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Introduction:

Fanconi Anemia (FA) is a serious genetic disorder mainly characterized by developmental
abnormalities, cancer predisposition and bone marrow failure (BMF), which becomes evident
in most FA patients during the first decade of life **3. Androgen therapy and regular blood
transfusions can ameliorate the BMF in FA patients, but do not address the underlying cause
of the disease *. Allogeneic hematopoietic stem cell transplantation (HSCT) from healthy
donors is the only curative treatment of BMF in these patients, but carries serious risks such
as graft-vs-host disease and increased incidence of squamous cell carcinoma in the long
term >° . Genetic treatments to complement or repair the mutations that cause FA during
autologous HSCT would offer many benefits over traditional therapy, potentially providing a

lasting cure without the side effects associated with allogeneic BMT ’

FA is caused by mutations in any of the 23 genes that participate in the FA/BRCA
DNA damage response pathway ®. The FA gene products work together in physical
complexes and connected pathways to repair interstrand cross links (ICLs) in DNA, which
can be caused by DNA damaging agents such as chemotherapeutics (cisplatin, mitomycin

%10 In the absence of a

C) or endogenous metabolic byproducts such as aldehydes
functional FA pathway, these unresolved ICLs eventually lead to chromosomal breaks and
genome instability. FA patient cells are also compromised by normal levels of pervasive

stressors such as replication fork collapse **, emphasizing the importance of the FA pathway

to guardian genome integrity.

Lentiviral mediated gene therapy has recently been successfully used to treat HSCs
from FANCA-deficient (FA-A) patients, the most prevalent FA complementation group, with
the help of optimized HSC mobilization *? and transduction protocols *3. Although no severe
side effects have been observed neither in the FA gene therapy trial, or in most of the LV-
mediated gene therapy trial developed so far **, the possibility of conducting precise gene
repair in mutated sequences accounting for a genetic disease, in FA HSCs in this particular
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case, offers an additional safeguard to improve the safety of gene therapy. Furthermore,
gene editing would also maintain endogenous regulation of gene expression and could
extend therapeutic application to FA complementation groups associated with mutations in

strongly regulated or genes.

“Classic” CRISPR-Cas genome editing relies on creating a targeted DNA double-
strand break (DSB) that can be resolved by either error-prone pathways to create semi-
random small insertions and deletions (indels), or by precise homology directed repair (HDR)

15,16

from a template . Although HDR could theoretically facilitate to “surgically” change

almost any mutation to the wild type sequence, its efficiency is low in primitive HSCs and is
particularly compromised in FA-HSCs, due to their defects in HDR *’. Indel-based genome
editing has been demonstrated to be a good alternative to correct specific FA mutations,
converting nonsense to in-frame mutations that restore the FA gene function 2. But this

approach is limited in the spectrum of patient mutations that could be addressed.

Newer genome editing systems such as base editing (BE) that work without inducing
double stranded DNA breaks theoretically offer great opportunities to precisely correct
specific mutations in the FA genes '°?°. Nevertheless, whether a path to a genetic cure for
FA is feasible while using one of the many existing base editors is unclear. Here we report
for the first time a BE approach to address two of the most prevalent FANCA mutations in
patient cells. We found that adenine base editing can be remarkably effective to target FA
alleles. Optimization of the adenine base editor construct, vector type, guide RNA format,
and delivery conditions restored FANCA expression, molecular function of the FA pathway,
and phenotypic resistance to crosslinking agents. Importantly, ABE8e induced
unprecedentedly high levels of gene conversion in HSPCs from a FA patient, confirming the

great potential of this strategy for the future clinical application in FA.
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Results:

To develop a proof-of-concept base editing therapy for FA, we first employed lymphoblastoid
cell lines (LCLs) generated from either healthy donors (HD) or FA patients (Figure 1A).
These immortalized cells recapitulate the major phenotypic hallmarks of FA, including
reduced proliferation and sensitivity to crosslinking agents, and allowed us to test the
efficacy and toxicity of different tools and protocols of BE. Mutations in FANCA account for
approximately 60-65% of FA ?*, and we focused on two prevalent alleles of FANCA %%, FA-
55 is an FA LCL carrying a homozygous mutation in FANCA gene which consists on a
premature stop codon at exon 4 (c.295C>T). On the other hand, FA-75 harbors an
compound heterozygous mutation in FANCA gene (c.2639G>A and ¢.3788_3790 del

TCT)™.

Both the FA-55 and FA-75 mutations are not amenable to cytosine base editing
(CBE) due to the identity and context of the mutations, but could theoretically be addressed
with adenine base editing (ABE)(Figure 1A). The FA-75 G-to-A mutation could be reverted
back to wildtype by targeting the adenine mutation in the coding strand. The FA-55 T-to-C
mutation might also be reverted to wildtype by ABE targeting on the non-coding strand. But
this mutation is very close to several other non-wobble coding strand thymidines that lie in
the base editing window (Figure 1A). Modification of these positions would lead to coding
changes expected to impair protein function. Therefore, we focused on editing the coding
strand, in which fewer potentially deleterious bystander mutations could occur. Our strategy
aimed to convert the FA-55 nonsense mutation to a tryptophan missense mutation. The
targeted amino acid of FANCA is particularly non-conserved (Figure 1A) and expendable for
FANCA function '8, so we reasoned that this change might be tolerated for FANCA function.

We used PnB Designer to design several candidate gRNAs to base edit each FA genotype
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Base editors have rapidly diversified and multiple next-generation ABEs are
available. ABEmax is a second-generation adenine base editor that has been used in
several contexts % and has been characterized extensively to establish its targeting window
and off-target propensities %%, We tested whether delivery of candidate gRNAs and
ABEmax in plasmid format yielded intended base editing in FA-55 and FA-75 contexts. Bulk
Sanger sequencing and next generation lllumina sequencing of PCR amplicons five days
after electroporation of FA-55 and FA-75 LCLs indicated low levels of base editing (5.66 *
0.59% A to G) for FA-55. In the case of FA-75, a 62.20 £ 2.12% A to G conversion was
observed. Nevertheless, FA-75 harbors a heterozygous mutation and so has a baseline
wildtype level of 50% at the targeted sites (Figure 1B, Sanger traces).These results
suggested that these guide and base editor combinations were capable of genomic targeting
to induce the desired sequence changes, though with modest efficiency in the current

format.

To determine whether the respective edited alleles conferred proliferative advantage
over cells harboring the mutant alleles, we monitored the growth of edited and unedited cells
in bulk cultures using next-generation lllumina sequencing of PCR amplicons (amplicon-seq)
that target each edited site. During 30 days of culture after editing, conversion of the FA-75
nonsense mutation to wildtype led to increased levels of the wild type base to 74.35 +
6.35%. Significantly, conversion of the FA-55 nonsense mutation to missense also led to a
proliferative advantage for edited cells, increasing to 29.67 + 17.09% of the altered base.
(Figure 1B, solid lines). Edited reads were not found in cells kept in culture for the same
length of time but electroporated with only base editor and no gRNA, indicating that
spontaneous reversion did not play a role in outgrowth of cells with the wildtype sequence.

(Figure 1B, dashed lines)
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Since double stranded DNA plasmid delivery is inefficient and highly toxic in HSCs *°,
we next tested electroporation of an mRNA coding for ABEmax together with a chemically
protected, synthetic gRNA. This combination has been effective in editing HSPCs from non-

30-32

FA genotypes

We found that mRNA ABEmax and synthetic gRNA dramatically increased bulk
editing levels soon after electroporation for FA-55, with the mutation now contributing to the
majority of the Sanger sequencing chromatogram (Figure 1C) and no qualitative evidence of
bystander mutations. mRNA based editing of the FA-75 allele was also improved relative to
plasmid editing (Figure 1C, right, bottom Sanger tracks). However, FA-75 editing was
associated with a bystander mutation at the adjacent 3’ adenine in the wobble position. We
further quantified editing efficiency at each locus using amplicon-seq. mRNA delivery of
ABEmax paired with synthetic guide RNAs yielded high levels of editing in both FA-55
(missense 53.14 + 5.77% desired base and FA-75 correction, 74.75 = 3.04% desired base)
after 5 days in culture (Figure 1C). In longer-term cultures, edited allele frequencies steadily
increased for both FANCA genotypes, representing the great majority of reads after 30 days.
Taken together, these results indicate that using mRNA delivery of ABEmax paired with a
synthetic guide RNA can be very effective at genetic modification in two different FANCA
genotypes. Our results also suggest that the FANCA missense edit we tested here is

capable of providing a fitness benefit relative to cells with FA-55 ¢.295C>T mutation.

