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In Brief

NHEJ is an error-prone DSB repair
mechanism typically exploited to create
gene knockouts. Roman-Rodriguez and
colleagues show efficient CRISPR-Cas9-
mediated repair of mutated Fanconi
anemia genes using NHEJ to generate
compensatory mutations that correct the
phenotype of FA patient HSCs,
suggesting a simple and feasible clinical
approach for monogenic hematopoietic
diseases.
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SUMMARY

Non-homologous end-joining (NHEJ) is the pre-
ferred mechanism used by hematopoietic stem cells
(HSCs) to repair double-stranded DNA breaks and is
particularly increased in cells deficient in the Fan-
coni anemia (FA) pathway. Here, we show feasible
correction of compromised functional phenotypes
in hematopoietic cells from multiple FA comple-
mentation groups, including FA-A, FA-C, FA-D1,
and FA-D2. NHEJ-mediated repair of targeted
CRISPR-Cas9-induced DNA breaks generated
compensatory insertions and deletions that restore
the coding frame of the mutated gene. NHEJ-medi-
ated editing efficacy was initially verified in FA
lymphoblastic cell lines and then in primary FA pa-
tient-derived CD34* cells, which showed marked
proliferative advantage and phenotypic correction
both in vitro and after transplantation. Importantly,
and in contrast to homologous directed repair,
NHEJ efficiently targeted primitive human HSCs,
indicating that NHEJ editing approaches may
constitute a sound alternative for editing self-renew-
ing human HSCs and consequently for treatment of
FA and other monogenic diseases affecting the
hematopoietic system.

INTRODUCTION

Allogenic transplantation of hematopoietic stem and progenitor
cells (HSPCs) currently constitutes the only curative treatment
for bone marrow failure (BMF) characteristic of Fanconi anemia
(FA) patients (Ebens et al., 2017). However, its application is
hampered by the limited availability of histocompatibility leuko-
cyte antigen (HLA)-matched donors, risks of graft-versus-host
disease, and increased incidence of solid tumors in the long
term (Guardiola et al., 2004; Kutler et al., 2003).

Correction of patients’ HSPCs by gene therapy is a promising
therapeutic alternative to allogeneic transplantation due to the
proliferative advantage associated with the correction of mutated
FA genes. This phenomenon was first observed in mosaic pa-
tients in whom secondary mutations in FA genes restored the
function of mutated alleles (Gross et al., 2002; Hamanoue et al.,
2006; Mankad et al., 2006). In these patients, compensatory
mutations occurring in HSPCs resulted in the expansion of the
reverted clones, leading to the correction of FA-patient hemato-
poiesis (Asur et al., 2018; Gregory et al., 2001; Waisfisz et al.,
1999). Somatic mosaicism was thus proposed as a natural
gene therapy process, suggesting that the correction of a low
number of HSCs could be sufficient to restore the hematopoiesis
of FA patients. Using an ex vivo lentiviral-mediated gene therapy
approach, we have recently demonstrated that corrected CD34*
cells from FA patients also develop in vivo proliferative advantage
in transplanted immunodeficient mice, mimicking the behavior of
reverted FA HSCs (Rio et al., 2017).
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Aiming at the precise insertion of therapeutic FA genes, in
previous studies we developed homologous recombination
(HR)-mediated gene therapy approaches that facilitated the
integration of a healthy copy of FANCA in the “safe harbor”
AAVST locus of FA-A cells, initially in fibroblasts (Rio et al.,
2014) and thereafter in HSPCs (Diez et al., 2017). Despite ad-
vances achieved in HR-mediated gene editing (Bak et al.,
2018; De Ravin et al., 2016; Genovese et al., 2014; Schiroli
et al., 2017), three pieces of evidence support that non-ho-
mologous end-joining (NHEJ)-based editing should constitute
a good alternative approach for the editing of FA HSCs. (1) In
contrast to NHEJ, HR is less efficient in primitive HSCs as
compared to the more differentiated hematopoietic progenitor
cells (Lombardo et al., 2007; Wang et al., 2001, 2015; Wu
et al., 2019). (2) NHEJ constitutes the preferential mechanism
for the repair of double-strand breaks (DSBs) in primitive
HSCs (Naka and Hirao, 2011). (3) Compared to HR, the effi-
cacy of NHEJ is enhanced in FA cells (Du et al., 2016; Pace
et al., 2010).

Although NHEJ is an error-prone DSB-repair mechanism
that has been mainly used for gene knockout, this pathway
could also be positively exploited to generate compensatory
mutations that may restore FANCA functions, mimicking nat-
ural reversions described in mosaic FA patients. We thus
hypothesized that the generation of insertion and/or deletion
(indel) events in the vicinity of pathogenic mutations might
constitute a gene-editing approach that would be particularly
efficient for correcting the phenotype of HSCs from patients
with FA. Due to the efficiency and versatility of the CRISPR/
Cas9 system (Ran et al., 2013), we focused on this technology
to investigate the efficacy of NHEJ to correct the phenotype of
human FA hematopoietic cells harboring mutations in genes
encoding for FA proteins involved in different steps of the
FA pathway.

Our results show for the first time the feasibility of conducting
NHEJ-editing-mediated correction of FA lymphoblastic cell
lines (LCLs) from different complementation groups. Addition-
ally, we demonstrate that this approach also confers phenotypic
correction and proliferative advantage in CD34* cells from FA-A
patients without compromising the repopulating properties of
the self-renewing HSCs, suggesting that this very simple and
versatile gene-editing approach should have a marked impact
in the therapy of several monogenic diseases affecting the he-
matopoietic system.

RESULTS

Efficient NHEJ-Mediated Restoration of the FA Pathway
in FA-A LCLs Harboring Different Biallelic Mutations

in FANCA

In a first set of experiments, we investigated whether NHEJ could
be exploited to correct FA-A cells with a biallelic insertion of a
single nucleotide (c.3558insG) in exon 36 of FANCA. This inser-
tion produces a 28-amino-acid frameshift, generating a prema-
ture stop codon (p.R1187EfsX28) (Castella et al., 2011). Notably,
the spontaneous reversion of this mutation has been observed in
several mosaic FA patients (Waisfisz et al., 1999), suggesting
that slight variations in this FANCA domain could preserve the
protein function.

Two different small guide RNAs (sgRNAs) were cloned sepa-
rately into the all-in-one pX330 plasmid (Table S1) and electropo-
rated in a FA-A patient LCL (FA-178) carrying the FANCA
€.3558insG mutation in homozygosis (Table S2). Since the
gINS11 generated a higher indel rate in FA-178 cells (data not
shown), this sgRNA was selected for further experiments.
Next-generation sequencing (NGS) analysis performed 5 days
after gINS11 electroporation showed the occurrence of
potentially therapeutic frame-restoring NHEJ-repair events at a
frequency of 7.62%, while non-therapeutic indels occurred
less frequently (2.32%) (Figure 1A).

To determine whether the putative therapeutic indels restored
the functionality of the gene, different approaches were conduct-
ed. First, cells were maintained in culture and NGS analyses
were performed at day 30 of incubation. These analyses showed
a marked enrichment of therapeutic indels (from 7.62% to
16.45%), mainly due to the expansion of the 3'-guanine deletion
immediately adjacent to the Cas9 cutting site (c.3579delG), while
other indels disappeared (Figure 1A, right charts). This observa-
tion revealed that not all potentially therapeutic indels conferred
proliferative advantage, suggesting that the open reading frame
(ORF) restoration may not be sufficient to recover gene function.
Protein BLAST analyses demonstrated the highly conserved na-
ture of FANCA exon 36, confirming that ¢.3579delG was the only
therapeutic indel that did not disrupt this conserved domain (Fig-
ure S1). Western blot analysis showed the restored expression of
FANCA protein in edited cells (Figure 1B). Moreover, since
FANCA is essential for FANCD2 recruitment to damaged DNA,
FANCD2 immunofluorescence analyses were conducted in edi-
ted and unedited FA-178 cells to confirm the functionality of this

Figure 1. NHEJ-Mediated Gene Correction of a FANCA Frameshift Mutation (c.3558insG) in a FA LCL (FA-178) Nucleofected with gINS11
Nuclease

(A) Percentage of indels identified by NGS 5 and 30 days after gene editing. FANCA sequences were classified into three groups: edited sequences that
restored the ORF (therapeutic indels: green), edited sequences that did not restore the ORF (other indels: red), and not edited alleles (unedited: gray). The
different therapeutic indels identified in FA cells are listed (right panel). The guide recognition sequence and the predicted DSB site are marked with a
purple line and a triangle, respectively. Black dashed line indicates the PAM sequence. Codons are represented alternating bold and normal letters. HD,
healthy donor LCL; asterisk, used to align the sequences; dash, deleted nucleotide. Indels were named considering the mutated sequence as the
reference one.

(B) Western blot analysis against FANCA confirmed the re-expression of this protein in edited FA cells. Vinculin was used as a loading control.

(C) NHEJ-mediated gene editing restored nuclear FANCD2 foci formation in edited FA. Top panel: representative FANCD2 immunofluorescence (Alexa-Fluor
594 nm) microphotographs. Bottom panel: percentage of cells with FANCD?2 foci in the presence or absence of MMC. Bars represent mean + SD.

(D) Reversion of MMC hypersensitivity in edited FA. Data are represented as mean + SD.

(E) Restored chromosomal stability of edited FA cells after exposure to DEB. Top panel: representative microphotographs of the metaphases. Red arrows
highlight specific aberrations. Bottom panel: percentage of aberrant cells in the absence (-) or presence (+) of DEB.
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newly expressed FANCA protein. As shown in Figure 1C, edited
cells displayed evident FANCD2 foci, particularly after expo-
sure to mitomycin C (MMC), mimicking the behavior of healthy
donor (HD) LCLs, thus confirming the restoration of the FA
pathway in FA-A cells. To further demonstrate the correction
of the FA-phenotype, edited cells were cultured in the presence
of increasing doses of MMC. While unedited FA-178 LCL
showed the characteristic hypersensitivity of FA cells to
MMC, edited cells showed a marked increase in the resistance
to this drug, behaving as HD cells (Figure 1D). Importantly, the
correction of the chromosomal instability induced by diepoxi-
butane (DEB), a hallmark of FA, was also demonstrated in
edited FA-178 cells both by analyses of chromosomal breaks
(Figure 1E) and by the generation of micronuclei in these cells
(Figure S2A). Finally, because the generation of reactive oxygen
species (ROS) is increased in FA cells (Joenje et al., 1981), we
also analyzed differences in ROS production between edited
and untreated FA-178 cells. The fluorogenic test showed a sig-
nificant reduction in ROS levels in edited compared to unedited
cells (Figure S2B).

