to represent
alternative splicing isoforms or non-specific products. Sanger sequencing analysis of 284 nucleotides band
gel extraction shows exon 10 to be immediately followed by exon 15, confirming exons 11-14 deletion (below).

4.1.2.2 FANCA TRANSVERSIONS INVESTIGATION:
BIOINFORMATICS PREDICTIONS AND C.2778+83C>G EFFECT ON
RNA SPLICING

A closer examination of P1’'s FANCA transversions revealed that ¢.2778+83C>G was
previously reported in another ltalian case [64] and annotated in gnomAD (“‘uncertain
significance”, minor allele frequency (MAF): 0.000004012) and in HGMD (“disease
causing”). Moreover, according to NNSplice software, it was predicted to generate a cryptic
donor splice site (SS, gcagcaggtaggtga) at position 83 of intron 28, favoring its recognition
over the canonical one (tgttcacgtaggtga) (Table 8). Conversely, ¢.2778+112T>C
substitution, documented in gnomAD (MAF: 0.0002739) and dbSNP (rs140073727), was
foretold not to exert any effect on splicing, not even in combination with ¢.2778+83C>G
(Table 8).
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Table 8. Splicing scores of ¢.2778+83C>G and ¢.2778+112T>C calculated with NNSplice. The scores are
reported both for the single FANCA variants identified in intron 28, as well as combined as found in P1.

FANCA NM_000135 Possible donor site (underlined)* Splicing site score**
Wild type Cano.nlc.al tgttcacgtaggtga
@ Crypticsite gcagcacgt aggtga 0,47
c .
8 c.2778+83C>G Canonical tgttcacgt aggtga 0,68
g Crypticsite gcagcaggt aggtga 0,96
< .
o c.2778+112T>C Canonical  tgttcacgtaggtga
< Crypticsite gcagcacgt aggtga 0,47
T8 .
C2778+83C>G c.2778+112T>c | Canonical  tgttcacgtaggtga 0,68
Crypticsite = gcagcaggt aggtga 0,96

*c.2778+83C>G is indicated in bold red. Canonical and cryptic site refer to ¢.2778+1_2778+2GT and
c.2778+84 2778+85GT, respectively. **In colored are indicated the preferentially used site.

To assess ¢.2778+83C>G splicing impact, we thus performed a RT-PCR on the total RNA
of the LCLs established from our proband (P1) and the previously reported patient (P2) [64],
used as a control (Figure 11A, B). In this latter, c.2778+83C>G was already demonstrated
to activate a cryptic “GT” donor SS, resulting into the synthesis of both WT mRNA and an
alternative transcript with the retention of the first 83 nucleotides of intron 28 (Figure 11A).
In line with the literature [64], in P2 we observed four bands, such as the WT (403bp) and
mutant products (486 bp, including 83 bp of intronic retention) and their alternatively spliced
forms (521 bp and 604 bps) encompassing exon 29a (118 bp) and with an uncertain
biological significance (Figure 11B). In P1, instead, we noticed only two bands being the WT
amplicon (403 bp) and a novel blurry product (559 bp), absent in the other samples (Figure
11B) and later identified as another FANCA alternative spliced form with exon 28a (156 bp)
by Sanger sequencing. Of note, we could not detect any product with the expected intronic
inclusion.

A .--TE.2778+83C> )
G v
e28 |gt caCgt ag| e29

Wild type e28 e29

+83nt
Mutant e28 |----- e29
27F 30R
- —
B ,,  DETECTED PRODUCTS
€27 —{ e28 |—| e29 [— e30 P
559 | 27 | 28 [28a| 29 | 30 | o1
1 MW P1 P2 WT - 403 |27 [ 28 | 29 | 30 |
p
1000 ;
— 604 [ 27 [ 28 ™20 20a [ 30 |
00 - 521 [ 27 | 28 [ 20] 29a[ 30 | P2
500 M A—— as6 [27 [ 28 2" 29 [ 30 |
400— s S - 403[ 27 [ 28 [ 29 [ 30 |

47




Figure 11. Analysis of ¢.2778+83C>G. A) Schematic depiction of c.2778C>G reported splicing effect. Grey
boxes indicate exons and the continuous line the intron. Nucleotides involved in the mutations are in red. The
black dotted lines represent the normal splicing pattern (above) and the aberrant effect on the process (below),
respectively. B) RT-PCR carried out with primers 27F and 30R (black arrows). The schematic depiction on the
right shows the expected RT-PCR products (dark grey boxes: exons; light gray boxes: alternatively spliced
exons with an unknown biological effect, such as exon 28a (156 bp) between exons 28-29 or exon 29a (118bp)
between exons 29-30; red dotted lines: inclusion of the first 83 nucleotides of intron 28). C: negative control.

In trying to explain the distinct RT-PCR profiles observed in patients’ lines, we assumed that
a mutational event could have arisen in P1’s LCL restoring the physiological splicing pattern.
We hence sequenced exon 28 and its flanking regions from the gDNA of both individuals’
cultured cells; while in P2 we ascertained ¢.2778+83C>G and reported the unmentioned
2778+112T>C variant [64], in P1 we unveiled ¢.2778+86insT, a de novo thymine insertion
(Figure 12), not found in the gDNA from proband’s PB and BM, nor from his parents’ PB.
However, we could reconfirm ¢.2778+86insT also in another P1’s LCL established two years
apart (data not shown), suggesting its onset in vivo.

G C A G ¢ T A/T G/A G T/G G/T

“ f\J ’\\ /\/W VAN A /\ AVAY

c. 2778+830>G C. 2778+86|nsT

G Cc A G Cc

A Vc/G G T A G G T G
P1 2 .
BM / \ /\
A

c.2778+83C>G

Figure 12. Validation of c.2778+83C>G on the DNA from the first LCL established (P1 LCL) (above) and
BM of P1 (below). Black arrows indicate c.2778+83C>G in both lines and, the novel c.2778+86insT insertion
in the only LCL.

The initial difficulties in identifying the de novo variant in P1’s PB and BM samples via t-NGS
and Sanger sequencing, respectively, should not be interpreted as an exceptional case, nor
undermine the strength of our mutation detection strategy. It is indeed important to consider
that patient’s body cells are not exposed to the same stress conditions as the cultured cells,
such as those to induce the fast selection and survival of the sole clones with a potential
proliferative advantage. Moreover, the hematopoiesis stage of emergence of c.2778+86insT
is another factor to contemplate; it certainly involved B lymphocytes - used to establish P1’s
LCLs where the mutation was first found -, but there is no evidence for the other cell types
present in PB and BM, districts with limited B cell representativeness in both numerical and
DNA contribution terms.
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4.1.2.3 c.2778+86insT COMPENSATORY EFFECT ON SPLICING

The next step to elucidate ¢.2778+86insT possible involvement in P1’s LCL splicing rescue
and in vivo emergence entailed the interrogation of NNSplice software, which linked the
conjunction of the variant and ¢.2778+83C>G to a decreased strength of the cryptic SS at
the intronic position 83 (Table 9).

Table 9. Splicing scores calculated for ¢.2778+83C>G and c.2778+86insT with NNSplice. The scores are
reported both for the single FANCA variants identified in intron 28, as well as combined as detected in P1. *In
bold red and bold green are indicated the ¢.2778+83C>G and c.2778+86insT, respectively.