We next asked if the base edited LCLs have restored FA pathway function (Figure
2A). Cells derived from FA patients exhibit hypersensitivity to DNA interstrand crosslinking
reagents such as mitomycin C (MMC) and cisplatin **. Unedited FA-55 and FA-75 LCLs
were both hypersensitive to MMC compared to healthy donor LCLs (Figure 2B). To test if
gene editing modified the MMC-hypersensitivity of these cells, samples were electroporated

with ABEmax mRNA and synthetic guide RNAs, passaged for thirty days in culture, and then
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assayed for MMC sensitivity. At this point, both FA-55 and FA-75 LCLs exhibited complete

phenotypic restoration, as compared to wild type LCLs (Figure 2B).

FANCD2 monoubiquitination is a molecular hallmark of FA pathway activation in
response to MMC exposure **. In the absence of functional FANCA protein and FA core
complex assembly, the FANCD2-FANCI heterodimer cannot be monoubiquitinated. In HD
LCLs we verified robust basal expression of FANCA and MMC-induced ubiquitination of
FANCD2 (Figure 2C). Neither the FA-55 nor FA-75 LCLs were capable of ubiquitinating
FANCD?2 in response to MMC treatment. However, bulk ABEmax edited pools of either
genotype robustly ubiquitinated FANCD?2 after MMC exposure (Figure 2C). Notably, also the
missense edit conferred to the FA-55 LCL restored FANCA protein expression and FANCD2
monoubiquitination, further highlighting that the nonsense-to-tryptophan base edit was

sufficient to rescue the FA pathway.

While we were in the process of characterizing ABEmax-edited FA LCLs, a
hyperactive adenine base editor variant was developed by the labs of Jennifer Doudna and
David Liu *. ABE8e was reported to outperform ABEmax in terms of editing efficiency in
some cell lines, but with a slightly increased propensity for bystander and off-target effects.
We wondered whether ABE8e could further increase base editing levels at early timepoints,
especially in FA patient backgrounds, since achieving a very high level of initial editing could
be critical when attempting to edit the especially rare HSPCs that can be isolated FA

patients.

To compare the efficiencies of ABE8e and ABEmax, we followed a similar
experimental design as described in Figure 2. To determine whether the hyperactive ABE8e
was more efficient to generate point conversions, without relying on a survival advantage of
edited cells, we amplicon-sequenced cell pools only five days after electroporation (Figure

3A). Although even at this short time point, ABE max showed high editing efficiency (28.84 +
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6.95% and 70.43 £ 7.116% in FA-55 and FA-75, respectively), ABE8e further increased this

efficiency to 68.44 + 9.28% and 86.46 + 3.64%, respectively (Figure 3B and C).

Since the correction of a single allele is already sufficient to correct the disease

phenotype in FA 3¢

, we asked whether ABE8e edited pools also exhibited greater
phenotypic correction at short time points when compared to ABEmax edited pools. We thus
tested MMC sensitivity and FANCD2 mono-ubiquitination only nine days after editing.
(Figure 3A). Nevertheless, editing efficiency reached by either ABE8e and ABEmax resulted
in similar levels of MMC resistance, which were equivalent to those observed in HD LCLs
(Figure 3D). The phenotypic correction of FA-55 and FA-75 FA LCLs was also supported by
the restoration of FANCD2 ubiquitination, in both the ABEmax and ABES8e edited pools

(Figure 3E).

Cas-based genome editing tools can affect off-target genomic loci that have
sequences similar to the on-target guide RNA *. To further characterize ABE8e and
ABEmax editing in FA LCLs, we computationally predicted potential off-target sites for both
the FA-55 and FA-75 guide RNAs using Cas-OFF Finder *. For the FA-55-targeting
sgRNA1 we found 8 potential sites (Table 1). For the FA-75 targeting sgRNA4 there were 22
potential sites (Table 2). We investigated the top eight potential sites for each guide RNA
using amplicon-sequencing. The FA-55 targeting sgRNAL exhibited no detectable editing in
any of the tested candidate off-target sites, irrespective of base editor (Figure 4, top).
However, the FA-75 targeting sgRNA4 had a prominent off-target site located on chr2:
202,148,657- 202,148,676, with 18.08 + 1.55% base editing with ABE8e (Figure 4, bottom
left graph). ABEmax edited FA-75 cells also had the same off-target site, albeit at lower

editing levels 2.79 £ 0.20% (Figure 4, bottom right graph). This site is in the intron 13 of an
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uncharacterized gene called KIAA2012. The potential effects of editing at this off-target

remain to be determined.

Given the promising results obtained in immortalized patient cells, we asked whether
base editing approaches would potentially be suitable for preclinical models. Before moving
to precious HSPCs from FA patients, we optimized electroporation conditions by targeting
the AAVS1 safe harbor locus with both ABEmax and ABE8e. We electroporated varying
amounts of CD34" cells from cord blood (CB) and mobilized peripheral blood (mPB) with
MRNA forms of each base editor and a synthetic guide RNA targeting AAVS1 (Figure 5A

and Supp Figure A) % As in LCLs, ABE8e was much more efficient than ABEmax in both

CB CD34" cells (85+1.7% ABESe vs 30.36+5.9% ABEmax) and the more clinically relevant

mPB CD34" cells (71.1+13.3% ABES8e vs 28+5.9% ABEmax) (Figure 5B and 5C).

Analysis of individual hematopoietic colonies showed that ABE8e generated point
conversions in homozygosis in all cases, confirming its efficiency in HSPCs from CB and
mPB HD cells (Supp Figure D and E). However, NGS in liquid culture also revealed
4.2+1.3% bystander mutations in the targeted locus when using ABE8e. Regardless of the
base editor, electroporation of base editor with synthetic guides into purified CD34" cells did
not cause gross defects in the clonogenic and differentiation potential of the HSPCs,
suggesting that base editing was well tolerated in these cells *}(Figure 5 D and E and Supp

Figure F and G).

To confirm that base editing can efficiently target long-term repopulating HSCs and
does not affect the engraftment capacity of these precursors, unedited and edited CD34+
cells from CB and mPB sources from HDs were xenotransplanted into NOD.Cg-
Prkdc®® 112rg™"/SzJ (NSG) immunodeficient mice (Figure 5A). Monthly post-infusion, BM

cells were collected from transplanted recipients by femoral BM aspiration. Human
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engraftment was analyzed by flow cytometry using anti-hCD45-FITC to detect human
engraftment. Multilineage reconstitution was assessed using anti-hCD34-APC, anti-hCD33-

PE, anti-hCD19-Pe-Cy5, and anti-hCD3-Pe-Cy7.

We found that CB HSPCs edited with either ABEmax or ABE8e engrafted with similar
efficiencies to mock-edited counterparts (median levels of engraftment of 66.8+15.2% mock;
66.5+15.9% ABEmax; 68.5£13.0% ABES8e) at three months post-infusion (Figure 5D). As
expected, engraftment of mPB CD34" cells was lower than for CB, but also comparable
between mock and base edited cells (33.1+28.1 mock; 42.4+26.2 ABEmax; 43.7+21.7
ABES8e) (Figure 5E). No overt toxicity associated to the treatment was observed in these
mice (Figure 5D and E). Also the proportion of myeloid and lymphoid lineages and hCD34"
cells repopulating the BM of transplanted recipients were similarly represented among

unedited and the two type of edited cells (Figure 5D and 5E, Supp Figure G and H).

Deep sequencing analysis after long-term engraftment of edited hCD34" cells showed that
ABES8e more efficiently targeted HSCs in comparison to ABEmax, reaching median values of
editing higher than 50% at 3-4 months post-transplant, regardless of the HSC source, CB or

mPB (Figure 5F and 5G).

Finally, we investigated whether base editing approaches could correct mutations in
HSPCs from FA patients. Because of the extreme scarcity of HSPCs in FA patients, we
tested the efficiency of gene editing in Lineage depleted (Lin-) cells from a patient carrying
the FANCA c.295C>T (FA-55) mutation (Figure 6A). Since ABE8e editing of FA-55
exhibited high on-target activity, no bystander modifications and no off-target activity in LCLs

(Figure 3B), this base editor was selected to target Lin-cells from this patient.

Thawed Lin- cells were pre-stimulated for 24 hours and electroporated with ABE8e

MRNA together with a synthetic FA-A targeting gRNA. At 24 hours after electroporation, we
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seeded untreated, mock nucleofected and mABE8e edited cells in methylcellulose and
treated each culture with low dose (10 nM) MMC or vehicle. In the presence of MMC, mock
electroporated or non-electroporated Lin- cells exhibited very poor colony forming ability
(Figure 6B). By contrast, ABE8e edited Lin- cells generated similar number of colonies in
the presence and absence of MMC, confirming the reversion of the characteristic MMC
hypersensitivity of FA cells (Figure 6B). Sanger sequencing in individual CFCs showed that
gene editing occurred at both alleles in all the colonies analyzed, regardless that these
colonies were generated in the presence of the absence of MMC (Figure 6C). These data
demonstrate the high efficiency of ABE8e to target HSPCs from HDs and FA patients, and

highlights the potential of base editors to correct a prevalent mutation observed in FA.