Neither NGS sequencing nor functional studies in unedited
FA-178 (cultured in parallel to edited cells) showed evidence of
spontaneous reversion of the ¢.3558insG mutation (not shown).
This observation, together with the presence of editing events
exclusively in the region that is close to the Cas9 cleavage site
discarded spontaneous reversion of edited cells.

Taken together, these studies demonstrated the restored FA
pathway and phenotypic correction of a FA-A LCL using a simple
NHEJ-editing approach.

To confirm the efficacy of NHEJ to restore the function of
FANCA mutations, we focused on the most frequent mutation
described in FA patients from Spain. This mutation consists of
a homozygous ¢.295C > T substitution in exon 4 that generates
a premature stop codon, thus leading to a truncated, non-func-
tional FANCA protein (p.Q99X) (Castella et al., 2011). This is a
challenging mutation since the therapeutic NHEJ-mediated
editing of these cells would require both the removal of the pre-
mature stop codon and also the preservation of the ORF, without
disrupting any functional domain of FANCA. In contrast to the
¢.3558insG mutation, the reversion of ¢.295C > T has not been
reported in FA patients (Callén et al., 2005).

As conducted with the ¢.3558insG mutation, two different
sgRNAs were tested in patient-derived LCL (FA-55), both of
which rendered a similar efficiency to generate indels in this
target site of FANCA (around 30%) (Figures 2A and S3A). As ex-
pected from the complexity of the ¢.295C > T mutation, the initial
frequency of therapeutic events was markedly lower (0.41% for

gGM10 and 0.29% for gGM4; Figures 2A and S3A, respectively)
as compared to efficacies observed in the LCL harboring the
€.3558insG mutation (7.62%; Figure 1A). Nevertheless, 237-
and 170-fold increases in the proportion of edited cells were
observed 60 days after electroporation of FA-A LCLs with
gGM10 and gGM4 nucleases, respectively (Figures 2A and
S3A). Increases were even higher, when edited LCLs were
expanded in the presence of MMC (Figure S3A).

NGS analyses showed that the proliferative advantage
observed in these cells was mainly due to 30- and 33-bp dele-
tions that were respectively generated with the gGM10
(c.289_318del30) and gGM4 (c.293_325del33) nucleases (Fig-
ures 2A and S3A, right panels). Strikingly, the frequency of other
non-therapeutic indels was also increased over time (Figure 2A,
red color). The Sanger sequencing of individual cell clones clar-
ified that, while one of the FANCA alleles had been repaired by
therapeutic NHEJ, the other allele harbored a non-therapeutic
NHEJ-repair event (Figure S3B) that was expanded in parallel
to the therapeutic indel, explaining the expansion of those non-
therapeutic events.

Western blot analyses in edited FA-55 LCL pools and in seven
edited clones confirmed the re-expression of FANCA, regardless
of the therapeutic indel that occurred in these cells (Figures 2B
and S3C). As previously observed with the ¢.3558insG mutation,
the newly expressed FANCA protein in FA-55 cells was func-
tional. This was deduced from many different phenotypic
analyses carried out in edited cells, which evidenced restored
formation of FANCD?2 foci (Figure 2C), increased resistance to
MMC (Figure 2D), reduced chromosomal fragility upon DEB
challenge (Figure 2E; Figure S3D), and reduced ROS levels in
edited cells (Figures S3E).

To improve the editing efficiency to target this challenging mu-
tation, the CRISPR/Cas9 delivery system was modified. Instead
of using a plasmid system, a ribonucleoprotein complex (RNP)
composed of a chemically modified sgRNA4 containing, 2’-O-
methyl 3’'phosphorothioate (MS-sgRNA4) and Cas9 protein
was used. As a result, the total frequency of indels, and also of
potentially therapeutic indels were markedly increased (2.8-
and 5.1-fold increase, respectively; Figure 2F, left chart)
compared to values obtained with the plasmid Cas9 system (Fig-
ure S3A). Furthermore, the design of a new sgRNA (gGMO) that
targets FANCA upstream and near the mutation (Table S1)
markedly increased the frequency of therapeutic indels (up to
17.5-fold increase with respect to plasmid system; Figures 2F,
right chart, S3F and S3G). These results demonstrate that
NHEJ-mediated gene editing can be efficiently used for the
generation of compensatory mutations capable of rescuing the

Figure 2. NHEJ-Mediated Correction of a Stop Codon Mutation (c.295C > T) in FA-55 LCL and Improvement of Editing Efficiency by Using a

More Specific sgRNA (gGMO0)

(A) Percentage of indels identified by NGS 5, 30, and 60 days after gene editing. The sequences obtained in the NGS were classified as in Figure 1.
(B) Western blot analysis showing the re-expression of FANCA in edited FA cells. Vinculin was used as a loading control.
(C) Restored FANCD2 foci formation in edited FA-55 cells. Left panel: representative immunofluorescence of FANCD?2 foci. Right panel: percentage of cells with

FANCD?2 foci in the presence or absence of MMC. Bars represent mean + SD.

(D) Correction of MMC sensitivity in edited FA cells. Data are represented as mean + SD (n = 3).

(E) Restored chromosomal stability of edited FA cells exposed to DEB. Top panel: representative microphotographs of metaphases. Red arrows highlight specific
aberrations. Bottom panel: percentage of aberrant cells in the absence and the presence of DEB.

(F) Editing efficiency in FA cells after nucleofection with MS-RNP4 (left) or with MS-RNPO (right) designed for cleaving FANCA 2 nucleotides upstream the c.295

C > T mutation (n = 3).
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.1811_1817del7 GTACTGCTACAAATTATGG* *AGA----__---GTAACTGTCCTAAAGAT 2.24% 1 [MMC] (nM) 1000
c.1813delG GTACTGCTACAAATTATGG __ GTGGTAACT GAT 1.92%
FANCC Top-5 therapeutic NHEJ-repair events at day 5 Frequency
P3(c.67delG) HD TGGATGCAGAAGCTTTCTGTATGGGATCAGGCTTCCACTTTGGAAACC -
Day 5 ©.67delG  TGGATGCAGAAGCTTTCTGTATGG_ATCAGGCTTCCACTTTGGARACC
.65_66del2 TGGATGCAGAAGCTTTCTGTAT--_ATCAGGCTTCCACTTTGGAAACC 10.21%
©.57_73del7 TGGATGCAGAAGCTTT---—---- - CCACTTTGGARACC 3.34%
€.59_67del8 TGGATGCAGAAGCTTT-—------ _ATCAGGCTTCCACTTTGGAAACC 2.57%
.49_68del20 TGGAT! _--CAGGCTTCCACTTTGGAAACC 2.3%
c.68_69del2 TGGATGCAGAAGCTTTCTGTATGG_--CAGGCTTCCACTTTGGARACC 1.3% 1001 p< 9‘2001
Day 20 l 1.9-fold Top-5 therapeutic NHEJ-repair events after MMC treatment Frequency § : E??
+ MMC increase HD TGGATGCAGAAGCTTTCTGTATGGGATCAGGCTTCCACTTTGGARACC - % - P3edited
©.67delG  TGGATGCAGAAGCTTTCTGTATGG ATCAGGCTTCCACTTTGGARACC a 90
.65_66del2 TGGATGCAGAAGCTTTCTGTAT--_ ATCAGGCTTCCACTTTGGAAACC 20.60%
©.57_73del17 TGGATGCAGAAGCTTT - CCACTTTGGAAACC 7.36%
¢.59_67del8 TGGATGCAGAAGCTTT-—--—--— - ATCAGGCTTCCACTTTGGAAACC 6.19% 0 1 7000
c.49_68del20 TGGATG-—-—---=---------- _--CAGGCTTCCACTTTGGAAACC 3.96% [MMC] (nM)
.68_69del2 TGGATGCAGAAGCTTTCTGTATGG_--CAGGCTTCCACTTTGGAAACC 2.88%
FANCD2 Top-5 therapeutic NHEJ-repair events at day 5 Frequency
FA-344 (c.718delT) HD  cacagTGACCTACT*G*ATAGAGAATACTTCACTCACTGTCCCAATCCTG B
Day 5 718delT  cacagTGACCTACT*G*ATAGAGAATACT CACTCACTGTCCCAATCCTG -
14.62% €.705_706del2 cacagTGACCTACT* - *~TAGAGAATACT CACTCACTGTCCCAATCCTG 7.41%
©.705insT cacagTGACCTACTTG*ATAGAGAATACT CACTCACTGTCCCAATCCTG 2.02%
C.706insG cacagTGACCTACT *GGATAGAGAATACT CACTCACTGICCCAATCCTG 1.75%
©.702_718del17 CT-—-*—* _-ACTCACTGTCCCAATCCTG 1.02%
.703_704del2 cacagTGACCTA--*G*ATAGAGAATACT CACTCACTGTCCCAATCCTG 0.95% 1004 p< 0.0001
= o
Day 20 l 2-fold Top-5 therapeutic NHEJ-repair events after MMC treatment  Frequency = - HD
+MMC increase HD cacagTGACCTACT*G*ATAGAGAATACTTCACTCACTGTCCCAATCCTG R _S - FA-344
f— [ - FA-344 edited
c.718delT CTACT T_CACTCACTGTCCCAATCCTG - a
(S C.706insG cacagTGACCTACT *GGATAGAGAATACT CACTCACTGTCCCAATCCTG 13.62%
.705insT cacagTGACCTACTTG*ATAGAGAATACT CACTCACTGTCCCAATCCTG 1.47%
.705_706del2 cacagTGACCTACT*-*-TAGAGAATACT CACTCACTGTCCCAATCCTG 9.95% 0
.706insA cacagTGACCTACT*GAATAGAGAATACT CACTCACTGTCCCAATCCTG 2.64% 1 1000
©.706insC CTACT*GCi TACT_CACTCACTGTCCCAATCCTG 1.85% MMC] (nt)
FANCD1/BRCA2 Top-5 therapeutic NHEJ-repair events at day 5 Frequency
FA-62 (c.1596delA) HD TTTAARAAAGARACTGAAGCCTCTG*AAAGTGGACTGGAAATACAT .
Day 5 c.1596delA TMAAAAAAGA_ACTGAAGEC'ECTG*AAAGTGGACTGGAAATACM -
c1610insA TTTAAAAAAGA ACTGAAGCCTCTG*AAAAGTGGACTGGAAATACA 9.33%
c.1610_1611delAA TTTAAAAAAGA_ACTGAAGCCTCT = TGGAAATACAT 1.50%
©.1606_1616del11 TTTAARAAAGA ACTGAAGCCT--—*— TGGAAATACAT 1.20%
c.1609insG TTTAAAAAAGA ACTGAAGCCTCTGGAAAGIGGACTGGAAATACAT 0.71%
€.1609insC TTTAARAAAGA ACTGRAGCCTCTGCAAAGTGGACT! CAT 0.54% 1004 p:0£004
Top-5 therapeutic NHEJ-repair events at day 30 Frequency § - HD
HD TTT2AAAAAAGARACTGAAGCCTCTGA* ***AAGTGGACTGGAAATA . s - Eﬁgg edited
c1596delA TTTAAAAAAGA ACTGAAGCCTCTGA* * **AAGTGGACTGGAAATA - ‘% 50
c.1610_1611delAA TTTAAAAAAGA ACTGAAGCCTCTGA*** *--GIGGACTGGAAATA 30.85%
c1610insA TTTAAAAAAGA ACTGAAGCCTCTGAA***AAGTGGACTGGAAATA 18.02%
¢.1594_1607del14 TTTAARAAA. ~GA*** *AAGTGGACTGGARATA 0.18% 0 . .
SHCT R EESoraea AERRGERER - s ocARATA  048% 1 10 100 1000
c.1610ins4 TTTAAAAAAGA ACTGAAGCCTCTGAAAAAAAGTGGACTGGAAATA 0.06% [MMC] (nh)
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function of FANCA, not only in easy-to-repair but also in complex
FANCA mutations.