FANCA NM_000135 Possible donor site (underlined)* Splicing site score**
Wild type Cano.nlc.al tgttcacgt aggtga
Crypticsite = gcagcacgt aggtga 0,47
c.2778+83C>G Canonical tgttcacgt aggtga 0,68
Crypticsite = gcagcaggt aggtga 0,96

WT site tgttcacgt aggtga
Crypticsite gcagcaggt t aggtga
WT site tgttcacgt aggtga
Crypticsite gcagcaggttaggtga

c.2778+86insT

FANCA variants

€.2778+83C>G ¢.2778+86insT

**In colored are indicated the preferentially used site.

Therefore, to dissect the influence of ¢.2778+83C>, ¢.2778+86insT, ¢.2778+112T7>C and
their combinations on pre-mRNA processing, we established a minigene model where we
subcloned FANCA exon 28 and adjacent portions of intron 27 and 28, with the latter in its
WT or patients” mutant forms [285] (Figure 13A). Owing to the amplification of cDNA from
patients’ LCLs for the creation of the FANCA cassette, the analysis further served as a proof
of concept to validate the in cis arrangement of ¢.2778+83C>G and ¢.2778+86insT in P1.
Minigenes of the three different haplotypes of intron 28 were transiently transfected, and the
related splicing patterns evaluated by RT-PCR (Figure 13B), which unveiled the expression
of two transcripts resulting from the competition between the canonical (TCACgtaggt; 507
bp) and cryptic (gcacgtaggt; 590 bp) “gt” donor SS (Table 10). GCTT WT haplotype was
associated to intron 28 removal in almost 90% of cases, while GGTC mutant set
(c.2778+83C> and ¢.2778+112T>C of P2’s LCL and P1's PB) showed a preferential
recognition of the cryptic SS, matched to a relevant decrease of WT transcript levels (29%)
(Figure 13B, Table 10). GGTTC haplotype (c.2778+83C>, c.2778+86insT, c.2778+112T>C
of P1’s LCL), instead, restored an almost complete splicing of intron 28 (86%), definitively
proving the compensatory effect of ¢.2778+86insT variant (Figure 13B, Table 10).
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1 GCTT cctGagtct.. .cagcanTaggtgaccgttccttcccctgcat’rafg WT
2 GGTC cctGagtct...cagcaGgTaggtgaccgttccttccecctgecatCatg P2/P1PB
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Figure 13. Schematic representation of the minigene system expressing patients’ haplotypes (left) and
analysis of the associated splicing patterns (right). Boxes represent exons, arrows indicate the primers
used for the PCR analysis. Mutated nucleotides are indicated in red bold (left). The percentages of the WT
transcript expression are reported below and calculated based on the meantst.dev of three independent
experiments. MW: molecular weight (marker).

Table 10. Splicing scores calculated for c.2778+83C>G, ¢.2778+86insT and c.2778+112T>C with
NNSplice. The scores are reported both for the single FANCA variants identified in intron 28, as well as
combined as detected in patients.

Aplotype ID Patient Intron 28 position Possible donor site (underlined)* Splicing site score**
) +83 C WT site tgttcac gtaggtga
i WT
x +86 T i
§ GCTT 112 T Crypticsite | gcagcacgtaggtga 0,47
2 2 +83 G WT site fgttcac gtaqgqgtqa 0,68
2 GGTC P2 +86 T o
< 112 c Cryptic site | gcagca g gtaggtga 0,96
(8} -
<Zt 3 +83 G WT site tgttcac qtaggtga
P1 o
- GGTTC :18162 TCT Crypticsite | gcagca g gttaggtga

*In bold red and bold green are indicated the ¢.2778+83C>G and c¢.2778+86insT, respectively. **In colored
are indicated the preferentially used site. ***In red are indicated nucleotide changes with respect to the WT.
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4.1.2.4 c.2778+86insT REVERSION OF FA CELLULAR PHENOTYPE

In light of these results, we compared P1 and P2’s LCL cellular features to inspect the
possible phenotypic outcomes of the compensatory ¢.2778+86insT variant.

Since both affected individuals were compound heterozygous for ¢.2773+83C>G and a
large FANCA deletion (encompassing exons 11-14 in P1 and 11-31 in P2), only the allele
with the intronic mutation was expected to contribute to the protein synthesis. We detected
FANCA (163 kDa) in both patients, albeit at lower levels in comparison to the WT control; in
particular, we assessed a 38.6% proteins expression in P1 against a 15.4% in P2,
corroborating the role of ¢.2778+86insT in the restauration of the canonical donor SS activity
(Figure 14A).

We then evaluated whether FANCA residual expression could provide for FANCD2 mono-
ubiquitination (FANCD2-Ub) maintenance. We reported detectable levels of FANCD2-Ub
(175 kDa) in both untreated and treated cells with HU in P1 but not in P2 (Figure 14A),
suggesting that about 40% of FANCA was enough to preserve the mono-ubiquitination.
Conversely, when FANCA expression was as reduced as in P2, only no FANCD2-Ub (166
kDa) was detected (Figure 14A).

Assuming therefore that P1’s LCL was a mosaic for ¢.2778+86insT variant, and the clones
carrying it could have some proliferative advantages, we eventually examined the
proficiency of patients’ lines to survive different concentrations of MMC (3-100 nM) over time
(Time O: few cell passages; Time 1: after one moth of culture) (Figure 14B). P2’s cells
showed a MMC sensitivity comparable to that of the FANCA-/- control at both time points;
on the contrary, P1’s LCL survival profile shifted from a status intermediate between the WT
and FANCA-/- lines at time 0 to a completely restored one at Time 1 (Figure 14B), bringing
about ¢.2778+86insT capability to revert FA cellular phenotype.

A WT P2 P1
- + - + - +
175 kDa —| | FANCD2-Ub
166 kDa — - - FANCD2
124 kDa — I Vinculin
FANCA
Quantification 100% 15.4% 38.6%
B Time 0 Time 1
120 —— T
-+ P1
L "
100 S 22 _
5 60 £
2
=a- 40
3 20
o
0 T T - - . .
0 3 10 33 100 333 0 3 10 33 100 333
MMC Concentration MMC Concentration
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Figure 14. Effects of c.2778+86insT in P1’ LCLs. A) Evaluation of FANCA expression (below) and FANCD2
mono-ubiquitination (above) in P1, P2 and WT (positive control) in absence (-) or presence (+) of 2mM HU.
Vinculin was used as loading control. FANCA protein quantification was calculated based on the average of
the values obtain from three independent technical replicates, comparison with the positive control, and
Vinculin for data normalization. B) MMC resistance of LCLs from P1, P2 and WT after a few of cell passages
(Time 0) and after one month of culture under stress condition (Time 1). C- represents a FANCA-/- patient
used as negative control. Turning to Time 0, three experimental replications were carried out and the standard
deviation is reported.