Discussion:
Here we explored the possibility of using CRISPR-Cas base editors to reverse the effects of
FA mutations in patient-derived LCLs and HSPCs. While NHEJ- and HDR-based strategies

have been explored to genetically treat FA HSPCs 184%™

, this is the first study to our
knowledge that demonstrates proof-of-concept that base editors are tolerated and highly

efficient in FA HSPCs.

The FA pathway is multi-functional, with roles in DNA crosslink repair, DSB repair
and replication fork restart, among other relevant functions “>*’. Lack of these activities has
compromised HDR-based approaches for allele correction in FA patient cells. However, we
found that absence of functional FA pathway did not interfere with adenine base editor
activity in LCLs and HSPCs. This suggests that the FA pathway is dispensable for base
editor activity and could be exploited as a novel therapeutic strategy in FA. Both FANCA
nonsense-to-missense and missense-to-wildtype editing resulted in phenotypic rescue on
both the molecular and phenotypic level. We are optimistic that the approach outlined here
could be extended to additional FA alleles to form the foundation of future gene editing
therapies for FA.
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We found that ABE editing can yield phenotypic correction in FA LCLs and FA
HSPCs. In edited FA-55 LCLs, we observed re-expression of FANCA protein expression,
molecular evidence of FA pathway re-activation, and a significant proliferative advantage
over unedited cells. Similarly, edited FA-75 LCLs showed phenotypic correction on multiple
levels. Base edited FA HSPCs grow in the presence of MMC, indicating phenotypic
correction of primary patient cells. However, access to sufficient numbers of FA HSPCs
prevented us from currently determining whether these phenotypically corrected FA HSPCs
efficiently engraft in an immunodeficient mouse model. Such a test will be an important step
in further preclinical studies. Importantly, engraftment capacity of base edited HSPCs in
immunodeficient mice was not altered in comparison with uneditied cells either with from HD
CB and mPB CD34+ cells were used. These results are consistent with recent studies
performed in healthy and sickle cell HSPCs “**#%°_ Further studies will directly address the

important question of engraftment potential for base edited FA cells.

The extremely high activity of ABE8e might result in higher levels of unintended
mutations at the editing window and at off-target loci *. We detected high levels of
unintended mutations in the FA-75 editing window, but not at the FA-55 site. We also found
a prominent ABE8e off-target at a candidate site for the FA-75 sgRNA, but none for the FA-
55 sgRNA. Despite unintended modifications in ABE8e edited cells, it was capable of much
higher editing efficiency in CD34" HSPCs (Figure 5), thus enabling editing of clinically-
relevant long term HSPCs. ABE8e could still be valuable in FA-75, since the bystander edits
occur at wobble bases and are predicted to be neutral once the corrected allele expands.
Our phenotypic analysis in FA-75 LCLs (Figure 3) indicated that these bystander mutations
do not affect FANCA function and FA pathway activation. If needed, one could reduce the
bystander and off-target actives of ABE8e by using an ABE8e RNP or ABE8e virus-like

particles, which have been reported to reduce off-target DNA effects *>*°. The ABE8e (TadA-
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8e V106W) variant could also be a useful tool to reduce unintended base modification.
Unbiased identification of genomic and transcriptomic off-targets will be an important next

preclinical step in validating any base editing approach to cure FA.

Overall, our study indicates that adenine base editing is a feasible approach for the
efficient restoration of function in FA patient HSPCs. These results provide a foundation for
the use of base editors in FA and other DNA repair disorders, where these targeted tools
may be both more efficacious and even safer, as compared to current untargeted gene

addition therapies.

13


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.22.489197; this version posted April 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Materials and Methods:

Plasmid generation:

sgRNAs were designed to contain a variable 20 nucleotide sequence, corresponding to the
target gene. Oligos for sgRNAs and nicking guides were ordered from IDT and cloned into
the pLG1-puro-BFP vector after digestion with BstXl and Blpl. Base editor plasmid
ABEmax_P2A GFP (Addgene plasmid # 112101) was a gift from David Liu and Lukas
Villiger. The coding sequences of ABEmax or ABE8Be were cloned into a T3 promotor
containing pRN3 plasmid using the NEBuilder® HiFi DNA Assembly Master Mix (New
England Biolabs). All vectors were purified using Qiagen Spin Mini- or Midiprep (Qiagen)

with endotoxin removal step. Primers used in this study can be found in the oligo table.

mMRNA production for ABE base editors:

All mRNA used in this study was generated by the following synthesis protocol. The mRNA
template plasmid was linearized by digestion with Sfil (50°C, overnight) and 200 pl of the
digestion reaction was combined and mixed 1:1 with phenol chloroform for extraction.
Samples were vortexed for 15 sec. at high speed and then centrifuged at 13,000xg for 5
min. 150 pl of the aqueous phase were transferred into a new tube and 1:10 volume of 3 M
NaOAc and 165 pl of isopropanol were added. After 30 min incubation at -80°C the samples
were centrifuged at 4°C, top speed for 30 min. The supernatant was carefully removed while
not disturbing the pellet and 400 pl of 80% EtOH were added for another spin of 5 min. The

EtOH was removed without leaving residuals and the pellet was dissolved in 10 pl of
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RNAse-free water. For in vitro transcription, the mMMESSAGE mMACHINE® T3 Kit (Life
technologies) was used as described in the user guide. 1 ug of linear plasmid was used as a
template and transcription reaction was carried out for 2 h at 37°C. For removal of the
residual DNA template, 1 pl of TURBO DNAse was added to the transcription reaction for 15
min. RNeasy Mini Kit (Qiagen) was used for cleanup of the transcription reaction. In vitro

transcribed mMRNAs were kept at -80°C until further use.

Cell lines:

Patient-derived LCLs (FA-55 and FA-75) and HD-LCLs were a gift from Dr. Paula Rio,
(CIEMAT, Spain). LCLs were cultured in Roswell Park Memorial Institute medium (RPMI
from ThermoFisher Scientific) supplemented with 20% Hyclone fetal bovine serum (FBS),
1% penicillin/streptomycin (P/S) solution, 0.005mM B-mercaptoethanol and 1% non-
essential amino acids. Cells were split every two days to keep them at a density of 5x10°

cells/ml in 37°C, 5% CO..

Editing LCLs with base editor plasmids:

For base editing experiments, LCLs were run through Ficoll gradient and the death cells and
debris were cleared. 5x10° LCLs were electroporated with ABEmax (750 ng) and sgRNA
(250 ng) using 4D-Nucleofector™ X unit from Lonza (SF solution, DN100 (FA-55) and
CM137 (FA-75)). Cells were cultured in a 24 well dish after nucleofection and transferred

into a T25 flask after recovery for the long term culturing.

Editing LCLs with in vitro transcribed mRNA:

For base editing with ABEmax mRNA, 2x10° FA-55 or FA-75 LCLs were electroporated with
3 ug or 6 ug BE mRNA and 100 or 200 pmol of synthetic sgRNAs (Synthego), respectively.
For both experiments the Lonza nucleofector was used with SF solution and the EW113

nucleofection program. Nucleofection efficiency and cell viability were assessed by flow
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cytometry 24 hours after the nucleofection. Cells were cultured in a 96 well dish after

nucleofection and transferred into a T25 flask later.

Sanger and Next generation (NGS) sequencing:

Genomic DNA was extracted using QuickExtract™ DNA Extraction Solution (Lucigen) and
genomic locus of the interest was amplified by using AmpliTag Gold® 360 Master Mix
(ThermoFisher Scientific). Primers for PCR and Sanger sequencing can be found in the
supplemental table 1. For NGS library preparation two rounds of PCR were performed. In
the first one (PCR 1), the PCR primers contained the corresponding sequence to the
genomic locus and the appropriate forward and reverse lllumnia adapters sequences
(supplemental table 1). PCR 2 was carried out with unique lllumina barcoding primer
combinations using 15 pl of purified product from PCR1. PCR2 was purified by SPRIselect
beads (Beckman). A ratio of 0.9x beads/PCR product volume was used. The resulting
amplicon size and concentration was verified on the 4200 TapeStation System (Agilent)
before multiplexing. For Sanger sequencing (and PCR1 for NGS) the products of the PCR
were purified using MinElute columns (Qiagen) and eluted in 30 pl elution buffer (EB). ~120
ng of purified PCR product was sent for Sanger economy sequencing. The forward primer
was used for sequencing FA-55, while the reverse one was used for FA-75. Sanger

sequencing graphs were generated using Geneious Prime 2020.2.3.