Therapeutic NHEJ-Mediated Editing of Different FA
Complementation Groups

To study the feasibility of using NHEJ editing to correct
mutations in other FA complementation groups, LCLs with muta-
tions in other FA genes were selected. Particularly we used cells
harboring mutations in genes encoding for proteins that partici-
pate in different complexes of the FA pathway: upstream
(FANCB, FANCCQ), intermediate FA-D2/I (FANCD2), and down-
stream (BRCA2) (Table S2). A unique sgRNA was designed per
mutation, prioritizing the score and the proximity to the mutation
(Table S1). In all instances, RNP complexes including the
MS-sgRNAs and the Cas9 protein (MS-RNPs) were electropo-
rated in the different LCLs. As shown in Figure 3, average editing
efficiencies in all the FA LCLs were 74.39% =+ 8.15%, with
potential therapeutic indels ranging from 18.65% to 31.08%,
measured by NGS 5 days after nucleofection. In all instances,
the percentage of cells with potentially therapeutic indels was
increased when edited cells were incubated, in either the
absence or the presence of MMC, suggesting the correction of
the pathogenic mutation. Importantly, the analysis of MMC
sensitivity confirmed in all cases the correction of the character-
istic MMC hypersensitivity of FA-B, FA-C, FA-D2, and FA-D1
cells after NHEJ editing (Figure 3, right panels).

These results confirm that NHEJ-mediated repair is a simple
and efficient system to correct mutations in different FA comple-
mentation groups, including cells with mutations in FANCD1/
BRCAZ2, characterized by a marked defect in HR.

FANCA NHEJ-Mediated Gene Editing in Hematopoietic
Repopulating Cells from Healthy Human Donors

Once we demonstrated that NHEJ corrected the phenotype of
LCLs from different FA patients’ complementation groups, we
investigated the feasibility of using this strategy to edit FANCA
in human HSCs, which is the preferential target population for
the hematopoietic treatment of FA patients. To evaluate whether
the NHEJ editing of FANCA was compatible with the preserva-
tion of the repopulating properties of human HSCs, initial exper-
iments were conducted in which HD cord blood CD34* cells
were electroporated with a RNP composed by the Cas9 protein
complexed with either an in vitro-transcribed sgRNA4 (IVT-
RNP4) or with a chemically modified version of this guide (MS-
RNP4). As shown in Figure 4A, a much higher percentage of
indels was observed when the MS-RNP4 nuclease was used
(87.8% + 4.8% indels), as compared with the IVT sgRNA
(13.2% = 10.2% indels). Notably, the analysis in different
hCD34* subpopulations showed similar editing efficiencies in
all cases, even in the very primitive CD34*CD133*CD90" precur-
sors, suggesting that NHEJ editing efficiently targets the self-re-
newing HSCs (Figure 4B).

To corroborate these results and to investigate the impact of
the gene editing mediated by the MS-RNP4 nuclease in long-
term repopulating HSCs, transplantation studies were conduct-
ed in immunodeficient mice. Since the targeting of FANCA with
this nuclease might generate not only monoallelic but also bial-
lelic DSBs in this gene, these experiments would also allow us
to investigate in parallel, the repopulating properties of human
HSCs from the same donor harboring unedited or edited
HSCs, either in one or the two FANCA alleles. Thus, based on
the recessive nature of the disease, edited cells harboring two
biallelic truncating mutations in FANCA would behave as FA-
like cells.

Analysis of the percentage of human cells (hCD45" cells) in
primary recipients that had been transplanted with either MS-
RNP4-nucleofected cells (MS-RNP4), or the two control groups,
not nucleofected (control) and mock-nucleofected cells (mock),
showed very high and similar levels of engraftment. In all in-
stances, levels of engraftment in the BM of transplanted mice
ranged between 70% and 85% (Figure 4C) and showed similar
levels of engraftment in the different hematopoietic subpopula-
tions (Figures 4C and S4A-S4C). Moreover, re-transplants
carried out in secondary recipients confirmed the long-term
repopulating and multi-lineage differentiation ability of MS-
RNP4-nucleofected cells (Figures 4D, S4D, and S4F). However,
in these secondary recipients, lower though non-significantly
different levels of engraftment were observed in the MS-RNP4
group (16.8% = 12.2% CD45" cells in BM), as compared to the
control (44.1% = 31.5%) and mock (36.1% + 26.9%) groups (Fig-
ures 4D), probably due to the generation of biallelic mutations in
a percentage of transplanted HSCs (see details in Figure 5).

To comparatively investigate the efficiency of NHEJ editing
mediated by the MS-RNP4 nuclease in hematopoietic
committed progenitor cells, versus primitive HSCs that repopu-
lated the hematopoiesis ofimmunodeficient mice, NGS analyses
were carried out in samples corresponding to Figure 4, both in
the bulk of CD34* cells prior to transplantation and also in human
hematopoietic cells that repopulated the BM of primary and sec-
ondary recipients (Figure 5A). Although in most cases no signif-
icant differences were observed in indel levels in the bulk popu-
lation of CD34" cells (87.8% =+ 4.8% indels) and in long-term
repopulating cells (57.97% =+ 34.22%), a decreasing trend was
observed. For this reason, we investigated the frequency of the
different type of editing events found in the pool of CD34" cells
compared to those observed in the BM cells. Two different types
of FANCA-editing events may take place in these cells: in-frame
indels (potentially non-pathogenic) or truncating indels (which
would result in a FA-like cell phenotype in cells harboring biallelic
mutations) (Figure 5B). Interestingly, the frequency of truncating
indels was markedly decreased after transplantation, suggesting
that many of these truncating mutations took place in both alleles
of the repopulating cells. In marked contrast with this observa-
tion, the frequency of in-frame indels observed in the pool of

Figure 3. NHEJ-Mediated Phenotypic Correction of LCLs Corresponding to Four Different FA Complementation Groups

Efficacies of gene correction and reversion of MMC hypersensitivity were tested in FA-B, FA-C, FA-D2, and FA-D1 with biallelic mutations in FANCD1/BRCA2.
Left panels: the pie charts indicate the percentage of indels identified by NGS 5 days after electroporation and after 20-30 days of in vitro culture in the presence
(FA-B, FA-C, and FA-D2) or the absence (FA-D1) of 100 nM MMC. Sequences obtained by NGS were classified as in Figure 1. In those cases where the original
mutation was a deletion, indels were named considering the mutated sequence as the reference one. Right panels show the correction of the MMC hyper-

sensitivity characteristic of FA LCLs. Data are represented as mean + SD (n = 3).
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CD34" cells was maintained in cells that repopulated either
primary or secondary recipients. Sanger sequencing of human
hematopoietic colonies generated by nucleofected cells, either
before or after transplantation, allowed us to deeply investigate
the different phenotypes of the respective progenitor cells:
FA-like, thus carrying biallelic truncating mutations in FANCA
or HD-like edited cells carrying at least one WT allele or one
allele harboring an in-frame indel. Such in-frame indels could
thus be potentially therapeutic if generated in FA cells, as will
be described in experiments corresponding to Figures 6 and 7.
Remarkably, the majority of the colonies generated by electro-
porated CD34" cells harbored editing events (97.2%), most of
which resulted in an FA-like phenotype (74.6%), while 22.6%
of the edited colonies consisted of HD-like cells (Figure 5C). In
clear contrast to this observation, the repertoire of editing events
markedly changed when clonogenic assays were generated by
human progenitors that repopulated primary or secondary recip-
ients. In these colonies, the HD-like cells were the predominant
populations, while the presence of FA-like cells almost
completely disappeared, consistent with the repopulating defect
of FA cells, and thus with the proliferative advantage of edited
HD-like cells. Strikingly, the increase in the percentage of uned-
ited cells in vivo was also higher than HD-like cells, suggesting
that some of the in-frame indels generated in HD-like cells
were not “neutral” mutations and thus not as efficient in terms
of repopulation as the WT sequence.

The analysis of the most frequent indels (top 20) determined
before transplantation and at different time points post-transplan-
tation showed that a reduced proportion of indels (23.8%; Fig-
ure 5D and Table S3, Code A) were detected both before and after
transplantation. The high frequency of the c.311delG and
¢.311insG mutations is probably due to the higher probability of
generating small indels closed to the cutting site (Canver et al.,
2014)). Other indels were more frequently represented only long
term after transplantation, suggesting a potentially non-patho-
genic nature of these editing events (Figure 5D; Table S3).

Altogether these results demonstrate that NHEJ editing effi-
ciently targets the long-term repopulating HSCs and show that
a significant number of the editing events in FANCA are compat-
ible with the preservation of the repopulating properties of
the HSCs.