In line with the ameliorated cellular features, five years after diagnosis P1 only displayed a
moderate hematopoietic deterioration (white blood cells 4.6 x10%I, neutrophils 1.2 x10%/,
hemoglobin 12.3 g/dl, mean corpuscular volume 103 fl, platelets 50 x10%/I; no BM failure,
nor cancer development), despite reaching a generally critical age for FA patients. Taken
together, these findings hinted at a somatic mosaicism condition, and an ongoing natural
gene therapy in vivo with major implications for his clinical progress and management.
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42 FA CELLULAR MODELS FOR DRUG
REPOSITIONING HIGH CONTENT DRUG SCREENING

HSCT latest enhancements have allowed FA transition from a pediatric to an all-age group-
affecting syndrome, exacerbating adult patients’ vulnerability to solid tumor development [6],
[10]. This phenomenon, along with the cancer proclivity inherent to the disorder, and the few
medical options for FA oncology patients, emphasizes the demand for new pharmacological
approaches to treat FA at a more systemic level.
As described in Introduction (1.7.3.1), Montanuy et al. sought to respond to the need
creating a FANCA-null cellular system to monitor FA/BRCA pathway reactivation in a HCS
context, exploiting fluorescent FANCD2 foci as readout (Figure 15) [169]. Regardless of the
partial results achieved, this study was essential to provide us with all the expertise required
to design the concept herein illustrated; we generated novel HCS-suitable cell models with
the same objective to restore FA/BRCA activity but, differently from the previous one, not by
supplying FANCA absence, and instead correcting the phenotype of already known FANCA
NT mutants (Figure 15). We decided to direct our attention on this specific aberration
category for the ensuing reasons:
e FANCA represents the most frequently altered FA gene worldwide, and about one-fourth
of its variants are classified as NT [3], [86];
¢ Almost all missense and other NT FANCA mutations produce stable, albeit defective
proteins, some of which were proved to rescue ICL sensitivity when overexpressed [87],
[88].
Considering this, we deem the insertion of another possible drug-target (i.e., stable, but
defective FANCA NT mutant) as a key factor for the potential success of our cellular models
in identifying new therapeutic molecules for FA/BRCA pathway recovery.

Drug
screening

Drug
screening

O @

Figure 15. Comparison between the design of Montanuy et al. and our systems for HCS. Montanuy et
al.’s attempt entailed the recognition of a drug capable to reinstate FA/BRCA pathway activity within a FANCA-
null background (left), unfortunately leading to scarce results. Here, we prose a renew version of this system,
which, relying upon the insertion and phenotypic correction of stable FANCA NT mutants (right), will increase
our chances to discover novel molecules for FA treatment. (Adapted from Montanuy et al., 2020 [169]).
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4.2.1 CANDIDATE VARIANTS SELECTION AND MODELS
GENERATION

The first step to develop our cell-based systems involved the selection of FANCA candidate
variants, which were chosen based on (i) their predictions not to impair the translational
process (implicit in the “nontruncating” definition), (ii) relatively high frequency among
reported FA patients [86], [269], (iii)) and functional evidence supporting their deleterious
effect [3], [28], [87]. The variants identified to meet the inclusion criteria encompassed
(reference to FANCA NM_000135.4, NP_000126.2) (Table 11):

e .2852G>A (p.Arg951GIn) and c.3391A>G (p.Thr1131Ala) missense mutations;

e .3788_3790delTCT (p.Phe1263del) in-frame deletion.

All of them were annotated in the main FA reference databases and search engines
consulted [58], [269], [286], and rated as likely-/pathogenic (Table 11). They also appeared
to often occur in distinct ethnic groups (c.2852G>A total allele frequency (AF): 0.00008326;
c.3391A>G total AF: 0.00006010; c¢.3788_3790delTCT total AF: 0.00009929) and,
regardless of their diverse frequency, were found in several patients of the FA databases at
our disposal (c.2852G>A and c¢.3391A>G: 5 alleles (5 individuals) and 1 allele (single
individual) in the ltalian cohort, respectively; c.3788_3790delTCT: 47 alleles, of which 36
(26 subjects) in the Spanish case study and 11 (8 subjects) in the Italian one) (Table 11)
[56], [66]. Consistently with its high AF and numerous cases documented,
c.3788_3790delTCT, also named “Brazilian variant’, is the world most frequent FA
pathogenic alteration, present in around 20-30% of all FA-A subjects [3], [86], [93]. Thus, in
the event of identifying a molecule able to reestablish FA/BRCA pathway function, there
would be a fair amount of FA patients suitable for a pharmacological treatment overall.

In terms of functional validation, both Arg951GIn and Phe1263del mutants were tested for
their stability, cytoplasmic retention, and FANCD2 mono-ubiquitination failure, asserting
their pathogenic role (Table 11) [19], [28]. Conversely, Thr1131Ala displayed a nearly wild-
type activity when inserted in FANCA-null fibroblasts [87]. This phenomenon was attributed
to a possible reduction of FANCA endogenous expression due to an increased protein
degradation, and masked by the enforced overexpression conditions, or to a defective pre-
MRNA splicing process that was not further explored [87]. A third hypothesis considered this
variant as a benign polymorphism, albeit it was not detected in healthy individuals, and
further works sustained its pathogenicity based on the inheritance pattern and screening of
normal alleles (Table 11) [74]. By virtue of this “borderline” behavior, we regarded
Thr1131Ala as a valuable candidate for our cellular models; its potential to recover a WT
function could increase the chances to find a drug rescuing its phenotype, and, thus, the
entire FA/BRCA ICL repairosome.
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Table 11. Characteristics of the candidate variants selected. The three mutations chosen were all NT
alterations of FANCA (NM_000135.4, NP_000126.2), frequently found among annotated FA probands, and
with a proven deleterious role.

Variant Type Rockefeller DB Varsome Total AF GnomAD Total AF GnomAD Total allele count DBs Pa:w deg :::Ity
€.2852G>A Missense Yes UnI:ftain 0.00008326 European (non-Finnish), Spanish: / Yes
(p-Arg951Gin) (Lilely-/Pathogenic) si(gnificance) . East Asian, Other Italian: 5 (5 patients)

European (Finnish/non-
c.3391A>G . Yes Yes Finnish), Latino/Admixed Spanish : /
(p.Thr1131Ala) Missense (Pathogenic) (Pathogenic) 0.00006010 American, Italian : 1 (1 patient)

African/African American

European (non-Finnish),
E-BTB:E::ZQS:?:LTCT In-frame dalefion PathY:seni\: Pat::senic 0.00008929 Latino/Admixed
(p- ) ( genic) ( genic) American, Other

Spanish: 36 (29 patients)
Italian: 11 (8 patients)

AF: allele frequency; /: no allele reported; *: pathogenicity evidence based on pedigree analyses and normal
allele screenings.

After variants selection, we proceeded to the establishment of the models in the perspective
of reproducing endogenous expression levels of FANCA like those observed in FA
probands. In particular, we employed PGK-FANCA.WRPE lentiviral vector, already tested
to successfully drive FANCA physiological levels [132], [133], where we introduced the
single patient-derived variants by site directed mutagenesis [56], [287] (Figure 16). WT and
mutant FANCA constructs were then separately transduced into Montanuy et al.’s system
(U20S FANCA™-YFP-FANCD2) (Figure 16) [169], generating clonal cell cultures to be
validate by functional studies.