Western blotting and MMC treatment:

For MMC treatment, 2x10° LCLs were incubated with 1 pM MMC for 24 h before 1x10° cells
were collected. For protein extracts, 1x10° LCLs were pelleted and washed in PBS. To lyse
the cells, 150 pl of ice-cold RIPA buffer (Millipore) supplemented with Halt protease inhibitor
cocktail (ThermoFisher Scientific) was used. LCLs were resuspended in this lysis buffer and
incubated on ice for 20 min. After centrifugation at 22,000 rpm for 30 minutes at 4 °C the

supernatant was transferred into another microcentrifuge tube. Protein concentration was
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measured, using Bradford Assay (VWR) and after incubation in RIPA supplemented with
1xXLDS and 1xDTT for 5 minutes at 95 °C, 15 pug protein were loaded on the gel. Gel
electrophoresis was run with 4-12% polyacrylamide gels (NUPAGE) and 1xMOPS SDS
running buffer (NUPAGE). Proteins were transferred using the Criterion Trans-Blot® Cell
(BioRad) with a Tris-Glycine transfer buffer (25 mM Tris base, 192 mM glycine, 20%
methanol (v/v); pH = 8.3). Membrane was incubated with Ponceau staining for a few minutes
to confirm transfer and then blocked with 5% (w/v) non-fat dry milk in TBS-T (0.1% Tween-
20) for 1 hour at room temperature. Primary anti-rabbit FANCA antibody (ab5036, Abcam or
bethyl), anti-rabbit FANCD2 antibody (ab221932, Abcam), anti-goat HSP60 antibody (sc-
1052, Santa Cruz Biotechnology) were diluted 1:1,000 in 10% milk TBS-T. HSP60 served as
a loading control. Membrane was stained with antibody overnight at 4°C and then washed
three times in TBS-T before 45 min incubation with anti-rabbit secondary antibody (IRDye
800CW (926-32213) or anti-goat IRDye 800CW (926-32214), 1:5,000 diluted in 10% milk
TBS-T. Finally, the membrane was washed two times with TBS-T and one time with PBS

before imaging with the Li-Cor’'s Near-InfraRed fluorescence Odyssey CLx Imaging System.

MMC sensitivity assay:

MMC sensitivity assay was performed, incubating 2.5x10° cells for 5 days in media with
increasing concentrations of MMC (0, 3, 10, 33, 100, 333, 1000 nM). Survival was measured
by flow cytometry using the forward and side scatter to gate for the life cell population.
Downstream analysis was performed using FlowJo Software v10.7.1 (FlowJo, LLC). Each

data point represents the mean of three biological replicates.

NGS data analysis:
Demultiplexing of the Sequencing reads was done with the MiSeq Reporter (lllumina).
Sequencing reads were aligned to the genome using the bowtie2 algorithm and visualized

using the Integrative genome viewer. CRISPResso02 was run in with the following settings:

17


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.22.489197; this version posted April 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

CRISPRessoBatch --batch_settings batch.batch --amplicon_seq -p 4 --base_edit -g -wc -10
-w 20. Corrected reads with the base edited therapeutic SNP were calculated by selecting
only reads with the intended edit but no indels in the quantification window. Percentages of
corrected read and uncorrected reads were plotted using GraphPad Prism 8.3.1 (GraphPad

Software, Inc., San Diego, CA).

Off-target analysis for base editing FA-55 with ABEmax mRNA:

Cas-OFFinder (http://www.rgenome.net/cas-offinder/) ** was used to determine all possible
off target sites. Cas-OFFinder was run under the following settings: mismatch number = 3
(equal or less), DNA Bulge Size = 0 and RNA Bulge Size = 0. NGS was performed on the
respective genomic sites using NGS primers listed in Sup. Table 1. Data were analyzed by
CRISPRess02 and run with the same setting as for on target base editing. For quantification
of A to G conversions, all adenines in the protospacer were considered potential targets of
the BE. Therefore, all reads which contained one or more A to G conversion in this window
were scored as base edited and the sum of all reads with A to G conversions at these

positions was calculated.

Protein sequence alignment:

Protein sequences for FANCA were retrieved from https://www.ncbi.nlm.nih.gov/protein and

converged together. A multiple sequence alignment was created using T-Coffee

(http://tcoffee.crg.cat/apps/tcoffee/do:regular) and was visualized with the help of Boxshades

(https://embnet.vital-it.ch/software/BOX_form.html). Using the “fasta_aln” result file from T-

Coffee with format “other” as input and “RTF_new” as the output format.

Hematopoietic stem and progenitor cells from healthy donors and FA patients:
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Human CD34" cells were obtained from healthy donor umbilical cord blood (UCB) or
mobilized peripheral blood samples provided by Centro de Transfusiones de la Comunidad
de Madrid and Hospital Nifio Jesus, respectively. Mononuclear cell fractions were purified by
Ficoll-Paque PLUS (GE Healthcare) density gradient centrifugation according to
manufacturer’s instructions. Human CD34" HSPCs were purified from the mononuclear
fraction by immunoselection using the CD34 Micro-Bead Kit (MACS, Miltenyi Biotec).
Magnetic-labelled cells were selected with a LS colum in QuadroMACS™ Separator
(Miltenyi Biotec) following manufacturer’s instructions. Purified hCD34" were then analysed
by flow cytometry to evaluate their purity in LSRFortessa Cell Analyser (BD) using FlowJo
Software v10.7.1. Purities ranging from 85-98% were routinely obtained. Cells were grown in
StemSpam (StemCell Technologies) supplemented with 1% GlutaMAX™ (Gibco), 1% P/S
solution (Gibco), 100 ng/mL human stem cell factor (hSCF), human FMS-like tyrosine kinase
3 ligand (hFIt3-L), human thrombopoietin (hTPO), and 20 ng/mL human interleukin 3 (hIL3)
(all obtained from EuroBiosciences) under normoxic conditions. HSPCs were pre-stimulated
24 hours prior electroporation. Cryopreserved CD34+ cells were thawed and cultured under

the same conditions 24 hours prior electroporation.

Lineage negative populations from FA patients were obtained from apheresis aliquots by the
incubation of cells with anti-hCD3-PE, anti-hCD19-PE, anti-hCD33-PE, antih-CD-235a PE
for 30 min. Then cells were washed and incubated with anti-PE Microbeads (Miltenyi Biotec).
Lineage negative population was confirmed in LSRFortessa Cell Analyser (BD) using FlowJo
Software v10.7.1. Cells were grown and cultured during 24 hours prior electroporation in
GMP Stem Cell Grow Medium (CellGenix) supplemented with 1% GlutaMAX™ (Gibco), 1%
P/S (Gibco), 100 ng/mL SCF and FIt3, 20 ng/mL TPO and IL3 (EuroBiosciences), 10 ug/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).

MRNA electroporation:
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Electroporation was performed using Lonza 4D Nucleofector (V4XP-3032 for 20-pl
Nucleocuvette Strips or V4XP-3024 for 100-ul Nucleocuvette Strips) according to the
manufacturer’s instructions. The modified synthetic SgRNA (2'-O-methyl 3' phosphorothioate
modifications in the first and last three nucleotides) were purchased from Synthego and BE
mRNA was obtained through in vitro transcription using mMMESSAGE mMACHINE™ T3
Transcription kit (Invitrogen). 2x10°> HSPCs from healthy donor were resuspended in 20 pL
P3 solution and electroporated in 20-puL Nucleocuvette wells using program EO-100 with
increasing concentration of BE mRNA and sgRNA (3 pg of BE mRNA and 3.2 pg sgRNA for
HD CB cells and 6 pg of BE mRNA and 6.4ug sgRNA for HD mPB cells). For 100-uL cuvette
electroporation, 1x10° HSPCs were resuspended in 100 pL P3 solution and electroporated
using 30 pg of BE mRNA and 32 ug of sgRNA with program EO-100. FA Lineage negative
cells were electroporated using similar conditions. Electroporated cells were resuspended in
StemSpam medium (StemCell Technologies) with corresponding cytokines. Then, 24 hours
later, cells were used for transplant or maintained in culture for 5 days for DNA extraction

and sanger/NGS analysis to evaluate basal gene editing.