Therapeutic NHEJ Gene Editing of Hematopoietic
Progenitor and Repopulating Cells from FA-A Patients
As a proof of concept, we investigated the feasibility of correct-
ing the phenotype of HSPCs from FA-A patients carrying the

homozygous pathogenic ¢.295C > T mutation by means of
NHEJ-mediated gene editing. Thus, BM and mobilized periph-
eral blood (mPB) CD34" cells from three FA-A patients were edi-
ted with the IVT-RNP4 nuclease.

Figure 6A shows the results corresponding to the editing of
BM hCD34" cells from patient FA-807. In this case, an indel
rate of 23.33% was determined at day 5 post-electroporation;
15.35% corresponded to non-therapeutic indels and 7.98%
to therapeutic indels, most of which (7.84% in total) harbored
a specific 30-bp deletion. Twenty-four hours after electropora-
tion, clonogenic assays were also conducted, both in the
absence and the presence of MMC. The analysis of individual
colonies generated in the absence of MMC showed that 50%
of the colonies were positive for the presence of therapeutic in-
dels (Figures 6A, bottom panel, and S5A). Most of the edited
colonies (92.3% of them) harbored the c.289_318del30 deletion
previously shown to be functional in FA-A-edited LCLs clones
(Figure S3B), representing a 5.9-fold increase with respect to
the frequency determined by NGS in hCD34* cells at day 5
post-electroporation (7.84%). Significantly, when Sanger
sequencing was conducted in individual colonies grown in
the presence of 3 and 10 nM MMC, a progressive increase in
the proportion of colonies carrying this 30-bp deletion was
observed, reaching 100% of colonies when 10 nM MMC was
used (Figures 6A, bottom panel, and S5).

We then used mPB CD34" cells from FA patients, the main
source of HSCs currently used in gene therapy clinical trials.
When CD34* cells from patient FA-807 were edited with
the IVT-RNP4 nuclease and analyzed by NGS at day 5 post-elec-
troporation, 16.84% of total indels were determined, being the
proportion of non-therapeutic and therapeutic indels of
14.19% and 2.65%, respectively (Figure 6B, top panel). Once
again, most of the therapeutic indels (2.64%) corresponded to
the ¢.289_318del30 deletion. The analysis of colonies generated
after nucleofection showed that 25% of them contained thera-
peutic indels (10-fold higher compared to day 5 post-nucleofec-
tion). In this case, all colonies with therapeutic indels harbored
the 30-bp deletion (Figure 6B, bottom panel), in good consis-
tency with data obtained in previous analyses (Figures 2 and S3).

A new experiment was then conducted with mPB hCD34*
cells from another FA patient (FA-739). After electroporation
with IVT-RNP4, an indel rate of 12.32% was determined at
day 5 post-electroporation, being the proportion of therapeu-
tic indels 0.45% (Figure 6C, top panel). When these cells were
maintained in culture for 14 days, the proportion of total ther-
apeutic indels increased 5-fold (2.33%) (Figure 6C, bottom

Figure 4. Preserved Repopulating Properties of HD CD34" Cells after FANCA NHEJ-Mediated Editing with MS-sgRNA Nucleases

(A) Improved NHEJ-mediated editing with an RNP nuclease composed by a MS-sgRNA Cas9 protein (MS-RNP4) compared to the IVT sgRNA nuclease (IVT-
RNP4; 4 and 6 independent experiments were conducted with each nuclease. Bars represent mean + SD).

(B) High and similar editing efficacies in different HSPC subpopulations edited with the MS-RNP4. Bars represent mean + SD (n = 3).

(C) Preserved repopulating properties of hCD34" cells edited with the MS-RNP4 in primary NSG recipients. Top panel: representative dot plot analysis showing
the engraftment of human CD45™ cells in the BM of NSG recipients 90 days after transplantation of not nucleofected HD hCD34* cells (control) or with CD34™ cells
nucleofected without nuclease (Mock) or nucleofected with the MS-RNP4 nuclease (MS-RNP4). Center panels represent the percentages of human engraftment
(hCD45™) in BM. The bottom panel shows multi-lineage engraftment levels in primary recipients transplanted with unedited and edited hCD34* cells. Multi-lineage
reconstitution was evaluated using antibodies against hCD3 for T cells, hCD19 for B cells, hCD33 for myeloid cells, and hCD34 for HSPCs. Data are represented

as mean = SD (n = 5 in each group).

(D) Analysis of the long-term hematopoietic repopulating ability of edited hCD34" in secondary recipients transplanted with BM cells from primary recipients
shown in (C). Secondary recipients were transplanted with total BM obtained from each primary mouse (mouse to mouse). Data are represented as mean + SD

(n =5 in each group). BMT, bone marrow transplantation.
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Figure 5. Efficient NHEJ-Mediated Gene Editing of FANCA in HD Long-Term Hematopoietic Repopulating Cells

(A) Comparative analysis of the editing efficiency in HD hematopoietic cells prior to (data from Figure 4A) and after transplantation of HD hCD34* cells nucle-
ofected with MS-RNP4 nuclease (MS-RNP4). No significant differences were observed in the editing frequency between primary hCD34* cells and hematopoietic
cells obtained from either primary or secondary NSG recipients. Data are represented as mean + SD (n = 5 in each group).

(B) Analysis of the frequency of in-frame and truncating indels determined in human hematopoietic cells prior to and after transplantation in primary and sec-
ondary recipients. Each symbol identifies a recipient. Alleles were classified as in-frame indels (that potentially preserve FANCA function; green), truncating indels
(interrupting the ORF; red), and unedited alleles (gray). Data are represented as mean + SD (n = 5 in each group).

(C) Distribution of human hematopoietic colonies harboring biallelic truncating mutations in FANCA (FA-like; red) or mutations in which at least one allele is WT or
harbors an in-frame mutation (HD-like; green). Colonies without indels are marked in gray. Human hematopoietic colonies generated by CD34" cells prior to
transplantation or from the BM of primary and secondary recipients are shown. In all instances, colonies were sequenced by Sanger. Bars represent mean + SD.
(D) Venn diagram showing the top 20 indels found in the CD34* cell pool prior to transplantation and in the different primary and secondary recipient mice after

transplantation. The number of common and specific indels identified in the different tested populations is shown.

panel). NGS analysis confirmed that cells harboring the
€.289_318del30 deletion experienced a preferential growth
advantage, with a 55.3-fold increase from 5 to 14 days post-
electroporation.

Finally, the analysis of the in vitro differentiation capacity of
CD34" cells from FA-A patients showed that NHEJ-mediated
editing does not affect the erythroid and myeloid differentiation
capacity (Figure S6).

To assure the specificity and safety of our sgRNA in FA-
HSPCs, the top five and top twenty in silico predicted off-target
loci were analyzed by NGS in edited FA-A and HD HSPCs,
respectively. Importantly, no significant unspecific nuclease
activity was detected in any of the off-target loci studied
(Figure S7).
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Once demonstrated the efficiency and safety of NHEJ-
mediated gene editing in the pool of FA CD34" cells and in
their clonogenic progenitor cells, we investigated the possibil-
ity of editing repopulating cells from another FA-A patient that
harbored the ¢.295C > T mutation (FA-655). In this case, 24 h
after IVT-RNP4-electroporation cells were used both for es-
tablishing clonogenic assays and for the transplantation of
one NSG mouse (Figure 7). While 10% of the 56 colonies
analyzed harbored indels, no therapeutic events were identi-
fied in this case, indicating that the frequency of therapeutic
indels in these CFCs should be lower than 1.8%, which would
correspond to a detection limit of 1 positive colony out of 56
colonies (Figure 7A). Strikingly, NGS analyses conducted in
the BM of the transplanted mouse (30 days post-infusion)
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1 €.289_318del30  ttaag@CTCT————==——=====—== === ——m e GTTCCCGTGGGTATTCTCTCAGCCGG . Healthy
25%
2 NE t taagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTEGGGETTCCCGTGGGTATTCTCTCAGCCGE (14) (1)
1 c.304_311del8  ttaagGCTCTGCTTTGTAGGATCAA- - ~GCTGGGGETTCCCGTGGGTATTCTCTCAGCCGE 25%
2 NE ttaagGCTCTGCTT TGTAGGATCAAGCCTCAAGGCTGGGGETTCCCGTGGGTATTC TCTCAGCCGG (114) FA
75%
1 NE TtaagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTGGGGETTCCCGTGGGTATTCTCTCAGCCGG 50% (314)
2 NE ttaagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTGGGGETTCCCGTGGGTATTC TCTCAGCCGE @4
(o] o FA-739 mPB hCD34*
Liquid culture
Day 5 Therapeutic NHEJ -repair events at day 5 Frequency
0.45% HD  ttaagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTGGGGETTCCCETGGGT _
Y !
€.295C>T  ttaagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTGGGGGTTCCCGTGGGT -
€294 317del24  ttaagGCTCTGCTTT GETTCCCETGGGT 0.35%
I ©.289_318del30  ttaagGCTCT e ---GTTCCCGTGGGT 0.03%
87.68% o
€.289_324del36  ttaagGCTCT GTGGGT 0.07% 3]
t:-)
. -
5.2-fold increase o
Therapeutic NHEJ -repair events at day 14 Frequency a
Liquid culture HD  ttaagGCTCTGCTTTGCAGGATCAAGCCTCARGGCTGGGGGTTCCCGTGGGT E 5
Day 14 Y ! (2]
y €.295C>T  ttaagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTGGGGGTTCCCGTGGGT - 3
€294 317del24  ttaagGCTCTGCTTT - GTTCCCGTGGGT 0.20% g
€.289_318del30  ttaagGCTCT GTTCCCGTGGGT 1.66% o
€.286_321del36  ttaagGC CCGTGGGT 0.45%
€.289_324del36  ttaagGCTCT GTGGGT 0.02%