U20S FANCA”-YFP-FANCD2

)

WT FANCA WT FANCA

)

Phe1263del Phe1263del
U — —
A Lentivirus production . 2777, Transduction
Arg951Ala Arg951Ala

Thr1131Ala Thr1131Ala

Figure 16. Schematic representation of the sequential steps for establishing WT FANCA cellular model
(control) and three FANCA NT variants’ ones (Arg951GIn, Thr1131Ala, Phe1263del). The alterations
planned to test were inserted into PGK-FANCA.WRPE, WT FANCA-expressing lentiviral vector, by site
directed mutagenesis (left). Lentiviral vectors carrying WT FANCA or the NT variants were produced (middle),
and subsequently transduced into the already available U20S FANCA-/--YFP-FANCD2 model [169] (right),
unable to mono-ubiquitinate FANCD2 or form fluorescent foci due to FANCA loss.

95



4.2.2 FUNCTIONAL VALIDATION OF FANCA
NONTRUNCATING MUTANTS

4.2.2.1 FANCA PROTEIN EXPRESSION, SUBCELLULAR
LOCALIZATION AND FUNCTIONING

To ensure the recapitulation of FA patients’ cellular phenotypes, we functionally assessed
the three NT mutants, starting from the investigation of FANCA protein synthesis.

In line with the literature [3], [87], we overall confirmed FANCA stable presence (163 kDa)
(Figure 17), albeit at different ratios depending on the sample considered. Interestingly, the
systems created tend to display FANCA expression levels higher than the WT cells, used
as positive control (Figure 17). We interpreted this observation as a possible result of the
diverse genetic backgrounds of the lines under comparison: while FANCAcoeeted (positive
control), Arg951Gin, Thr1131Ala, Phe1263del models were all derived from the insertion of
WT or modified PGK-FANCA.WRPE vector into Montanuy et al.’s system (employed as
negative control), the WT line did not receive any manipulation. Considering this, we
regarded FANCAc°ected line as a more appropriate reference for our models than the WT
one, which we removed as control in the following functional studies.

WT Phe1263del FANCA™ FANCAgomected

- + - + - + - +
163 kDa—| G G — w— | CANCA
124 kDa—| = -— - —_- —— - - = — Vinculin

FANCA-* FANCACcorected Arg951Gin Thr1131Ala

- + - + - + - +
163 kDa— " = : e — FANCA
124 kDa— — . ' — — Vinculin

Figure 17. Evaluation of FANCA expression. FANCA was stably produced in all positive controls (U20S
WT (WT), U20S FANCA’-YFP-FANCD2+PGK-FANCA.WRPE (FANCA®Tced)) and NT mutant models
generated (U20S FANCA"-YFP-FANCD2+PGK-FANCA WRPE_Phe1263del (above) and
Arg951GIn/Thr1131Ala (below)), albeit at different levels, and absent in the negative control (U20S FANCA™
-YFP-FANCD2). Vinculin was used as loading control. — and +: samples untreated or treated with 2mM HU,
respectively.

Once ascertained FANCA stable expression, we focused on the exploration of its subcellular
localization. In Phe1263del model, FANCA cytoplasmic percentage was predominant in
comparison to its nuclear level (94% versus 6%) (Figure 18), and thus consistent with the
FANCA NT pattern expected. Conversely, in both remaining mutant systems we reported a
FANCA cytosolic concentration of about 40%, even exceeding that of the FANCAceected |ing
(Figure 18).
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Phe1263del FANCA'™ FANCAorrected

C N C N C N
163 kDa —| e _ : @mmp == == _ FANCA
66 kDa —| —— — emmmm— [ ORC2
37 kDa —| e— — — — GAPDH
zﬁ:nctf:ic_ 94.0%  6.0% / / 67.7%  32.3%
Arg951Gin FANCA-- FANCAcorrectsd
C N C N o N
163 K08 | s el G s — FANCA
66 kDa — — o s — ORC2
37 kDa —| we— -— — e L GAPDH
Zﬁ:nctf; . 572%  428% / / 76.1%  23.9%
Thr1131Ala FANCA'- FANCAgorrected
C N C N C N
163 KDA —| g  s— - - — FANCA
66 kDa — P ammm— b | oreo
37kDa_| — - — GAPDH
gﬁ:nct‘;c_ 63.4%  36.6% / / 74.8%  25.2%

Figure 18. Assessment of FANCA localization via subcellular protein fractionation. Only Phe1263del
model showed a negligible concentration of FANCA at nuclear level (above), while both Arg951GIn (middle)
and Thr1131Ala (below) mutants were associated to FANCA nuclear percentages like those of the
FANCAcerrected gontrol. All the samples were treated with 2mM HU to stimulate FANCA relocation to the nuclear
compartment. GADPH and ORC2 were used as loading controls for the cytosolic and nuclear fraction,
respectively. FANCA protein quantification was calculated operating an intrasample normalization based on
the quantification of both same specimen-loading controls from three independent technical replicates and
considering possible contaminations between the two fractions (e.g., Arg951GIn C and N samples). C:
cytoplasmic fraction; N: nuclear fraction (including soluble and insoluble fractions).

We therefore evaluated the effect of the diverse FANCA nuclear percentages reported on
the capability of the mutants to preserve FANCD2-Ub. Along with FANCA” control,
Phe1263del line was the only failing to promote FANCD2-Ub (FANCD2-Ub: 175 kDa; YFP-
FANCD2-Ub: 201 kDa) (Figure 19). The other NT models, instead, showed mono-
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ubiquitination ratios of both FANCD2 isoforms compatible with those of the FANCAcorected
control (Figure 19), indicating that 25%-40% of FANCA nuclear retention was sufficient to
maintain FANCD2-Ub. Moreover, we explained the higher intensity of FANCD2-Ub bands
compared to YFP-FANCD2-Ub ones as a consequence of the possible competition for
mono-ubiquitination between the two isoforms, favoring the modification of the former
(Figure 19). Alternatively, we posited this phenomenon to be due to the higher expression
of the endogenous protein, the bigger size of exogenous one, or a perturbation of the
antigen-antibody interaction by the fluorescent tag.

Taken together, these preliminary results were describing a FA phenotype for the sole
Phe1263del, and elucidating a WT-like behavior for the other NT mutants.

Phe1263del FANCA* FANCAgorected
- + - + - +
781 kRa _ | YEP-FANGD2-Ub
TR0 | I ——— 1
124 kDa — | — Vinculin
FANCA* FANCAsorected Arg951Gin Thr1131Ala
- + - + - + _ +
BT e o YRR
1ELB —| e e & St — i\ R
124 kDa —| — Vinculin

Figure 19. Analysis of FANCD2 mono-ubiquitination. Consistently with the amount of FANCA concentrated
at nuclear level, Phe1263del mutant was not able to promote FANCD2-Ub (above), or YFP-FANCD2, while
the others showed WT-like mono-ubiquitination profiles (below). Vinculin was employed as loading control. —
and +: samples untreated or treated with 2mM HU, respectively.