Colony Forming Unit Assay:

Colony forming unit assays were established using 900 HD hCD34" or 7.4x10* FA-A hLin*
cells in 3 mL of enriched methylcellulose medium (StemMACS™ HSC-CFU complete with
Epo, Miltenyi Biotech). In the case of FA cells, 10 pg/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 hLin™ cells) conditions. To
test MMC sensitivity of hematopoietic progenitors obtained from FA-A patients, 10nM of
MMC (Sigma-Aldrich) was added to the culture. 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.
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Base editing efficiency measurement in HSPCs by NGS:

Base editing frequencies were measured either from liquid cultures 5 days after
electroporation or in individual hematopoietic colonies grown in methylcellulose. The AAVS1
or FANCA exon 4 regions were amplified with AmpliTag Gold 360 DNA Polymerase (Thermo
Fisher Scientific) and corresponding primers using the following cycling conditions: 95°C for
10 min; 40 cycles of 95°C for 30s, 60°C for 30s and 72°C for 1min; and 72°C for 7min.
Primers used in these PCRs are listed in Table 1. Resulting PCR products were subjected to
sanger sequencing or illumina deep sequencing. For Sanger sequencing, PCR products
were sequenced using Fw primers described in Table 1. For deep sequencing, PCR
products were purified using the Zymo Research DNA Clean and Concentrator kit (#D4004),
qguantified using Qubit fluorometer (Thermo Fisher Scientific), and used for library
construction for illumine platforms. The generated DNA fragments were sequenced by
Genewiz with lllumina MiSeq Platform, using 250-bp paired-end sequencing reads.
Frequencies of editing outcomes were quantified using CRISPResso2 software
(quantification window center (-3) and size (-10); plot window size (20); base edit target A to

G; batch mode).

Base edited HSPCs transplantation studies in NSG mice

HD hCD34" cells from CB or mPB were purified and pre-stimulated for 24 hours for
electroporation as previously described. Three groups of cells were established:
electroporated cells without nuclease or sgRNA (Mock); electroporated cells with ABEmax
MRNA and sgRNA (ABEmax); and electroporated cells with ABE8a mRNA and sgRNA
(ABE8a). Twenty-four hours later, 3x10° cells per mouse were intravenously injected into
immunodeficient NSG mice previously irradiated with 1.5 Gy. A CFU-assay was also
conducted and the remaining cells were pelleted for DNA extraction and NGS analysis to
evaluate basal gene editing. 30 and 60 days after transplantation, bone marrow samples

were obtained by intra-femoral aspiration and total human engraftment was measured by
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flow cytometry, analysing percentage of hCD45" cells (anti-hCD45-FITC, BioLengend).
Multilineage reconstitution was also evaluated using antibodies against hCD34 (anti-hCD34-
APC, BD) for HSPCs, hCD33 (anti-hCD33-PE, eBioscience) for myeloid cells, hCD19 (anti-
hCD19-Pe-Cy5, BioLegend) for B cells and hCD3 (anti-hCD3-Pe-Cy7, BioLegend) for T
cells. The remaining cells were pelleted for DNA extraction and NGS analysis to evaluate the
presence of gene edited cells. Mice were euthanized at 90 or 120 days post-transplantation,
and bone marrow cells were obtained from hind legs. Human engraftment was evaluated by
flow cytometry according to the percentage of hCD45" cells in the different hematopoietic
organs. Multilineage reconstitution was determined using antibodies against hCD34 for
HSPCs, hCD33 for myeloid cells, hCD19 for B cells and hCD3 for T cells. Viable cells were
identified by 4’, 6-diamidino-2-phenylindole (DAPI). Flow cytometry analysis were performed

using a LSRFortessa Cell Analyzer and analyzed with FlowJo Software v10.7.1.

Figure Legends:
Figure 1: Base editing is an efficient approach to modify Fanconi Anemia mutations.
A) Details of FA-55 and FA-75 mutations. Sanger traces from wild type and mutant
LCLs showed the indicated ¢.295 C>T and ¢.2639 G>A mutations. Next to Sanger
traces, translation of codons is illustrated for each mutation. FA-55 c.295 C>T
mutation leads to stop codon, terminating translation of FANCA prematurely. Adenine
base editing is designed to introduce a missense SNP that encodes a Tryptophan
instead of a Glycine. FA-75 ¢.2639 G>A leads to Arginine to Glycine mutation.
Adenine base editing reverts the missense SNP to wild type sequence. FA-75 is
compound heterozygous and the wild type SNP is already present in unedited cells.
Below Sanger traces, protein sequence alignments from multiple species are shown.
Amino acids with dark background or grey background indicate identity or similarity

among different species, respectively.
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A) Base editing in FA-55 and FA-75 LCLs by delivering ABEmax and sgRNA in plasmid
format. On the left top side, the FA-55 sgRNAL target site is shown. PAM sequence
and edited base are highlighted by blue and red fonts, respectively. The FA-75
sgRNA4 site is shown. Representative Sanger traces show initial editing 5 days after
electroporation of FA-55 and FA-75 LCLs, all with ABEmax and with or without the
indicated sgRNAs. In the case of FA-75 targeting, plasmid carrying non targeting
sgRNA (sgNTp) was included. Arrows indicate presence of edited alleles. Graphs
show edited allele frequency measured by amplicon NGS in a time course after
editing. Continuous lines represent the pool of cells electroporated with base editor
and sgRNA, while dashed lines represent the pool of cells electroporated with base
editor alone. The graphs summarize 2 biological replicates, error bars indicate the
range of values.

B) Base editing of FA-55 and FA-75 LCLs by delivering ABEmax and sgRNA in mRNA
format. Representative Sanger traces show initial editing 5 days after electroporation
with ABEmax with or without sgRNAs. Arrows indicate presence of edited alleles.
Graphs show edited allele frequency measured by amplicon NGS in a time course
after editing. Continuous lines represent the pool of cells electroporated with base
editor and sgRNA, while dashed lines represent the pool of cells electroporated with
base editor alone. The graphs summarize 2 biological replicates, error bars indicate

the range of values.

Figure 2: Base editing successfully reverts classical FA phenotypes.
A) Schematics of experimental design to edit FA-55 or FA-75 LCLs. Cells were edited
with base editor mMRNA and synthetic gRNA and grown for 30 days in culture. Editing

efficiencies were assessed by amplicon NGS, as shown in Figure 1c.
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B) MMC resistance of edited FA-A LCLs. Black line indicates healthy donor (HD) LCL
response to increasing doses of MMC. Dashed blue or green lines represent FA-55
or FA-75 LCLs, respectively. Solid blue or green lines represent FA-55 or FA-75
edited pools, respectively. The graphs summarize 3 biological replicates, error bars
indicate SD.

C) Representative Western blots. Indicated cell populations were challenged with 1 yM
MMC for 24 hr. Protein extracts were analyzed by Western blot with indicated
antibodies (anti-FANCA, anti-FANDC2, anti-HSP60 as a control). FANCD2 or

FANCD2-Ub bands are indicated by arrows.

Figure 3: Comparison of ABEmax and ABE8e for editing and phenotypic correction in
FA LCLs.

B) Schematics of experimental design to edit FA-55 or FA-75 LCLs by ABEmax or
ABE8e using mRNA base editor and synthetic gRNAs. Electroporated cells were
collected at day 5 to measure editing efficiency and at day 9 to measure MMC
resistance and activation of FANCD2 ubiquitination.

C) Quantification of editing levels by amplicon NGS on day 5 in edited LCL populations.
Dot or filled squares indicate individual experiments, bars represent the mean of 3
independent experiments, error bars indicate SD.

D) Representative Sanger traces show initial editing 5 days after electroporation of FA-
55 and FA-75 with ABE8e mRNA and with or without indicated synthetic sgRNAs.
Arrows indicate presence of edited alleles. Dots indicate presence of bystander edits.

E) MMC survival of edited FA-A LCLs. Black lines indicate healthy donor (HD) LCL
response to increasing doses of MMC. Dashed lines represent FA-55 or FA-75 LCLs
electroporated only with ABEmax or ABE8e. Solid colored lines represent FA-55 or
FA-75 electroporated with sgRNAs and ABEmax or ABE8e. The graphs summarize 3

biological replicates, error bars indicate SD.
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F) Representative Western blots. Indicated cell populations were challenged with 1 yM
MMC for 24 hr. Protein extracts were analyzed by Western blot with indicated
antibodies (anti-FANDC2, anti-HSP60). FANCD2 or FANCD2-Ub bands were

indicated by the arrows.

Figure 4: Off-target analysis at predicted locus in FA-55 and FA-75 LCLs.

Computationally predicted off-target sites are shown for FA-55 sgRNAL and FA-75 sgRNA4.
Dots represent base identical to the on-target locus. PAM sites of FA-55 sgRNAL and FA-75
sgRNA4 are underlined. Bars represent mean of amplicon NGS editing levels from 3

biological replicates, error bars indicate SD.

Figure 5: Adenine base edited human CD34+ cells successfully engraft into NSG

mice.

A) Schematics of experimental design to edit CD34" primary cells. Healthy donor
CD34+ cells from cord blood (CB) or mobilized peripheral blood (mPB) were purified
by immunoselection and pre-stimulated 24 hours prior to base editing with mABEmax
or mMABE8e mRNA in combination with an AAVSL1 targeting synthetic gRNA. Edited
CD34+ were maintained in culture 24 hours then transplanted into immunodeficient
NSG mice. Pre-transplant amplicon NGS analysis was conducted 5 days after
electroporation.