87.89%

(legend on next page)
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A FA-655 mPB hCD34* Sanger sequencing in hematopoietic colonies at day 14
FA-655 mPB CD34* CFCs (0 nM MMC)
Allele Editing Sequence Percentage Phenotype
1 NE ttaagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTGGGGETTCCCGTGGGTATTCTCTCAGCCG 75%
2 NE £taagGCTCTGCTTTGTAGGATCAAGC CTCAAGGCTGGGGGTTCCCGTGGGTATTC TCTCAGCCG (42/56)
1 NE t £aagGCTCTGCTTTGTAGGATCAAGCCTCAA * GGCTGGGGGTTCCCGTGGG TATTCTCTCAGCC 71%
2 ¢.310insG t£aagGCTCTGCTTTGTAGGATCAAGC CTCAAGGGCTGGGGGTTCCCGTGGGTATTC TCTCAGCC (4/56)
1 NE ttaagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTGGGGGTTCCCGTGGGTATTCTCTCAGCCG 8.9%
2 ¢.315delG £taagGCTCTGCTTTGTAGGATCAAGC CTCAA *GGCT-GGGGTTCCCGTGGGTATTCTCTCAGCC (5/56)
1 NE t taagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTGGGGETTCCCGTGGGTATTCTCTCAGCCG 18%
2 c.313_316del4  ttaagGCTCTGCTTTGTAGGATCAAGCCTCAAGG----GGGTTCCCGTGGGTATTCTCTCAGCCG (1/56) FA
1 NE t£aagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTGGGGETTCCCGTGGGTATTCTCTCAGCCG 8% (152?;2')
2 ¢.311_316del7 ttaagGCTCTGCTTTGTAGGATCAAGCCTCA-—————— GGGTTCCCGTGGGTATTCTCTCAGCCG (1/56)
1 NE £taagGCTCTGCT TTGTAGGATCAAGCCTCAAGGCTGGGGGTTCCCGTGGGTATTCTCTCAGCCG 18%
2 .311_320del1  ttaagGCTCTGCTTTGTAGGATCAAGCCTCA-—————————- TCCCGTGGGTATTCTCTCAGCCG (1/56)
1 NE t£aagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTG * *GGGGTTCCCGTGGGTATTCTCTCAG 18%
2 ¢.315ins3 ttaagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTGATCGGGGTTCCCGTGGGTATTCTCTCAG (1/56)
1 c.315delG £ taagGCTCTGCT TTGTAGGATCAAGCCTCAAGGCT -GGGGTTCCCGTGGGTATTCTCTCAGCCG 8%
2 c.298_339deld3  ttaagGCTCTGCTTTGTA--——————=———=— [ -—--GCCE (1/56)
B B Therapeutic indels
@ Other indels
[ Unedited alleles
9.03%
Therapeutic NHEJ-repair events at day 30 Frequency
HD ttaagGCTCTGCTTTGCAGGATCAAGCCTCAAGGCTGGGGGTTCCCGTGGGT -
€.295C>T ttaagGCTCTGCTTTGTAGGATCAAGCCTCAAGGCTGGGGGTTCCCGTGGGT -
€.289_318del30  ttaagGCTCT————————————————————— - ___ GTTCCCGTGGGT 8.28%

Figure 7. In Vivo Proliferative Advantage of mPB HSPCs from a FA-A Patient after NHEJ-Mediated Gene Editing

CD34* cells harboring the truncating ¢.295C > T mutation in FANCA from FA-655 patient mPB were electroporated with IVT-RNP4 and then used for establishing
clonogenic assays and for the transplantation of one NSG mouse.

(A) Analysis of the editing events in individual colonies using Sanger sequencing (a total of 56 colonies were analyzed).

(B) NGS analysis of the editing events in human hematopoietic cells engrafting the BM of the transplanted NSG mouse, 1 month after transplantation.

showed that 17.31% of the human engrafted cells harbored
editing events at the target site. Specifically, 8.28% of the ed-
iting events corresponded to the therapeutic ¢.289_318del30
deletion (Figure 7B), revealing the engraftment and in vivo pro-
liferative advantage of FA-A hematopoietic repopulating cells
that were genetically corrected by means of a NHEJ-mediated
gene therapy approach.

DISCUSSION

Several studies have shown the feasibility of HR-mediated gene
editing as a novel approach to correct HSPCs from patients
affected by inherited and acquired diseases (De Ravin et al.,
2016; Dever et al., 2016; Genovese et al., 2014; Hoban et al.,
2015; Pavel-Dinu et al., 2019). In contrast to HR, NHEJ repair

Figure 6. In Vitro Proliferative Advantage of FA-A Patients’ HSPCs Harboring the ¢.295C > T Mutation after Therapeutic NHEJ-Mediated Gene

Editing

Human CD34"* cells from patients FA-807 and FA-739 harboring the truncating c.295C > T mutation in FANCA were edited with the IVT-RNP4 nuclease. The
efficiency of NHEJ-mediated editing was measured by NGS at day 5 in liquid culture and the proliferative advantage by Sanger sequencing in individual colonies
generated after 14 days of culture in methylcellulose or by NGS of the liquid culture.

(A and B) Analysis of gene editing events measured by NGS in (A) BM and (B) mPB CD34" cells from patient FA-807.

(C) Characterization of editing events in mPB CD34* cells from patient FA-739 in liquid cultures both at 5 and 14 days post-nucleofection. Editing events were

classified as in Figure 1.
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has been mainly used to knock out specific genes due to the
generation of indels disrupting the targeted gene. However, the
feasibility of using NHEJ as a therapeutic alternative to restore
the expression of mutated genes has also been described in
Duchenne muscular dystrophy. In this disease model, exon
skipping in the dystrophin gene has shown to partially correct
the function of the gene (Ousterout et al., 2013, 2015a, 2015b).
Very recently, NHEJ has also been used in myeloid cell lines
targeting correction of a CYBB gene mutation introduced with
lentiviral vectors (Surun et al., 2018). In the field of FA, a similar
approach has been used to correct Fancf in mouse fibroblasts
(van de Vrugt et al., 2019). Despite these previous studies,
NHEJ-based editing has never been applied to correct
pathogenic mutations in human HSCs. Considering that NHEJ
constitutes the preferred mechanism for the repair of DSBs,
particularly in quiescent cells (Naka and Hirao, 2011), and taking
into account that NHEJ is enhanced in FA cells (Du et al., 2016;
Pace et al.,, 2010), we postulated that the NHEJ editing in
HSCs from FA patients should constitute an ideal approach for
the targeted correction of these cells.

The results presented in this study show for the first time the
feasibility of correcting the phenotype of LCLs from FA patients
carrying mutations in genes that encode for proteins partici-
pating in the different complexes of the FA pathway: upstream,
intermediate, and downstream complex (particularly relevant
for HR), confirming the versatility of the proposed editing
strategy.

Importantly, our in vitro and in vivo studies showed that
NHEJ-mediated editing efficiently targets the long-term
HSCs. This contrasts with the reduced efficacy of HR for the
editing of long-term repopulating cells, compared to efficacies
achieved in more mature progenitor cells (Dever et al., 2016;
Genovese et al., 2014; Hoban et al., 2015; Pavel-Dinu et al.,
2019). Moreover, in contrast to HR, where the pre-stimulation
of HSCs is essential to induce HR, NHEJ does not require
this pre-stimulation step, thus preserving the stemness and,
consequently, the repopulating ability of gene-edited HSCs.
This hypothesis has been demonstrated in our studies shown
in Figure 5B revealing that the NHEJ-editing efficacy obtained
in the pool of HD CD34* cells was similar to the one corre-
sponding to HSCs with HD-like phenotype. Indeed, this obser-
vation will have a particular relevance for the therapy of FA
HSCs, characterized by a marked sensitivity to in vitro manip-
ulation (Rio et al., 2017).

Importantly, our editing studies in FA LCLs and FA CD34" cells
have shown that some of the potential therapeutic editing events
in FANCA are capable of re-expressing a functional FANCA.
Moreover, our studies revealed the restoration of the FA pathway
and also a marked proliferative advantage and phenotypic
correction in edited cells. This proliferative advantage was
particularly remarkable in the case of the complex ¢.295C > T
stop codon mutation in which a striking proliferative advantage
of FA-A HSPCs harboring therapeutic editing was observed
not only in progenitor cells analyzed a few days after nucleofec-
tion (25%-50% editing rates) but also in NSG mice engrafting
cells. Additionally, the fact that the same 30 bp deletion was
frequently found both in FA LCLs and FA HSPCs, demonstrates
the advantage of this event compared to other potential thera-
peutic events initially generated.

Because of recent optimizations described in the sgRNA
design enabling increased stability in vitro (Bak et al., 2018;
Brunetti et al., 2018) and the possibility of targeting sgRNAs
near to the mutation, a marked increase in the indel rates
has been achieved in our study. In this respect, the frequency
of indels in both FA LCLs and CD34" cells were higher than
65%, with a frequency of therapeutic indels as high as
18%-31% in FA-LCLs (Figure 3). This increased efficiency
together with the very simple and inexpensive design of new
sgRNAs will assure the expansion of this approach for
the correction of different mutations, not only in HSPC dis-
eases (such as FA) in which edited cells will develop
proliferation advantage but also in other monogenic blood dis-
orders (Table S4). Nevertheless, aiming at the convenient
development of therapies based on NHEJ-mediated editing,
specific missense and frameshift mutations (small indels)
that do not affect key protein domains should be preferentially
selected. Finally, mutations not targetable by this approach
could also benefit from the high efficiency of NHEJ-mediated
repair in HSCs by the use of homology-independent targeted
integration (HITI) strategies (Suzuki and Izpisua Bel-
monte, 2018).