4.2.2.2 FA PATHWAY ACTIVITY: DEB SENSITIVITY, G2/M CELL
CYCLE BLOCK, FANCD2 FOCI FORMATION

In the perspective to deepen the phenotypic investigation of the three FANCA mutants, we
carried out cell survival assays to scrutiny their resilience to increasing doses of DEB (50-
200 ng/ml) (Figure 20). In line with the previous findings, Phe1263del sensitivity matched
up with that of the FANCA~- control, and significantly diverged from the FANCA®°™cd profile
already at low drug concentrations (> 100 ng/ml); it further showed a halved survival rate at
around 100 ng/ml DEB, reaching a viability of about 38% at the highest dosage (200 ng/ml)
(Figure 20). On the contrary, both Arg951 and Thr1131Ala displayed a sensitivity trend
compatible to that of the FANCAce™cd control, with a survival variation of only ~30%
between the untreated condition and the exposure to DEB maximal dose (Figure 20).
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Figure 20. Cell survival of FANCA NT lines in response to DEB-induced DNA damage. The graph
describes the percentage cell survival rate of the negative (FANCA) and positive (FANCA®d) controls
and the FANCA NT models (Phe1263del, Arg951GIn, Thr1131Ala) under the exposure to increasing doses of
DEB (0, 50, 100, 150, 200 ng/ml). Three independent technical replicates were carried out, each one including
10 repetitions without DEB treatment (0 ng/ml) and 6 repetitions exposed for 144h to each dose tested (50,
10, 150, 200 ng/ml) per any sample. Data are expressed as meant SEM. The statistical analysis was
conducted by applying Shapiro-Wilk test for data normalization, and two-way Anova and Dunnett’s test for
multiple data comparisons (FANCA®ctdyg any sample, P<0.05 (*), P<0.01(**), P<0.001 (***)).

We also challenged the potential of the DEB-treated mutants to overcome the G2/M cell
checkpoint, which generally blocks FA cells cycle due to the excessive accumulation of DNA
damage. Once again, Phe1263del exhibited a behavior consistent with that of the FANCA™
line (Figure 21A), entailing a remarkable arrest at the G2 phase under DEB exposure
compared to the baseline (Figure 21B). The other mutants, instead, presented a WT-like
progression of the cell cycle (Figure 21A), which indeed remained nearly the same in spite
of the treatment with DEB (Figure 21B).
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Figure 21. G2/M arrest in FANCA NT lines under DEB exposure. A) The histogram represents the G2/M
block fold change (FC) (= (events frequency with DEB treatment — events frequency without DEB treatment)/
(events frequency without DEB)) — parameter mitigating the G2/M block differences of the same sample in
distinct replicates- of the negative (FANCA™) and positive (FANCA®d) controls and the FANCA NT models
(Phe1263del, Arg951GIn, Thr1131Ala) under the exposure to increasing doses of DEB (50 and 100 ng/ml).
Four independent technical replicates were carried out, each one including 2 repetitions without DEB treatment
and exposed for 72h to each dose tested (50 and 100 ng/ml) per any sample. Data are expressed as meanzt
SEM. The statistical analysis was conducted by applying Shapiro-Wilk test for data normalization, and two-
way Anova and Dunnett's test for multiple data comparisons (FANCA®™ced yg any sample, P<0.05 (*),
P<0.01(**), P<0.001 (***), P<0.0001(****)). B) The graphs illustrate the percentage count of cells in G1 (violet),
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S (green) and G2 (red) phases determined by using the emission spectrum of the PerCP-Vio700A dye for flow
cytometry. 2N: diploid DNA content of the cells in G1 stage; 4N: tetraploid DNA content of the cells in G2 stage.

We ultimately examined the ability of the mutants to induce the formation of YFP-FANCD2
foci upon DNA damage, core feature of the models generated since conceived as the HCS
readout. In line with the already described phenotypes, Phe1263del cells were the only
unable to promote the relocation of YFP-FANCD2 to repair foci, manifesting a nuclear
diffuse pattern also on HU treatment (Figure 22). By contrast, both Arg951 and Thr1131Ala
systems displayed perfectly visible fluorescent foci, appearing as intense spots in the nuclei
and even clearer under HU exposure (Figure 22).
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Phe1263del Arg951Gin Thr1131Ala

YFP-D2
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Figure 22. FANCA NT mutants’ capability to promote YFP-FANCD2 foci formation. YFP-FANCD2
fluorescence (yellow) was analyzed by microscopy after exposure of the controls (FANCA-/- and FANCA
corrected) and the samples (Phe1263del, Arg951GIn, Thr1131Ala) to 2mM Hu for 72h to induce DNA damage.
Upper images show only YFP-FANCD?2 signal, while the lower ones its overlay with DAPI (nuclei staining). In
case of FA/BRCA2 pathway functioning, YFP-FANCD2 foci are seen as bright spots within the cell nuclei;
conversely, YFP-FANCD2 foci cannot be detected, exhibiting a dispersed nuclear pattern.

Considering the results achieved, we decided to keep the sole Phe1263del mutant as a
valuable HCS candidate, since it is the only one to faithfully mimic FA patients’ phenotype
in the experimental conditions adopted, and, thus, effective for the detection of a possibly
therapeutic molecule. Contrariwise, the WT-like characteristics of Arg951 and Thr1131Ala
models let us to discarding the two mutants from further analysis. Seeking potential
explanations of their behaviors, we also postulated that the background of our systems,
different from patients’ endogenous one, could elicit the synthesis of some FANCA NT
proteins to such an extent as to allow their entrance to the nucleus and, thus, rescue the
pathway activity. Alternatively, we hypothesized the two variants to affect splicing, to be
hypomorphic for DNA repair or, despite their current classification, variants in linkage
disequilibrium with the actual deleterious mutations.
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4.3 GENOME-WIDE CRISPR KNOCKOUT SCREENS FOR
SYNTHETIC INTERACTIONS IN FA CELLULAR MODELS

4.3.1 SCREEN DESIGN AND SETUP: CELLULAR SYSTEMS
CREATION, GRNA LIBRARIES SELECTION AND PRODUCTION

Our second strategy for the pharmacological management of solid tumors in FA relied on
the GW CRISPRko technology that, based upon the rationale to abrogate the expression of
virtually any genetic locus, allowed us to conduct a systemic, unbiased exploration of the
Sls for FA deficiency.

In this perspective, we initially transduced the h-TERT RPE-1 Cas9**p53~- line with lentiviral
gRNA expression vectors towards FANCA or a non-human non-target (NT) sequence to
generate FANCA KO (RPE-1 FANCA’ GFP) and control (RPE-1 NT’ GFP) models
amenable for gene editing, respectively. Interferences of the integrated gRNA cassettes or
vector sequences on the NGS screening step were ruled out by amplifying cell systems’
gDNA with NGS primers and comparing their electrophoretic profiles to that of a positive
control. We chose FANCA as FA target gene in consideration of its clinical relevance [3],
while we introduced a NT sequence into the vector for the control system to generate a
reference model with a comparable genetic background, and to avert Cas9 random
cleavage activity. Moreover, we employed the h-TERT RPE-1 cell line since its immortalized
status makes it ideal for GW screens requiring several millions of cells, and its genetic
stability (near-diploid human line with a modal chromosome number of 46 in 90% of cells
[288]) tailors it to even, effective CRISPR editing. We confirmed proper cell infection
checking GFP-signal, reporter of the transfection vectors, through flow cytometry, and
singled out the sole green-fluorescent clones via cell sorting (Figure 23A). We further
ascertained gene KOs generation by Sanger sequencing and FANCA expression
abolishment, and thus Cas9 on-target activity trough immunoblotting (Figure 23B).
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Figure 23. Generation and validation of the cellular models for CRISPRko screens. A) Proper cell
infection and, thus, control (RPE1 NT*) and FANCA KO (RPE-1 FANCA™) systems establishment were
assessed by measuring the GFP-signal of 10,000 cells (events) with the FICT-A dye for flow cytometry. Only
the GFP-positive clones with the highest fluorescence (P4) were selected and kept for further analysis. P1:
live cells; P2: singlets; P3: GFP-positive clones. B) In line with the expectations, FANCA protein expression
was observed in the RPE-1 Cas9**p53” (WT) and RPE-1 NT” GFP (NT”) lines, while lost in the RPE-1
FANCA”’ GFP (FANCA™) model confirming Cas9 on-target activity. Vinculin was used as loading control.