B) Base editing frequencies at AAVS1 in CB CD34" cells edited with mABEmax or
MABE8e measured by amplicon NGS. Bars represent mean of value from 3
biological replicates.

C) Base editing frequencies at AAVS1 in mPB CD34" cells edited with mABEmax or
MABE8e measured by amplicon NGS. Bars represent mean of value from 3
biological replicates.

D) Human bone marrow engraftment and in vivo differentiation capacity of edited CD34"

cells from CB at 30, 60 and 90 days after transplant. Mean values are represented
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with a horizontal bar. In all cases, a two-way ANOVA was performed followed by a
Tukey's multiple comparison test: ns = not significant.

E) Human bone marrow engraftment and in vivo differentiation capacity of edited CD34"
cells from mPB 30, 60 and 90or 120 days after transplant. Mean values are
represented with a horizontal bar. In all cases, a two-way ANOVA was performed
followed by a Tukey’s multiple comparison test: ns = not significant.

F) Amplicon NGS analysis of editing levels in CD34+ CB cells (pre-transplant at 5 days
post electroporation) and 30, 60 and 90 days post transplantation. Bars represent
mean of value from 2 independent experiments with 4 to 7 mice per group, error bars
represent SD. Pre-transplant data correspond to cells shown in Figure 5B.

G) Amplicon NGS analysis of editing levels in CD34+ mPB cells (pre-transplant at 5
days post electroporation) and 30, 60 and 90 or 120 days post transplantation. Bars
mean of value from 2 independent experiments with 4 to 7 mice per group, error bars
represent SD. Amplicon NGS was conducted in 4 mice at 90 days post-transplant
and 2 or 3 mice at 120 days post-transplant, per group. Pre-transplant data

correspond to data shown in Figure 5B.

Figure 6: mPB lineage negative cells from a FA-A patient (FA-55) can be efficiently

edited by ABES8e.

A) Schematic representation of the experiment to edit lineage depleted (lin-) cells from
an FA patient harboring c.295 C>T mutation. FA Lin- HSPCs were pre-stimulated for
24hr and edited with mABE8e mRNA and synthetic FA-55 sgRNAL. 24 hours after
electroporation, CFUs were plated and number of CFUs in the absence or presence
of MMC were scored. Individual colonies were collected to analyze the percentage of

edited CFUs.
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B) Survival of hematopoietic colonies (CFUs) obtained from unedited (no electroporation
or mock electroporation) and edited FA Lin- HSPCs before and after MMC exposure
(10nM). Number of CFUs in each condition is indicated above bars.

C) Sanger sequencing analysis of individual colonies from patient FA-55 after base

editing with ABE8e in the absence or presence of MMC.

Supplemental Figure to figure 5: Adenine base editing efficiency in healthy donor (HD)

CD34+ cells.

A) Optimization of gene editing efficiencies using mABEmax and mABE8e base

editors in HD CB CD34+ cells.

B and C) CB and mPB cell recovery analyzed 24 hours after mock, mABEmax and
MABE8e mRNA and synthetic gRNA electroporation. Bars represent mean value from two
independent experiments, error bars indicate SD. Data correspond to cells shown in Figure

5B and C.

D and E) Upper: number of hematopoietic myeloid and erythroid colonies (CFU-GM
and BFU-E, respectively) per 1x10% HD CD34" cells after mock, mABEmax and mABES8e
mRNA and synthetic gRNA electroporation in CB and mPB CD34" cells. Lower: Analysis of
the frequency of specific editing events in human hematopoietic colonies (Total CFUs: CFU-
GM + BFU-E). Bars represent mean value of three experimental replicated from one
independent experiment (D) and two independent experiments (E), error bars indicate SD.

Data correspond to cells shown in Figure 5B and C.
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F and G) Multilineage repopulation of human HSPCs (HD CB HSCs or HD mPB
HSCs) in bone marrow from recipient mice 90-120 days post-transplant. Mean values are
represented with a horizontal bar. In all cases, a two-way ANOVA was performed followed

by a Tukey’s multiple comparison test: ns = not significant.

Acknowledgements:

JEC is a cofounder and board member of Spotlight Therapeutics, a co-founder and SAB member
of Lyrik Therapeutics, an SAB member of Mission Therapeutics, an SAB member of Relation
Therapeutics, an SAB member of Hornet Bio, an SAB member for the Joint AstraZeneca-CRUK
Functional Genomics Centre, and a consultant for Cimeo Therapeutics. The lab of JEC has
funded collaborations with Allogene. JEC is supported by the NOMIS Foundation and the Lotte
and Adolf Hotz-Sprenger Stiftung. MEK is supported by the Fanconi Anemia Research

Foundation.

We thank the Functional Genomics Center Zurich (FGCZ) and especially Dr. Susanne Kreutzer
and Dr. Zacharias Kontarakis for their help for NGS sequencing. We thank Lukas Villiger for
sharing ABEmax-GFP plasmid and we thank the members of the Corn Lab for helpful

discussions and help with the manuscript.

Author Contributions:

SMS, MEK, PR, JEC conceived this project. SMS, AC performed the experiments from

Figure 1 to Figure 4 LU performed the experiments Figure 5, 6 and supplemental figure with

28


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.22.489197; this version posted April 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

the help of LGG in mouse experiments. MEK, JEC wrote first manuscript with the
contributions from PR and LU and other authors. All authors read and approved the final

manuscript.

Competing Interests:

The authors declare that they have no competing interests.

Bibliography

1. Wang, A. T. & Smogorzewska, A. SnapShot: Fanconi anemia and associated

proteins. Cell 160, 354-354.e1 (2015).

2. Alter, B. P. & Kupfer, G. Fanconi Anemia. in GeneReviews(®) (eds. Pagon, R. A. et

al.) (University of Washington, Seattle, 1993).

3. Bagby, G. Recent advances in understanding hematopoiesis in Fanconi Anemia.

[version 1; peer review: 4 approved]. F1000Res. 7, 105 (2018).

4, Paustian, L. et al. Androgen therapy in Fanconi anemia: A retrospective analysis of

30 years in Germany. Pediatr. Hematol. Oncol. 33, 5-12 (2016).

5. Millen, F. J. et al. Oral squamous cell carcinoma after allogeneic bone marrow

transplantation for Fanconi anaemia. Br. J. Haematol. 99, 410-414 (1997).

6. Steward, C. G. & Jarisch, A. Haemopoietic stem cell transplantation for genetic

disorders. Arch. Dis. Child. 90, 1259-1263 (2005).

7. Rio, P., Navarro, S. & Bueren, J. A. Advances in gene therapy for fanconi anemia.

Hum. Gene Ther. 29, 1114-1123 (2018).

29


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.22.489197; this version posted April 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

8.

10.

11.

12.

13.

14.

15.

16.

17.

available under aCC-BY-NC-ND 4.0 International license.

Niraj, J., Farkkild, A. & D’Andrea, A. D. The fanconi anemia pathway in cancer. Annu.

Rev. Cancer Biol. 3, 457-478 (2019).

Langevin, F., Crossan, G. P., Rosado, I. V., Arends, M. J. & Patel, K. J. Fancd2
counteracts the toxic effects of naturally produced aldehydes in mice. Nature 475, 53—

58 (2011).

Rosado, I. V., Langevin, F., Crossan, G. P., Takata, M. & Patel, K. J. Formaldehyde
catabolism is essential in cells deficient for the Fanconi anemia DNA-repair pathway.

Nat. Struct. Mol. Biol. 18, 1432-1434 (2011).

Schlacher, K., Wu, H. & Jasin, M. A distinct replication fork protection pathway
connects Fanconi anemia tumor suppressors to RAD51-BRCA1/2. Cancer Cell 22,

106-116 (2012).

Sevilla, J. et al. Improved collection of hematopoietic stem cells and progenitors from
Fanconi anemia patients for gene therapy purposes. Mol. Ther. Methods Clin. Dev.

22, 66-75 (2021).

Rio, P. et al. Successful engraftment of gene-corrected hematopoietic stem cells in

non-conditioned patients with Fanconi anemia. Nat. Med. 25, 1396-1401 (2019).

Tucci, F., Galimberti, S., Naldini, L., Valsecchi, M. G. & Aiuti, A. A systematic review
and meta-analysis of gene therapy with hematopoietic stem and progenitor cells for

monogenic disorders. Nat. Commun. 13, 1315 (2022).

Xue, C. & Greene, E. C. DNA Repair Pathway Choices in CRISPR-Cas9-Mediated

Genome Editing. Trends Genet. 37, 639—-656 (2021).

Sternberg, S. H. & Doudna, J. A. Expanding the Biologist’'s Toolkit with CRISPR-

Cas9. Mol. Cell 58, 568-574 (2015).

Diez, B. et al. Therapeutic gene editing in CD34+ hematopoietic progenitors from

Fanconi anemia patients. EMBO Mol. Med. 9, 1574-1588 (2017).