In summary, our results demonstrate that NHEJ-based gene
editing should constitute a simple therapeutic gene editing
approach for the gene therapy of a specific group of patients
harboring small mutations in genes accounting for a variety of
monogenic lympho-hematopoietic diseases, including those
attributable to mutations in many different genes, such as FA
and Diamond-Blackfan anemia. Additionally, as opposed to
conventional gene therapy or HR-mediated gene editing,
NHEJ-mediated editing does not require the use of viral vec-
tors, thus enormously reducing the complexity and cost of
the therapy.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC/Cyanine7 Anti-human CD45 antibody BioLegend Cat# 304014; RRID:AB_314402
APC Mouse Anti-Human CD34 antibody BD Cat# 555824

PE Mouse Anti-Human CD33 antibody Beckman Coulter Cat# AQ7775

FITC Mouse Anti-Human CD19 antibody
PE/Cy7 Anti-human CD3 antibody

PE Mouse Anti-Human CD8 antibody
APC Anti-Human CD4 antibody

Rabbit Anti-Human FANCA antibody
Mouse Anti-B-actin antibody

Mouse Anti-vinculin antibody

Goat Anti-Rabbit IgG H&L (HRP)

Sheep Anti-Mouse 1gG H&L (HRP)
Anti-Human FANCD?2 antibody

Goat Anti-Rabbit IgG H&L (Alexa Fluor® 594)

Beckman Coulter
BioLegend
Immunotech
Miltenyi Biotech
Abcam

Abcam

Abcam

Abcam

Abcam

Abcam

Abcam

Cat# IM1284U

Cat# 300420; RRID:AB_10641705
Cat# A07757

Cat# 130-091-232; RRID:AB_871690
Cat# ab5063

Cat# ab6276

Cat# ab73412; RRID:AB_1861566
Cat# ab6721-1; RRID:AB_955447
Cat# ab6808; RRID:AB_955441
Cat# ab2187-50

Cat# ab150080; RRID:AB_2650602

Bacterial and Virus Strains

One Shot TOP10 Chemically Competent E. coli ThermoFisher Scientific Cat# C404003
Biological Samples

Mobilized peripheral blood hCD34* cells from patient FA-739 Hospital Nifio Jesus N/A

Mobilized peripheral blood hCD34" cells from patient FA-807 Hospital Vall d’Hebron N/A

Mobilized peripheral blood hCD34* cells from patient FA-655 Hospital Nifio Jesus N/A

Total bone marrow hCD34™ cells from patient FA-807 Hospital Vall d’Hebron N/A
Chemicals, Peptides, and Recombinant Proteins

Recombinant Cas9 protein PNA Bio Cat# CP02

Human stem cell factor (hSCF)

Human FMS-like tyrosine kinase 3 ligand (hFIt3-L)
Human thrombopoietin (hTPO)

Human interleukin 3 (hIL3)

EuroBiosciences
EuroBiosciences
R&D Systems
Novus Biologicals

Cat# rh SCF E.coli
Cat# rh FIt3L/CD135
Cat# 288-TP-200
Cat# NBP2-34863

Anti-TNFa (Etanercept) Amgen Cat# Enbrel
N-acetylcysteine Pharmazam

Retronectin® Takara Bio inc Cat# T202
Critical Commercial Assays

NucleoSpin® Gel and PCR Clean-up Macherey-Nagel Cat# 740609
HiScribe T7 High Yield RNA Synthesis Kit New England Biolabs Cat# E2040S
RNeasy® Plus Mini Kit QIAGEN Cat# 74134

SF Cell Line 4D-Nucleofector® X Kit
P3 Cell Line 4D-Nucleofector® X Kit
DNeasy® Blood & Tissue Kit
Bio-Rad Protein Assay Kit |
CellROX® Deep Red Reagent

Zero Blunt PCR Cloning Kit
NucleoSpin® Plasmid Kit

Lonza

Lonza

QIAGEN

BioRad Laboratories
Life Technologies
Thermo Fisher Scientific
Macherey-Nagel

Cat# V4XC-2032
Cat# V4XP-3032
Cat# 69504

Cat# 5000001
Cat# C10422
Cat# K270020
Cat# 740588.250

Deposited Data

Mendeley Dataset

Mendeley Data

https://doi.org/10.17632/scw4zjsrbv.1
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell Lines

CP1 Paula Rio Diez et al., 2017
CP3 Paula Rio Diez et al., 2017
CP4 Paula Rio Diez et al., 2017
FA-55 Jordi Surralles’ lab Castella et al., 2011
FA-62 Jordi Surralles’ lab N/A

FA-178 Jordi Surralles’ lab Castella et al., 2011
FA-344 Jordi Surralles’ lab N/A

P2 Helmut Hanenberg'’s lab N/A

P3 Helmut Hanenberg'’s lab N/A

Experimental Models: Organisms/Strains

Mouse: Non-obese diabetic (NOD) immunodeficient
Cg-Prkdcs l12rg™""i/SzJ (NSG)

The Jackson Laboratory

RRID:IMSR_ARC:NSG

Oligonucleotides

Oligos for sgRNA cloning in pX330-U6-Chimeric_BB-
CBh-hSpCas9 plasmid

Primers used for sgRNA in vitro transcription

Primers used for Sanger sequencing and /CE Analyses
Primers designed for NGS Analyses

Primers for off-target loci NGS Analysis

See Table S5A

See Table S5B
See Table S6A
See Table S6B
See Table S7

N/A

N/A
N/A
N/A
N/A

Recombinant DNA

pX330-U6-Chimeric_BB-CBh-hSpCas9

Cong et al., 2013

RRID:Addgene_42230

Software and Algorithms

CRISPR Design

CRISPOR

Inference of CRISPR editing (ICE)
InteractiVenn

AxioVision 4.6.3

Corel Photo-Paint 11

FlowJo Software v7.6.5

Zhang Lab
Haeussler et al., 2016;

Heberle et al., 2015
Carl Zeiss

Corel

FlowJo

https://zlab.bio/guide-design-resources
http://crispor.tefor.net/
https://ice.synthego.com/#/
http://www.interactivenn.net/index2.html#
N/A

RRID:SCR_013674

RRID:SCR_008520

Finch TV Digital World Biology LLC https://digitalworldbiology.com/FinchTV
CRISPResso bioinformatics tool Pinello et al., 2016 http://crispresso.pinellolab.partners.org/
GraphPad Prism 6.0 Prism RRID:SCR_002798

Uniprot Uniprot https://www.uniprot.org/

Other

StemMACS HSC-CFU complete with Epo
Mitomycin C from Streptomyces caespitosus
Complete Mini Protease Inhibitor Cocktail
PhosSTOP

The Human Gene Mutation Database (HGMD®
Professional 2019.1)

Miltenyi Biotech
Merk
Merk
Merk

Institute of Medical
Genetics in Cardiff

Cat# 130-091-280

Cat# M4287-2MG

Cat# 11836153001

Cat# 4906845001
http://www.hgmd.cf.ac.uk/ac/index.php

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Paula

Rio (paula.rio@ciemat.es).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Non-obese diabetic (NOD) immunodeficient Cg-Prkdc®™® 112rg™™i//SzJ mice (NSG) used to test the repopulation capacity of
hCD34* cells were purchased from Jackson laboratories. Mice were maintained in pathogen-free conditions and experiments
were performed in accordance with the EU and CIEMAT guidelines upon approval of the protocols by the Environment Department
in Comunidad de Madrid, Spain (Authorization code PROEX:070/15). At the time of experiments 8-12 age female mice were randomly
assigned to the different experimental groups (n = 5 mice per group).

Cell Lines

Lymphoblastic cell lines (LCLs) from healthy donors (HDs) and FA-A patients were generated by transduction of peripheral blood cells
with Epstein-Barr virus. Three different HD LCLs were used in this study: CP1, CP3 and CP4; and six FA LCLs: FA-55, FA-62, FA-178,
FA-344, P2 and P3 (Table S2). The mutations were confirmed by Sanger sequencing and the characteristic FA mitomycin C (MMC)
hypersensitivity checked before starting the experiments. FA patients and HDs were encoded to protect their confidentiality;
informed consents were obtained in all cases prior to the generation and use of the cell lines.

LCLs were grown in Roswell Park Memorial Institute medium (RPMI, Invitrogen/Life Technologies/Thermo Fisher Scientific), 20%
Hyclone, 1% penicillin/streptomycin (P/S) solution (GIBCO/Life Technologies/Thermo Fisher Scientific), 0.005 mM B-mercaptoetha-
nol, 1 mM sodium pyruvate (Sigma) and non-essential aminoacids (Lonza) under normoxic conditions (37°C, 21% O,, 5% CO, and
95% relative humidity -RH-).

Hematopoietic stem and progenitor cells from healthy donors and FA patients
HD hCD34" cells were obtained from umbilical cord blood (UCB) samples as previously described in Diez et al. 2017 after informed
consent was obtained and upon approval by the Centro de Transfusiones de la Comunidad de Madrid.

HSPCs from female and male donors were randomly pooled to obtain enough CD34" cells. Purities ranging from 85%-98% were
routinely obtained. hCD34* cells were grown in StemSpam (StemCell Technologies) supplemented with 1% GlutaMAX (GIBCO), 1%
P/S solution (GIBCO), 100 ng/mL human stem cell factor (hRSCF, EuroBiosciences), human FMS-like tyrosine kinase 3 ligand (hFIt3-L,
EuroBiosciences), human thrombopoietin (hnTPO, R&D Systems), and 20 ng/mL human interleukin 3 (hIL3, Novus Biologicals) under
normoxic conditions.

A small number of mobilized peripheral blood (mPB) hCD34" cells from patients FA-739, FA-807 and FA-655 (all males; aged 3-4
years old) that remained in cell collection bags and tubes from the CliniMACS® System (Miltenyi Biotec), used for the collection
(FANCOSTEM trial; Eudra number CT 2011-006197-88) and the subsequent transduction of hCD34" cells with LVs (FANCOLEN Trial:
Eudra number CT 2011-006100-12) were used after receiving consent from their parents, complying with all relevant ethical regula-
tions and approved by the Ethic Committees at Hospital Vall d’Hebron in Barcelona and Hospital del Nifio Jesus in Madrid. Cells were
grown in StemSpam (StemCell Technologies) supplemented with 1% GlutaMAX (GIBCO), 1% P/S (GIBCO), 100 ng/mL SCF and FIt3,
20 ng/mL TPO and IL3 (all EuroBiosciences), 10 pg/mL anti-TNFa (Enbrel-Etanercept, Pfizer) and 1 mM N-acetylcysteine
(Pharmazam) under hypoxic conditions (37°C, 5% of O, 5% of CO, and 95% RH).

One hCD34" cell sample from FA-807 patient was also obtained from total bone marrow by immunoselection as indicated for UCB
samples and cultured under the same previous conditions.

Since some of the FA samples used were cryopreserved, in all cases 24h of pre-stimulation were used before gene editing.

METHOD DETAILS

Plasmids
Proof-of-concept gene editing experiments in LCLs were performed using the pX330-U6-Chimeric_BB-CBh-hSpCas9 (Cong et al.,
2013), which was a gift from Feng Zhang (Addgene plasmid #42230). Guide RNAs to target ¢.295C > T and ¢.3558insG mutations
were designed using the CRISPR Design (http://zlab.bio/guide-design-resources, Zhang Lab) bioinformatics tool from MIT
(Table S1).

Guide RNAs were ordered as oligos from Sigma-Aldrich (Table S5A), annealed and cloned into pX330 plasmid after Bbs/ (Ref
#R3539, New England Biolabs) restriction enzyme digestion. The obtained plasmids were named as pX330 gGM4, pX330
gGM10, pX330 gINS8 and pX330 gINS11, respectively.