To investigate the possible impact of genetic disruptions on FA cells viability, we employed
two lentiviral GW KO pooled libraries, such as the commercially available Toronto KnockOut
v3 (TKOv3) library [276] and a newly generated in-house one. Both of them are designed to
be redundant (4 independent guides/gene) to compensate for gRNAs diverse efficiency
and/or potential off-target activity [226]. In addition, they include control gRNAs towards safe
harbor loci or other genomic regions with no expected editing effect to account for DNA
damage response and aspecific cell proliferation reduction due to CRISPRko [201].

In more detail, the TKOv3 commercial library, characterized by a U6 promoter and a WT
gRNA scaffold, contains 70,948 gRNAs intercepting 18,053 human genes with further 142
control guides for EGFP, LacZ and luciferase [276]. As documented by the broad literature
on it, TKOv3 guarantees an excellent performance, and is widely exploited in laboratories
specialized in CRISPR screens [226], [276]; however, since synthetized at the turn of 2017
and 2019, it does not encompass all the genes annotated thus far, nor benefits of the most
recent library design optimizations. For this reason, we decided to further employ a just fine-
tuned in-house library, tested in a preliminary version on 17 different lines (h-TERT RPE-1
Cas9**p537 and pulmonary cancer cells). This library benefits of 7SK promoter and a
spCas9 gRNA scaffold V2, and has been designed based on the GenomeCRISPR database
[289], providing the performance data of around 700,000 sgRNAs assayed in 421 distinct
human cell lines, and the CRISPick tool for gRNA design [240], [290], ranking and picking
the best CRISPR guides for the sequences of interest. Eventually, the in-house library
comprises 83,549 gRNAs towards all the genes reported to date (20,996 genes), thus
partially overlapping TKOv3 targets. As a result, the comparison of the outcomes of the
screens performed with the two libraries on the FANCA KO and control models will
contribute to enhance the reproducibility and robustness of our SL or SV candidate hits.

43.2 SCREEN STEPS: FROM CELLULAR MODELS
TRANSDUCTION TO GDNA SAMPLES PREPERATION FOR
NGS

Following models systems and guides setup, we transduced both FANCA KO and control
lines with the two titrated libraries (day 0), administered in bulk and at low MOI (0.5) to
guarantee the integration and, thus, the perturbation of a single gRNA per each cell infected
(Figure 24). We next performed two antibiotic treatment steps- spaced at least a couple days
apart (~day 1-2 and 3-5) - to pick the sole properly mutagenized clones (Figure 24).
Particularly, this was the unique selective pressure applied during the whole screen; indeed,
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we did not introduce any further biological challenge, such that the representation of each
end phenotype will be only determined by the proliferative competition between cells,
directly dependent on the precise gene KO induced.

Over the screens, we periodically split cells at ~80-90% confluence (day 6-7 and 12-14) to
establish independent biological duplicates, and thereby increase the separation between
divergent end phenotypes (phenotypic fold change, PFC) for more reliable results (Figure
24). Every time we reached this point, we also monitored the number of cell doublings, and
the library coverage to keep 250x (TKOv3 library) or 100x (in-house library) representation
per gRNA through the experiments (Figure 25 A, B). The overall data elucidated a quicker
proliferation rate of the lines infected with the in-house library compared to the TKOv3 one,
as well as a slightly faster growth pace of the FANCA KO model over the control (Figure 25
A, B), possibly due to the altered cell cycle regulation caused by FANCA loss. We also
reported a system-independent decrease of both parameters around the second week from
the infection (day 6-14) owing to the antibiotic selection and the emergence of the SL effects
at the phenotypic level (Figure 25A, B). However, population doublings and gRNAs
representation values rose again between day 13-21 because of the proliferative advantage
of the positively selected clones (Figure 25A, B).

Once reached about 10 cell doublings, considered enough to obtain a significant PFC, we
ended the screens by harvesting all biological replicates, and isolating, quantifying, and
preparing the gDNA for massive parallel sequencing (Figure 24).
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Figure 24. Schematic of the CRISPRko screen workflow adopted. Cellular models were initially transduced
with the lentiviral KO pooled libraries (TKOv3 and in-house library) at low MOI (day (d) 0), and then subjected
to two antibiotic selection steps (d1-2, and d3-5). Over the screens, cells were let to grow without applying any
biological challenge, but the proliferative competition between the differently edited clones. Once reached ~80-
90% confluence, cells were passed and seeded back to establish independent biological replicates (d6-7, and
d12-14), and thus augment the PFC; at this points, cell doublings and library coverage were monitored to keep
representation. Around 10 cell doublings (d17-21), screens were concluded through biological replicates
harvesting, and gDNA extraction and preparation for NGS. Adapted from [291].
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Figure 25. Monitoring of cell doublings and library representation of the TKOv3 (A) and in-house (B)
screens on the RPE-1 NT”- and RPE-1 FANCA”> models over time. Cell doublings and library coverage
data are in orange and purple, respectively, and their specific values reported in the tables below the
schematics. The approximate cell doubling time was estimated based on the days of culturing and the relative
number of cell divisions; the data of RPE-1 FANCA-d7-d12 in the in-house screen and RPE-1 NT- d7-d13 in
the TKOv3 screen (*) were omitted due to confluence-induced proliferation halt, skewing the parameters
considered.

Prior to the amplification of the screens-derived samples for NGS, we performed a test PCR
to assess gDNA quality and integrity, and the protocol to adopt. Moreover, we proved the
efficiency and specificity of the NGS primer sets, which included:

- Same pool of forward primers for all the samples from TKOv3 or in-house screen. This
consisted of 8 distinct oligonucleotides with differential staggers, which, introducing spacers
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of variable length, produce shifts in the sequenced regions and, thus, contribute to enhance
the heterogeneity of the final reads.

- Single (in-house screen) or pooled (TKOv3 screen) barcode-tagged reverse primers
different for any specimen from the same screen. Since carrying barcode sequences, these
oligonucleotides allow to distinguish the NGS reads produced and match them with their
corresponding sample.

To maintain the coverage of the libraries, we analyzed an amount of gDNA congruent to that
contained within the number of clones transduced, considering an average quantity of gDNA
per diploid cell of 6.6 pg [279]. We next split the required gDNA amount into distinct PCR
reactions in such a way not to exceed 2.5 pg template/PCR reaction [279], and combined
them in a single mix at the end of the amplification. We eventually subjected a representative
volume of each PCR sample to electrophoresis, followed by gDNA purification via gel
extraction and quantification, and NGS analysis. Particularly, this last step required the use
of equimolar samples; expressing the exact number of molecules in a volume, molarity
guarantees an even representation of each template, regardless of its size on the sequencer
flow-cell, and the obtainment of the reads number (2x107 reads) set on the basis of the
library complexity (~80,000 guides) and the desired NGS coverage (250x).