30


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.22.489197; this version posted April 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

18.

19.

20.

21.

22.

23.

24,

25.

26.

available under aCC-BY-NC-ND 4.0 International license.

Roman-Rodriguez, F. J. et al. NHEJ-Mediated Repair of CRISPR-Cas9-Induced DNA
Breaks Efficiently Corrects Mutations in HSPCs from Patients with Fanconi Anemia.

Cell Stem Cell 25, 607-621.e7 (2019).

Anzalone, A. V., Koblan, L. W. & Liu, D. R. Genome editing with CRISPR-Cas
nucleases, base editors, transposases and prime editors. Nat. Biotechnol. 38, 824—

844 (2020).

Gaudelli, N. M. et al. Directed evolution of adenine base editors with increased

activity and therapeutic application. Nat. Biotechnol. 38, 892—900 (2020).

Kimble, D. C. et al. A comprehensive approach to identification of pathogenic FANCA
variants in Fanconi anemia patients and their families. Hum. Mutat. 39, 237-254

(2018).

Castella, M. et al. Origin, functional role, and clinical impact of Fanconi anemia

FANCA mutations. Blood 117, 3759-3769 (2011).

Schneider, M., Chandler, K., Tischkowitz, M. & Meyer, S. Fanconi anaemia: genetics,
molecular biology, and cancer — implications for clinical management in children and

adults. Clin. Genet. 88, 13-24 (2015).

Siegner, S. M., Karasu, M. E., Schréder, M. S., Kontarakis, Z. & Corn, J. E. PnB
Designer: a web application to design prime and base editor guide RNAs for animals

and plants. BMC Bioinformatics 22, 101 (2021).

Koblan, L. W. et al. Improving cytidine and adenine base editors by expression

optimization and ancestral reconstruction. Nat. Biotechnol. 36, 843—846 (2018).

Huang, S. et al. Developing ABEmax-NG with Precise Targeting and Expanded
Editing Scope to Model Pathogenic Splice Site Mutations In Vivo. iScience 15, 640—
648 (2019).

31


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.22.489197; this version posted April 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

available under aCC-BY-NC-ND 4.0 International license.

Grinewald, J. et al. CRISPR DNA base editors with reduced RNA off-target and self-

editing activities. Nat. Biotechnol. 37, 1041-1048 (2019).

Li, J. et al. Structure-guided engineering of adenine base editor with minimized RNA

off-targeting activity. Nat. Commun. 12, 2287 (2021).

Genovese, P. et al. Targeted genome editing in human repopulating haematopoietic

stem cells. Nature 510, 235-240 (2014).

Cheng, L. et al. Single-nucleotide-level mapping of DNA regulatory elements that

control fetal hemoglobin expression. Nat. Genet. 53, 869-880 (2021).

Li, C. et al. In vivo HSPC gene therapy with base editors allows for efficient

reactivation of fetal y-globin in B-YAC mice. Blood Adv. 5, 1122-1135 (2021).

Bak, R. O., Dever, D. P. & Porteus, M. H. CRISPR/Cas9 genome editing in human

hematopoietic stem cells. Nat. Protoc. 13, 358-376 (2018).

Kottemann, M. C. & Smogorzewska, A. Fanconi anaemia and the repair of Watson

and Crick DNA crosslinks. Nature 493, 356—-363 (2013).

Gregory, R. C., Taniguchi, T. & D’Andrea, A. D. Regulation of the Fanconi anemia

pathway by monoubiquitination. Semin. Cancer Biol. 13, 77-82 (2003).

Richter, M. F. et al. Phage-assisted evolution of an adenine base editor with

improved Cas domain compatibility and activity. Nat. Biotechnol. 38, 883—-891 (2020).

Rio, P. et al. In vivo proliferation advantage of genetically corrected hematopoietic
stem cells in a mouse model of Fanconi anemia FA-D1. Blood 112, 4853-4861

(2008).

Gross, M. et al. Reverse mosaicism in Fanconi anemia: natural gene therapy via

molecular self-correction. Cytogenet. Genome Res. 98, 126-135 (2002).

32


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.22.489197; this version posted April 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

available under aCC-BY-NC-ND 4.0 International license.

Jiang, F. & Doudna, J. A. CRISPR-Cas9 Structures and Mechanisms. Annu. Rev.

Biophys. 46, 505-529 (2017).

Bae, S., Park, J. & Kim, J.-S. Cas-OFFinder: a fast and versatile algorithm that
searches for potential off-target sites of Cas9 RNA-guided endonucleases.

Bioinformatics 30, 1473-1475 (2014).

Yang, L. et al. Optimization of scarless human stem cell genome editing. Nucleic

Acids Res. 41, 9049-9061 (2013).

Zeng, J. et al. Therapeutic base editing of human hematopoietic stem cells. Nat.

Med. 26, 535-541 (2020).

Kawashima, N. et al. Correction of fanconi anemia mutation using the crispr/cas9

system. Blood 126, 3622—-3622 (2015).

Skvarova Kramarzova, K. et al. CRISPR/Cas9-Mediated Correction of the FANCD1

Gene in Primary Patient Cells. Int. J. Mol. Sci. 18, (2017).

Osborn, M. et al. Crispr/cas9 targeted gene editing and cellular engineering in

fanconi anemia. Stem Cells Dev. 25, 1591-1603 (2016).

Nakanishi, K. et al. Human Fanconi anemia monoubiquitination pathway promotes

homologous DNA repair. Proc Natl Acad Sci USA 102, 1110-1115 (2005).

Milletti, G. et al. Canonical and noncanonical roles of fanconi anemia proteins:

implications in cancer predisposition. Cancers (Basel) 12, (2020).

Che, R., Zhang, J., Nepal, M., Han, B. & Fei, P. Multifaceted fanconi anemia

signaling. Trends Genet. 34, 171-183 (2018).

Newby, G. A. et al. Base editing of haematopoietic stem cells rescues sickle cell

disease in mice. Nature 595, 295-302 (2021).

33


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.22.489197; this version posted April 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

49, Chu, S. H. et al. Rationally designed base editors for precise editing of the sickle cell

disease mutation. The CRISPR Journal 4, 169-177 (2021).

50. El-Kharrag, R. et al. Efficient polymer nanoparticle-mediated delivery of gene editing
reagents into human hematopoietic stem and progenitor cells. Mol. Ther. (2022)

doi:10.1016/j.ymthe.2022.02.026.

34


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 1.

A
iORXix preprint doi ://dgj.org/10.1101/2022.04.22.489197; this version post PQ2 .Thl right holder for this preprint (which
ertifie rlréview) isphe urgder, as gra I0RXjv e fsplay|the preprint i tuj i
Wild type CudisaRe lbellRgE REES NVGE B onal |¢eyls St e Kig B Pro Leu
TCT GCT TTG CAG GAT CAA GCC TCA GAG GCC CGA CAG CCT CTT
T T T G[C AG|[G ATC G G CClCGAfCAG
FA-55 w Ser Ala Leu stor Asp Gin Ala FA-75 Ser Glu Ala Gln GIn Pro Leu
FANCA FANCA
€.295 C>T TCT GCT TTG TAG GAT CAA GCC €.2639 G>A TCA GAG GCC CAA CAG CCT CTT
T T T G| T A G|G A T C
G GCC|CRA|CAG
| +8E | +8E
guman . Human 874
eanca T E ] Arg
1\S/Iheep TGG égzi: ;%; ‘ CGA
ouse Mouse 868 M
oot G = missense SNP Dog ¢ 8 G = wild type SNP
B
FA-55_sgRNA1 pABEmax sgRNA1p FA-75_sgRNA4 PABEmax sgRNA4p
CTTTGTAGGATCAAGCCTCAAGG @ + @ GGCCCAACAGCCTCTTTCTGAGG @ +@
FA-55 + pABEmax a FA-75 + pABEmax + sgNTp
| Z 1007 -m- pABEmax + sgRNATp g 1007 —- pABEmax + sgRNA4p
® —& - pABEmax 7 —& - pABEmax + sgNTp
2 8
@ 2
| ? 3
T T T G| T AG|G ATC é GGCCCRACAGC.;
5 50— ‘_:-' 50— [ -
FA-55 + pABEmax + sgRNA1p '3 FA-75 + pABEmax + sgRNA4p '3
[0} [0
o o
3 3
- \2 -
15} o
| 2 0 o - 2 04
LI = TT 5 9 19 30 42 e cclenafcaec 5 9 19 30
dpn dpn
C
mABEmax sgRNA1s mABEmax sgRNA4s
P L LLED) + ;. M e TN, + i
100~ ~® mMABEmax + sgRNA1s & 100- ®-mABEmax + sgRNA4s
FA-55 + mABEmax % - -mABEmMax FA-75 + mABEmax % -#-mABEmax
@ 2
\ 3 /'\\ b
v VAN 5 Nall &
MYV & |V >
/ 0 <
TTTGT—\GGATCE50_ GGCCICRA|[CAGC § 504 meeeme- — -
= )
FA-55 + mABEmax + sgRNA1s 3 FA-75 + mABEmax + sgRNA4s g
(2] -
A k: g
[\ o ¢ [ ]
¥ / | 5 / s
o - - [ ° .
NN (V) # o=t A AL E—
T T T G[TGGl6ATC 5 19 30 GGCC[CGNCAGTC 5 19 30
dpn dpn