Ribonucleoprotein complex
Gene editing experiments in LCLs and HSPCs were conducted using the ribonucleoprotein complex. Guide RNAs targeting FANCB,
FANCC, FANCD1 and FANCD2 mutations were designed using the CRISPOR bioinformatic tool (Haeussler et al., 2016) (http://
crispor.tefor.net/). Cas9 protein was purchased from PNA Bio (#CP02, PNA Bio), and combined with in vitro transcribed (IVT) or
chemically modified sgRNAs (MS-sgRNAs) acquired from Synthego for 10 minutes at room temperature (RT).

To generate IVT sgRNAs the T7 promoter sequence was incorporated to the sgRNAs by PCR (Table S5B) using the respective
plasmids as PCR templates.
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PCR products where purified using the NucleoSpin® Gel and PCR Clean-up (Ref 740609, Macherey-Nagel) and directly used for
the in vitro transcription of the sgRNAs using the HiScribe T7 High Yield RNA Synthesis Kit (# E2040S, New England Biolabs) accord-
ing to manufacturers’ instructions. The IVT sgRNAs were purified using RNeasy® Plus Mini Kit (Ref 74134, QIAGEN) and quantified
using NanoDrop Spectrophotometer ND-1000 (Thermo Fisher Scientific).

LCLs gene editing

HD and FA patient-derived LCLs were electroporated with 5 ug of pX330 gGM4 / gGM10 / gINS8 / gINS11 plasmid or 9.2 ug of RNP
(3.2 ug MS-sgRNA and 6 pg of Cas9) using the SF Cell Line 4D-Nucleofector® X Kit for Amaxa 4-D device (Lonza). 2x10° cells per
condition were electroporated using EW-113 pulse. Cell viability was assessed by flow cytometry 24 hours post-electroporation
using 4/, 6-diamidino-2-phenylindole (DAPI).

Gene editing experiments in HD and FA-A HSPCs
HD HSPCs were electroporated with the IVT-RNP complex, composed of 9 pg of Cas9 and 12 ug IVT sgRNA or 6 ug of Cas9 and
3.2 ng MS-sgRNA, using the P3 Primary Cell 4D-Nucleofector® X Kit for Amaxa 4-D device (Lonza). 2x10° cells per condition
were electroporated in separated strip wells using program EO-100 and DZ-100. Cell viability was assessed by flow cytometry
24 hours post-electroporation and gene editing efficacy was evaluated 72 hours post-electroporation by Inference of CRISPR editing
(ICE) and/or next generation sequencing (NGS). Four independent experiments were conducted with MS-sgRNA and 6 with IVT
sgRNA. FA HSPCs were electroporated under the same conditions using IVT-RNP complex.

To assess editing efficiencies in the different HSC subpopulations, the electroporated hCD34" cells were separated by single cell
sorting into committed (hCD34" hCD133  hCD90'), early (hCD34* hCD133" hCD90") and primitive (h[CD34" hCD133" hCD90") HSCs.
Three different experiments were conducted.

LCLs single clone isolation
500 cells were plated in methylcellulose to isolate individual clones and incubated under normoxic conditions. Three weeks later
Individual colonies were picked and transferred to a 96-well plate for their in vitro amplification and characterization.

Colony Forming Unit Assay

900 HD or 10,000 FA-A hCD34" cells were resuspended in 3 mL of enriched methylcellulose medium (StemMACS HSC-CFU
complete with Epo, Miltenyi Biotech). In the case of FA cells, 10 ug/mL anti-TNFa. and 1mM N-acetylcysteine were added. Each
mL of the triplicate was seeded in a M35 plate and incubated under normoxic (HD hCD34* cells) or under hypoxic (FA hCD34" cells)
conditions. To test MMC sensitivity in hematopoietic colonies obtained from FA-A patients, 3-10 nM of MMC was added to the
culture. Triplicates were conducted with HD CD34* cells and 2-3 independent plates were plated in FA hCD34" cells. After fourteen
days, colonies were counted using an inverted microscope (Nikon Diaphot, objective 4X) and CFUs-GMs (granulocyte-macrophage
colonies) and BFU-Es (erythroid colonies) were identified.

Transplantation of Gene-edited Healthy donor and FA HSPCs in NSG mice

The repopulation capacity of hCD34" cells was tested by transplantation into non-obese diabetic (NOD) immunodeficient
Cg-Prkdcse [12rg™™1//SzJ mice (NSG). HD hCD34* cells from UCB were purified as previously described and electroporated
with MS-RNP4 complex using the P3 Primary Cell 4D-Nucleofector® X Kit for Amaxa 4-D device (Lonza) on the same day. Three
groups of cells were established: untreated (control); electroporated cells without nuclease (mock) and electroporated cells with
the RNP complex (MS-RNP4). Twenty-four hours later, 3.25x10° cells were transplanted into immunodeficient NSG mice previously
irradiated with 1.5 Gy. Five mice were randomly included in each group. Similarly, 1.75x10° CD34"* cells from patient FA-655 were
electroporated with IVT-RNP4 and transplanted in an NSG mouse 24h later. One month after transplant BM was obtained and NGS
was conducted to study the presence of gene edited cells.

In mouse transplanted with HD hCD34™" cells, human engraftment was measured monthly by flow cytometry analysis of the per-
centage of hCD45" cells (anti-hCD45-APC-Cy7, BioLengend). At days 30 and 60 after transplantation bone marrow samples were
obtained by intra-bone aspiration. Multi-lineage reconstitution was also evaluated using antibodies against hCD34 (anti-hCD34-
APC, BD) for HSPCs, hCD33 (anti-hCD33-Pe, Beckman Coulter) for myeloid cells, hCD19 (anti-hCD19-FITC, Beckman Coulter)
for B cells and hCD3 (anti-hCD3-PeCy7, BioLegend) for T cells. The remaining cells were pelleted for DNA extraction and NGS anal-
ysis to evaluate the presence of gene edited cells.

At day 90 post-transplantation, mice were euthanized and peripheral blood, spleen, thymus and hind legs were extracted. Bone
marrow samples were obtained from hind legs by intra-bone perfusion. Human engraftment was evaluated by flow cytometry
according to the percentage of hCD45" cells in the different hematopoietic organs. Multi-lineage reconstitution was determined using
antibodies against hCD34 for HSPCs, hCD33 for myeloid cells, hCD19 for B cells and hCD3 for T cells in peripheral blood, spleen and
bone marrow; and using hCD3 for T cells and hCD8 (anti-hCD8-Pe, Immunotech) and hCD4 (anti-hCD4-APC, Miltenyi Biotec) to
distinguish between cytotoxic and helper T cells in thymus samples.
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To evaluate the long-term engraftment capacity of hCD34* after NHEJ-mediated gene editing, bone marrow from primary
recipients was transplanted into secondary ones mouse to mouse, so the same groups of mice were established. The remaining
bone marrow cells were pelleted for DNA extraction using DNeasy® Blood & Tissue Kit (QIAGEN) and NGS analysis to evaluate
the presence of gene edited cells.

The human engraftment in secondary recipients’ follow-up was conducted as previously described: bone marrow aspiration and
flow cytometry were performed at 30 and 60 days post-transplantation and hematopoietic organs extraction after euthanasia at day
90 post-transplantation. DNA from bone marrow cells was obtained to evaluate the presence of gene edited cells by NGS at the
different time points.

The Venn diagram was generated using the bioinformatic tool InteractiVenn (http://www.interactivenn.net/index2.html#) (Heberle
et al., 2015).

FANCA protein expression by Western-blot

Protein extracts were isolated from at least 6x10° cells in lysis buffer (HEPES 20 mM pH 7.5, NaCl 100 mM, MgCl, 20 mM, EGTA
10 mM, B-glycerol phosphate 40 mM, 1% de Triton X-100, PMSF 1 mM, protease inhibitors 1X —Complete Mini Protease Inhibitor
Cocktail, Roche— and phosphatase inhibitors 1X —PhosSTOP, Roche—). Cell lysates were centrifuged at 13,000 rpm for 5 minutes at
4°C and supernatants collected. Quantification was conducted by Bio-Rad Protein Assay Kit (BioRad Laboratories) according to
manufacturer’s instructions in a spectrophotometer (Eppendorf BioPhotometer). 50ug of each sample was incubated for 5 minutes
at 95°C in redox and denaturing conditions using B-mercaptoethanol and Laemli buffer (BioRad) in a 1:9 ratio. Gel electrophoresis
was conducted in 4%-15% polyacrylamide gels (BioRad) using BioRad running buffer (Tris 25 mM, Glycine 192mM, SDS 0.1%;
pH 8.3) for 2 hours, following manufacturer’s instructions. Proteins were transferred using the Trans-Blot Turbo Transfer device
from BioRad using BioRad’s Transfer Buffer with 10% absolute ethanol. Membranes were blocked for 1 hour at room temperature
and agitation with 5% w/v non-fat dry milk in 0.1% Tween-20 PBS. Membrane was stained with rabbit anti-hFANCA antibody
(@ab5063, Abcam, 1:1,000 dilution in 2.5% milk PBS-T), mouse anti-p-actin antibody (ab6276, Abcam, 1:4,000 dilution in 2.5%
milk PBS-T) or mouse anti-vinculin (ab73412, Abcam, 1:500 dilution in 2.5% milk PBS-T) over night at 4°C. B-actin and vinculin served
as loading controls. Membrane was washed with PBS buffer three times and then was incubated with 1:5000 dilution in 2.5% milk
PBS-T of the secondary anti-rabbit (pAb to Rb IgG-HRP, ab6721-1, Abcam) and anti-mouse (pAb to Ms IgG-HRT ab6808, Abcam)
antibodies during 1 hour at RT. Finally, membranes were washed three times with PBS. Blots were visualized with ChemiDoc MP
System, (BioRad) using Clarity Western ECL substrate (BioRad).