4.3.3 BIOINFORMATICS ANALYSIS AND HITS EVALUATION

At present, we have already obtained and examined the NGS results of the specimens from
the in-house screen, while the sequencing of the TKOv3 screen samples is still underway.
Before delving into the description of the bioinformatic analysis and candidate hits found, it
is important to recall that a cornerstone of CRISPRko screens is the dual function of the
gRNAs, being both carriers and quantitative readouts of the precise genetic perturbation
introduced. They indeed determine which gene must be knocked out, and, simultaneously,
changes in their number correspond to variations in the levels of the target genes and
associated phenotypes in the final cell pool.

Consistently, as last screening step, we performed the sequencing-based counting of any
gRNA within the experimental duplicates and compared its read counts to those of the same
guide from the library - sequenced likewise and used as reference- and the replicates of the
other cellular system. This procedure allowed us to determine the scores and p-values of
each guide/target, confirming the dropout of Hart et al.’s essentials, set of vital genes for all
human cells [226], and good range of hits FC through the comparison of models’ screen
results to the in-house library’s ones (Figure 26 A). Moreover, it led to the identification of
significantly depleted and enriched hits of the FANCA KO system over the library and the
NT model, indicative of potential SL and SV genetic interactions, respectively (Figure 26 B,
C).
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Figure 26. Genetic interactions with FA pathway. A) The iterative MAGeCK analysis of the screen
performed with the in-house library describes the comparison of the results of the NT (above) and FANCA KO
(below) replicates clusters to those of the library (proliferation control). Significantly negative (neg sign, P<0.05;
NT: 1,991 of 19,005; FANCA KO: 1,867 of 19,129) and positive (pos sign, P<0.05; NT: 835 of 20,161; FANCA
KO: 914 of 20,082) hits are indicated in dark blue and red, respectively (above/below left). Hart et al.’s essential
core genes are highlighted in dark red (above/below right). Visualized are MAGeCK-derived log2 fold changes
and p-values. B) MAGeCK analysis displays the genes found as depleted and enriched in the NT (above left)
and FANCA KO (above right) replicates clusters. Combinations of the significantly negative (NT: 835 of 20,161;
FANCA KO: 914 of 20,082) genes are indicated in blue, while the positive (NT: 1,991 of 19,005; FANCA KO:
1,867 of 19,129) in red. The sets provide a direct comparison of the depleted (below left) and enriched (below
right) hits of the FANCA KO replicates cluster (yellow) versus the NT one (purple), where the nonoverlapping
regions correspond to differentially represented targets and, thus, potential genetic interactions. B) MAGeCK
analysis shows the direct comparison between FANCA KO and NT screen results. Significantly negative (344
of 20,651) and positive (599 of 20,396) hits are reported in dark blue and red, respectively (left). Hart et al.’s
essential core genes [226] are in in dark red (right).

Based on these findings, we were able to compile a roster of preliminary gene hits, ranked
according to their potential to hinder cell proliferation (SL interactions) or, on the contrary,
enhance clonal expansion (SV interactions) within the FA context. Features of the top 10
entries for gRNAs depletion or enrichment are indicated in Table 12, and the known or
predicted interactions of these candidates with FANCA or between them illustrated in Figure
27 [292].

Table 12. Depleted and enriched top 10 candidates from the in-house screen. The hits found are reported
for their role/biological process, involvement in tumorigenesis, and already documented Sls with FANCA or
other FA genes.

Gene hits | Role/Biological process | Known tumorigenesis involvement | Known SlIs with FANCA or FA genes
Depleted top 10 candidates
Gene1 Transcription elongation factor Yes No
Gene2 Transcription elongation factor Yes No
Gene3 Transcription factor Yes No
Gene4 mRNA deadenylase No No
Gene5 Protein phosphatese No No
Gene6 E3 ubiquitin-protein ligase No No
e e
Gene8 Histone chaperone No No
Gened Endonuclease involved in DNA damage Yes Yes
response
Gene10 Cyclin No No
Enriched top 10 candidates
Gene1 Guanine nucleotide exchange factor No No
Gene2 Actin-capping protein Yes No
Gene3 Cellular myosin Yes No
Gene4 Component of a nucleosome associated No No
complex
Gene5 Subunit of the ER membrane protein No No
complex
Geneb Integral membrane component No No
Gene7 Substrate—speﬁigﬁ::;d:oprtfglZia E3 ubiquitin Yes No
Gene8 RNA binding protein No No
Gene9 snRNP-binding protein Yes No
Gene10 Subunit of a chaperone complex No No

RNAP II: RNA polymerase II; ER: endoplasmic reticulum; snRNP: small nuclear ribonucleoprotein.
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Figure 27. STRING network of the predicted associations between FANCA and the depleted (A) and
enriched (B) top 10 hits Entries and functional associations are represented as nodes and edges,
respectively. FANCA is indicated as a red node, FA genes as orange, top 10 candidates as purple, and other
interactors as green nodes. The final position of the nodes is computed to minimize the energy of the system;
the physical distance between two of them along an edge has no meaning. Edges are depicted as lines colored
depending on the association entity (light blue: database evidence; purple: experimental evidence; green:
neighborhood evidence; red: fusion evidence; blue: concurrence evidence; yellow: textmining evidence; black:
co-expression evidence) [292].

To sum up, among the best entries, we mainly observed genes implicated in replication,
transcription, translation, chromatin remodeling, gene expression control, cellular response
to xenobiotics, DNA damage repair, cell cycle checkpoint regulation, ubiquitination, and
tumorigenesis; some of these were further known to be included within the same pathway
and/or interact between each other. Moreover, we found candidates already annotated for
their cooperation with the FA pathway and/or with documented Sls with FA genes,
corroborating our initial data. We instead ascribed the lack of previously reported targets
(Introduction 1.7.3.2) to the different conditions adopted in the studies compared to ours
(e.g., CRISRP-Cas9 technology, screen focus, gRNA library, model system, biological
challenge introduced).

The following stage will entail the examination of the NGS results of the TKOv3 screen, as
illustrated above, and their comparison to those derived from the in-house one to select the
most promising candidates for further functional validation and, thus, confirmation of their Si
with the FA pathway.
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Conclusions

5. CONCLUSIONS

FA is a disease that due to its many heritability patterns, wide genetic heterogeneity, private
and complex variants, and notable mosaicism incidence, poses some very current
challenges, first of all to provide a comprehensive molecular diagnosis.