Nuclear FANCD2 foci immunofluorescence

One million cells were seeded in chamber slides (Nunc, Sigma) previously coated with 20 pg/cm? Retronectin® (Takara Bio inc).
Twenty-four hours later cells were incubated in the absence or presence of 40 nM MMC (Sigma) for 16 hours and afterward washed
with PBS and fixed with 3.7 % paraformaldehyde (Sigma) 15 minutes at room temperature. Then, cells were washed 3 times with TBS
(20 mM Tris-HCI; 140 mM NaCl) and permeabilized using 0.5% Triton X-100 (Sigma) for 5 minutes, washed and blocked with blocking
solution (0.1% Nonidet-P40 (Sigma); 10% Hyclone) for 4 hours. Cells were incubated with the primary antibody against human
FANCD2 (ab2187-50, Abcam) as previously described (Diez et al., 2017), in a humidity chamber at 4°C, overnight, washed 3 times
with TBS and then incubated during one hour with the secondary antibody IgG against rabbit, conjugated with AlexaFluor 594
(@b150080, Abcam; 1:1,000 dilution) and DAPI (Roche). Finally, cells were washed 3 times in TBS and slides were mounted with
Moviol. Samples were visualized with a fluorescence microscope Axioplan 2 imaging (Carl Zeiss) with the objective 0.17 mm and
100x/1.45 magnification. Two hundred cells were counted and cells with more than 10 foci per cell were scored as positive. Each
data point represents the mean of at least five independent analyses. Images were captured with AxioCam MRm (Carl Zeiss) and
processed with AxioVision 4.6.3 (Carl Zeiss) and Corel Photo-Paint 11 (Corel).

MMC sensitivity test

2.5x10° cells were exposed to increasing concentrations of MMC (from 0 to 1,000 nM). Cell viability was measured 5 to 15 days after
MMC treatment by flow cytometry using DAPI vital marker in a LSRFortessa Cell Analyzer. Offline analysis was performed with
FlowJo Software v7.6.5. Each data point represents the mean of at least three independent analyses.

Chromosome Diepoxybutane Analysis

Cytogenetic analysis was performed on metaphase spreads obtained from cell culture, as previously described (Rodriguez-Perales
et al., 2016). Briefly, cells were cultured in RPMI 1640 containing 10% fetal calf serum (FCS), 1% antibiotics and 1% L-glutamine at
37°Cin an atmosphere of 5% CO2. DEB, a highly reactive DNA cross-linking agent, was added to the cultures at a final concentration
of 0.1 pg/mL (Sigma). Cultures were paired for DEB studies, with a replicate set of cultures to serve as untreated controls. After
48 hours of DEB treatment, cells were induced to mitotic arrest with 0.1 ng/mL Colcemid (GIBCO). Metaphases were prepared by
standard cytogenetic methods including hypotonic treatment (75 mm KCI) and fixation with methanol/acetic acid (3:1) before
spreading onto slides. At least 100 metaphases were blindly analyzed by microscopic analysis (Leica) for each culture after standard
Giemsa staining.
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Chromosome fragility by the flow cytometric micronucleus test

Cells were processed by flow cytometry following the procedure previously described (Avlasevich et al., 2006). One million lympho-
blastic cells were untreated or treated with 0.1 ug/mL of DEB and maintained in culture for at least one population doubling. Cells
were then sequentially stained; first with ethidium monoazyde bromide (EMA) (0.025 mg/mL) and second with Sytox
green (0.2 uM). Next, a lysis step with 250 pL of lysis solution 1 (0.584 mg/mL NaCl, 1 mg/mL sodium citrate, 0.3 pg/mL IGEPAL,
1 mg/mL RNase A and 0.2 uM Sytox green in deionized water) for 1 h at RT was conducted, followed by a second lysis step using
250 plL of solution lysis 2 (85.6 mg/mL sucrose, 15 mg/mL citric acid and 0.2 uM Sytox green in deionized water) for 30 min at RT. After
lysis, samples were stored at 4°C until being processed by flow cytometry. Data acquisition was performed by flow cytometry with
FACSCalibur. Collected data was analyzed by FlowJo Software v7.6.5. The data of micronuclei (MN) presented in this work repre-
sents results from three independent analyses each one conducted in duplicate.

Analysis of reactive oxygen species (ROS)

Detection of intracellular Reactive Oxygen Species (ROS) was conducted using the CellROX® Deep Red Reagent (C10422, Life
Technologies). The CellROX® Deep Red dye is a fluorogenic compound that enters the cells in a reduced state as a non-fluorescent
probe exhibiting strong fluorogenic signal (640nm excitation and 665 nm emission) after oxidation by the presence of reactive oxygen
species. The analysis was performed in FA-A patient LCLs (gene-edited and untreated) following manufacturer’s instructions: 5x10*
cells were incubated with CellROX® Deep Red Reagent at a final concentration of 5 uM in PBS during 20 min at 37°C. After incuba-
tion, cells were washed with PBA and DAPI (Roche) was added. Quantification of ROS production was conducted in LSRFortessa
Cell Analyzer and data were analyzed with FlowJo Software v7.6.5. A Z-score was conducted. Each data point represents the
mean of 3 independent analyses.

NHEJ-repair events characterization by Sanger Sequencing

DNA obtained from the isolated gene edited LCL clones and the CFCs from HD/FA HSPCs was used as a template to amplify by PCR
the CRISPR/Cas9 target sites using Herculase Il fusion DNA polymerase (Agilent). PCR products were cloned using Zero Blunt PCR
Cloning Kit (Thermo Fisher Scientific) and plasmids transfected into TOP10 competent cells by heat-shock. The transformation was
plated in selective Luria-Bertani medium (Sigma) plates and incubated overnight at 37°C. At least 3 individual colonies were picked to
obtain products coming from both alleles and grown overnight in selective LB medium in a shaker at 37°C. Plasmids were extracted
using NucleoSpin® Plasmid Kit (Macherey-Nagel) and sent to Stabvida to conduct Sanger sequencing using M13 primers. Chro-
matograms were visualized using Finch TV (Digital World Biology LLC).

CRISPR/Cas9-induced gene editing analysis by Inference of CRISPR Editing (ICE)

DNA isolated from edited and control LCLs or primary cells was sequenced by Sanger and chromatograms were analyzed by ICE
(https://ice.synthego.com/#/). Percentage of editing was calculated according to the frameshift produced in the edited chromato-
gram compared to the control sequence and the most probable indels can also be inferred. Primers used in these PCRs are listed
in Table S6A.

CRISPR/Cas9-induced gene editing analysis by Next Generation Sequencing
NGS analyses from LCLs samples were conducted by StabVida while those corresponding to HSPCs were conducted by Genewiz.

Genomic DNA from edited LCLs or hCD34" cells was extracted using the NucleoSpin Tissue kit (Macherey-Nagel) or the Proteinase
K Lysis protocol (Charrier et al., 2011). Target sites were amplified by PCR, generating amplicons of 200 bp surrounding the potential
CRISPR binding site. Primers used in these PCRs are listed in Table S6B. PCR products were purified using the AxyPrep PCR Clean-
Up (Axygen), quantified using a Qubit fluorometer (Thermo Fisher Scientific), and used for library construction with the KAPA Library
preparation Kit (Kapa Biosystems) for lllumina platforms. The generated DNA fragments (DNA libraries) were sequenced with v3
chemistry in the lllumina MiSeq platform, using 250-bp paired-end sequencing reads.

The analysis of the raw sequence data obtained was carried out using CLC Genomics Workbench 9.5.4 and those high-quality
sequencing reads were mapped against the reference sequences using a length and a similarity fraction of 0.80. A low frequency
variant calling was performed, obtaining a list of variants with a low representation within each sample following two criteria: a min-
imum frequency of 0.01% (and a probability of 0.0001); and a forward/reverse sequence read balancement > 30% combined with
localization in homopolymeric regions < 2 nucleotides. Those sequences containing indels of > 1 bp located within a region
encompassing = 5 bp from the cleavage site were considered as CRISPR-induced genome modifications. The frequency of each
indel was calculated by relativizing the number of times that was detected to the total number of reads.

Next Generation Sequencing analysis of putative off-targets
The most probable gGM4 off target loci were predicted in silico using the CRISPR Design web tool from MIT. Among the different
off-targets that were identified, we studied the top five and top twenty in FA and HD HSPCs respectively.

Genomic DNA from FA patient hCD34" cells targeted using RNP4 complex 5 days after electroporation was extracted using the
NucleoSpin Tissue Kit (Macherey-Nagel) or the Proteinase K Lysis protocol (Charrier et al., 2011). The putative off-target sites were
amplified by PCR including lllumina adapters in the primer sequence, generating amplicons of 200 bp surrounding the
potential CRISPR binding site. Primers used in these PCRs are listed in Table S7. The following procedure was conducted by Servicio
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de Gendmica y Bioinformatica from Universidad Auténoma de Barcelona. PCR products were purified using the AxyPrep PCR
Clean-Up (Axygen), quantified by Qubit fluorometer (Thermo Fisher Scientific), and used for library construction using the KAPA
Library preparation Kit (Kapa Biosystems) for lllumina platforms. The generated DNA fragments (DNA libraries) were sequenced
on MySeq platform, using 150-bp paired-end sequencing reads. The raw data results were analyzed and interpreted using the
CRISPResso bioinformatics tool (Pinello et al., 2016) (http://crispresso.rocks/). Those sequences containing indels of > 1 bp located
within a region encompassing + 5 bp from the cleavage site were considered as CRISPR-induced genome modifications.

Potential mutations to be treated by NHEJ-mediated gene editing

The identification of mutations in different blood disorders that could be potentially corrected by NHEJ-based gene editing strategy
was conducted using The Human Gene Mutation Database (HGMD® Professional 2019.1) at the Institute of Medical Genetics in
Cardiff (http://www.hgmd.cf.ac.uk/ac/index.php). For this analysis, nonsense mutations, small insertions and deletions were
considered.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis was performed using GraphPad Prism software package for Windows (version 6.0, GraphPad Software). For
the analyses of experiments in which n < 5, a nonparametric two-tailed Mann-Whitney test was performed when two variables were
compared, or Kruskal-Wallis with Dunn’s multiple comparison test when more than two variables were compared. In the experiments
in which n > 5, a Kolmogorov-Smirnov test was done to test the normal distribution of the samples. If samples showed a normal
distribution, a parametric two-tailed paired t test was performed when two variables were compared or an ANOVA with Tukey’s
multiple comparisons test when more than two variables were compared. If samples did not follow normal distribution, the previously
mentioned nonparametric tests were used. All the statistical details of the experiments conducted in this study can be found in the
corresponding figures and legends.

DATA AND CODE AVAILABILITY

Main Source Data have been deposited in the Mendeley database under DOI: https://doi.org/10.17632/scw4zjsrbv.1. All other data
are available from the Lead Contact upon request.
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