Our prime attention was therefore devoted to the design and optimization of a mutation
screening strategy, grounded in the conjunction of t-NGS and orthogonal techniques to test
variant pathogenicity. This integrated line enabled us to successfully diagnose the totality of
recruited patients from three different complementation groups (FA-A, FA-C, FA-D2), and to
define 23 genetically distinct alleles, further elucidating a novel founder mutation. We also
fine-tuned a statistical analysis to infer CNVs from the same t-NGS data [98]; for all the gross
deletions predicted, we reported detection rates perfectly matching with those of the gold
standards, carried out in parallel to assess the reliability of our method. Thus, based on
these outcomes, we considered CNVs confirmation by additional assays to be redundant
and needlessly time-consuming in case of well-characterized rearrangements via t-NGS.
Moreover, our strategy proved crucial for the thorough molecular characterization of patient
P1, who alone exemplified some of the main obstacles encountered in FA diagnosis. We
indeed ascertained his status of compound heterozygous for a large intragenic deletion,
foretold by our CNVs analysis and then experimentally validated, and the already known
c.2778+83C>G mutation of FANCA, directly identified by t-NGS despite its intronic location.
Failing to mimic ¢.2778+83C>G documented splicing effect [64] via RT-PCR on P1’s LCL,
we sequenced proband’s line DNA, and identified the de novo ¢.2778+86insT variant, not
found in parents’ PB and predicted to compensate 2778+83C>G. We indeed elucidated its
capability to repristinate the physiological splicing mechanism within a minigene model, and
in P1’s LCL we linked a ~40% expression of FANCA to FANCD2-Ub and WT survival under
clastogen exposure, implying a proliferative advantage of ¢.2778+86insT reverted clones at
least in vitro. In line with these findings, P1 showed a mild somatic phenotype and a slow
hematopoietic deterioration overtime, possibly due to ¢.2778+86insT emergence in vivo. We
however reported this mutation only in two LCLs established two years apart, and not in
proband’s PB or BM specimens likely because of a limited percentage of cells carrying it.
The lack of suitable BM material further precluded the chance to search the variant in distinct
cell populations, and define the stage of the hematopoietic hierarchy of its emergence.
Nevertheless, our findings highlight the relevance to investigate the natural “gene” therapy
effect of ¢.2778+86insT or similar events for new personalized therapeutic strategies (e.g.,
genome editing with CRISPR/Cas9 system, synthesis of novel drugs acting on splicing),
enabling more accurate treatments and decision plans, and especially sparing FA patients
from the possible side effects of HSCT.

Optimized HSCT protocols have allowed a greater number of FA subjects to reach
adulthood, but at the cost of exposing them to an increased solid tumor risk added up to the
implicit cancer susceptibility of the disorder. Moreover, all the current therapies for FA focus
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on the recovery of the sole hematological phenotype, while no cure tackles the “solid tumor
dilemma” recognized as the main reason of patients’ death nowadays.
To address the need of new systemic drug-based approaches for FA, we thus embraced a
dual strategy. Along the lines of Montanuy et al.’s work [169], we initially established cellular
models suitable for HCS, but this time we enhanced them with the insertion of three frequent
FANCA NT mutants (Arg951GIn, Thr1131Ala, Phe1263del) to boost the chances to find
molecule/s reactivating FA pathway via their phenotypic correction. In this perspective, we
transduced lentiviral vectors carrying the variants of interest into U20S FANCA™-YFP-
FANCD2 line by Montanuy et al. [169], deficient in FANCD2-Ub and fluorescent foci upon
DNA damage. We next proceeded to the functional validation of the models generated to
assess their capability to mimic patients’ cellular phenotypes. Despite confirming FANCA
stable expression in all lines as expected [3], [87], we reported no FANCD2-Ub in the sole
Phe1263del model, while ubiquitination ratios compatible to those of the FANCAcorected
control for the other two mutants. These values were indeed proportional to the percentage
amount of FANCA located at nuclear level, negligible in Phe1263del system and close to
40% in the others. We consistently linked Phe1263del mutant to patterns of cell survival and
G2/M block under DEB exposure matching with those of the FANCA~ control, and again
Arg951GIn and Thr1131Ala to WT-like behaviors. Moreover, we demonstrated as only
Phe1263del line failed to promote the formation of YFP-FANCD?2 foci, which instead were
clearly detectable in the nuclei of the remaining ones. Taken together, our results accented
the unlikelihood to distinguish between Arg951GIn and Thr1131Ala WT-like phenotypes
within our cellular models and their actual correction within the HCS, leading us to question
their characterization or pathogenic role, and to exclude them from further studies. We
instead showed the highly frequent Phe1263del mutant [3] to be a profitable candidate for
the HCS, which we will conduct exploiting YFP- FANCD2 foci formation as readout as
previously done [169], [180]. The pharmacological correction of the variant would provide a
sizeable subset of patients with an unprecedented possibility for a new and less toxic
therapy towards all FA clinical features, with particular regard to solid tumors. Moreover, the
identification of FDA-approved drug/s, included among the candidates, able to correct
Phe1263del phenotype would ensure a novel personalized medical approach with an
immediate translational applicability.
To continue to touch upon novel options for a systemic treatment in FA and, in addition, for
sporadic tumors with mutations in a FA gene or one of its interactors, we also embarked on
the investigation of SIs with FA deficiency by GW CRISPRko screens. In detail, we
separately transduced the Cas9-expressing FANCA KO line and its control with two GW KO
gRNAs libraries, such as the commercial TKOv3 and an in-house one, taking advantage of
their target overlap to increase the reliability of the final hits. After infection, we performed
antibiotic selection to preserve the only transduced cells, and did not introduce any further
biological challenge over the experiments; our objective was indeed to examine the
representativeness of each end phenotype resulting from the proliferative competition
between cells and, thus, the specific gene KO produced in them. We periodically split the
cells in independent biological replicates, and monitored the number of cell doublings and
library coverage to keep the desired gRNAs/phenotypes representation, ending the screens
at ~10 cell divisions considered enough for a significant PFC. Subsequently, we extracted
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the gDNA from all the replicates, and amplified it with barcode-tagged primers for massive
parallel sequencing. Now, we have already performed the bioinformatic and statical
analyses of the in-house screen, based on gRNA sequencing-based counting and inter-
sample comparison, and obtained a preliminary list of depleted (SL) and enriched (SV)
entries. Among the top hits belonging to the two subsets, we predominantly identified genes
with a role in replication, transcription, translation, chromatin organization, gene expression,
cell response to clastogens and DNA repair, checkpoints control, and carcinogenesis. We
also reported candidates already known for their synthetic association with FA pathway
and/or interacting with it, further proving the quality of our data. We will then contrast these
results with the TKOv3 screen ones, just finished to be sequenced, to identify joint
candidates with similar ranking positions, prioritizing those involved in the same pathway
and with commercially available drugs/inhibitors. As a final step, we will validate the best
hits under the exposure of distinct biological challenges and/or in different models to verify
the existence of Sls with FA deficiency, and thus dissect novel druggable targets for FA
therapy (SV genes) and extend the potential of the inhibitors of FA pathway or its interactors
to treat sporadic cancers within the general population (SL genes).

To sum up, this thesis project sough to lay the foundations for the possible resolution of the
main limitations now met in FA molecular diagnosis and therapeutics. We developed an
integrated mutation screening approach, providing a rapid and exhaustive characterization
of all patients enrolled, independently from their complementation group, mutation type, and
mosaicism status. In parallel, we established FA cellular models suitable for HCS and
CRISPRko screens to correct highly frequent variants and find candidates for new Sls,
respectively, generating knowledge to be translated in the clinical practice for the prevention
and/or treatment of any FA feature.
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