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 2.
A

MMC sensitivity
mABEmax SgRNAs N
bioRxiv preprint doi: https://doi.org/10.11 2.04.22.489197; this version posted April 22, 2022. The copyrig der Y this preprint (which
t certified I review) istthe or/funder, who has granted bioRxiv a license to display the prep Brpejuity. It is made
‘ai ilable under aCC-BY-NC-ND 4.0 International license.
‘ “ l day 30 ~
. N
nucleofection < T |
| Ey——
FA-LCLs FA pathway
B activation
) ——HD ) ——HD
100 T -FAS5 100 —a-FA-75
—=—FA-55 ABEmax —s—FA-75 ABEmax
g edited pool g . edited pool
- — 50_ - — —_
S s 50 {\\
> =] N
0 (7]
0 — T — T ——rrrr 0 — T — T ——rTr|
1 10 100 1000 1 10 100 1000
MMC dose [nM] MMC dose [nM]
C
FA-55 FA-75
mABEmax mABEmax
MW HD FA-55 + sgRNA1s MW HD FA-75 + sgRNA4s
[ 1 [ | [ | [ | [ | [ |
(kDA) - + - + - + MMC (1 uM) (KDA) - + - + - +  MMC (1 uM)
225 — 225 = _1-FANCD2-Ub
“™~FANCD2
225 = —+FANCD2-Ub 76
— HSP60
= =y |
~FANCD2
76

'I — HSP60



https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 3.

mABEmax MMC sensitivity
A bioRxiv preprint doj: ://doi.org/10.1101/2022.04.22.489197; this version posted April 22, 2022. The ceggigdag holder for this preprint (which
was not cerfif) €er review) is the author/funder, who has granted bioRxiv a license to display the prefR \Q perpetuity. It is made
NP, Ll ?ﬁavailable under aCC-BY-NC-ND 4.0 International license. \|
Q0 daﬁ 5 day 9
' l - <
_ N
nucleofection NGS X =
|
FA-LCLs FA pathway
activation
B C
FA-55 FA-75
o 1007 o 1007
% = FA-55 + mABE8e FA-75 + mABE8e
3 :
? g Q
o - >
? 3
.ESO- E TTTG TLA_G GIATC G G € CJC N A € A G|cC
< § 501 FA-55 + mABE8e+sgRNA1s FA-75 + mABE8e + sgRNA4s
IE ; 1 1 e [
) [}
g : Al
o e
- e TTTGTGGGATC SRl &9 B R GTg
) o
SHie R 0
x ) x xd\
& & L 1%
M, %, M, 4
K s e, %
D
..=..mABEmax --=--mABEmax
100 —prreessr ——mABEmax + sgRNA1s 100 — ——mABEmax + sgRNA4s
--~+--MABE8e --+»--mABE8e
—_ ——mMABE8e + sgRNA1s ——mABES8e + sgRNA4s
X X
< <
© ©
> >
- — 50_ —— —
= 3
(7] ®w e
0 T T IIIIIII T T IIIIIII T .I IIIIII| 0 T T ||IIII| T T IIIIIII T T IIIIIII
1 10 100 1000 1 10 100 1000
MMC dose [nM] MMC dose [nM]
FA-55 FA-55 FA-75 FA-75
E mABEmax mABE8e mABEmax mABE8e
MW | HD | I|:A.55I +?gRNAI']s +IngNIA1s MW HD | IFA-75I +?gRNAI13 +IngN,IA1$
(KDA) + = = &= :MMC(1 M) KDA) = 4 = 4 - 4 - 4 MMC(1uM)
225 1 -FANCD2-Ub 225 = FANCD2-Ub
— —_— —— ——— e ]
- - == - ==I~FancD2 — . FANCD2
76 76
HSP60 [Ron— HSP60



https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 4.

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.22.489197; this version posted April 22, 2022. The copyright holder for this preprint (which
was FoA:es'f'sd by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
- available under aCC-BY-NC-ND 4.0 International license.

CTTTGTAGGATCAAGCCTCAA

ceceee.TC..Aee....T..

L N N 0] ¥ m MABES8e + sgRNA1s m MABEmax + sgRNA1s
m mABES8e = mABEmax
.......... A..T........0T8 . .
I L I L
0 5 2|0 4&) 6|0 8|0 11)0 0 5 2!) 4!) 6|0 8|0 160
% of seq. reads with A to G conversion % of seq. reads with A to G conversion
in protospacer in protospacer
FA-75
CCCAACAGCCTCTTTCTGAGG ON
Teoooo CevelGaveneeennnnn oT1

TeeeeeCovelGuerneenennness OT2
ceesGCeTeeeeeeseoaseases OT3
eleeeeGeeeeAeeieeeeeess OT4
eeeTe.TeeeeCiveveeeees OT5
TeoeeeeePAeeeeeGonenaasas OTB

m MABE8e + sgRNA5s m MABEmax + sgRNA4s
T T..c © COmABE8e —TmABEmax
.......... T.A.eeeeee..OT8
I 1 T I 1 T
0 5 2|0 46 éO 8|0 1 $o 0 5 2|0 4|0 6|0 8|~0 1 0|0
% of seq. reads with A to G conversion % of seq. reads with A to G conversion

in protospacer in protospacer


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 5.

mMRNA
ABEmax

A ABOErse
bioRxiv preprint ddi: httpst//doi. org%l/mﬂ .04.22.489 n posted April 22, 2022. The copyright holder for this preprint (which
was not certlfle Beer revi e author/funder, w bioRxiv a license to display the preprint in perpetuity. It is made
mock nucleatectY allqp,lge undey aC e 4.0 International license. ;g type AAVS1 sequence
OO P
O‘\ ~ O TGT CCC TAG TGG CCCC CAC TGT
zO
O é mABFmax+ngNA czliltrl:’rse\ i\\,\ l Adenine base edit
g% Primary recipients TGT CCC TGG TGG CCCC CAC TGT
mABE8e + sgRNA s P
30TIme (days) ® *
B HD CB HSCs C HD mPB HSCs
C1OO— C100-
B S 89
3 8 s0- T 3 8 80 [Z3 A>G conversion
25 jo2dist [IBystander edits
£ o £ 0 .
e € god S E g0 7] Other indels
[Clo] [ORe]
S 0 S @
o= T &
5 g 40- & & 40-
S & S &
S o S o
s £ 201 s S 20
o £ o £
5 "é’ X §
O o oM =
mABEmax mABES8e mABEmax mABES8e
+ sgRNA  + sgRNA + sgRNA  + sgRNA
D HD CB HSCs E HD mPB HSCs @ mock nucleofection
2 EmABEmax + sgRNA
I} ns ns @
S 100, P— — 100 —— MABESe + sgRNA
v —_t I ———— ns
é 80| ——  se B R A . ns_, ns
< [ - e —o— 5] =] ®
O e T 'S R S
= ®e B o ® o 8 o e m %°
a ° B oo = B e ns ns o— ° o H e
(]C_) 40' ee T ® =] 40_ ° T J—
E ) ... o @ [ ] . ®
g 201 . 20 mges .
c : “m_ o e [ =] e
o | | | e - o
day 30 day 60 day 90 day 30 day 60 day 90-120
F HD CB HSCs HD mPB HSCs
G
100+ 100+
w S : : : : [1A>G conversion
9 2 B I I I | 7] Bystander edits
o 8801 | | 80- |  EEZ]Other indels
2 B
5 | | I | T
& o 601 | | 60 | | l
2 2
8 S I I I I
T & 407 | | 40 | |
e
2 | | | |
o -
2 £ 50- | | 204 | |
g I I I I
0 = | 115 R = | ol P III
7, 7, “, 2 7, %, Y 7, Y 7, 7, 7
G% @% <S><<>)) @% @% 62(29 G@b @% @@b @633 @% <S><%)
N e N e N @ X e X e N @
Pre-transplant day 30 day 90 Pre-transplant day 30 day 90


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 6.

A
v preprint doi: https://doi.org/10.1101/2022.04.22.489197; this version posted April 22, 2022. The copyright holder for this preprint (which
as not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.
ABE8e
+
@% FA sgRNA O%
00,
2 weeks in vitro
culture
FA Lin- cells FA Lin- cells -
B
Total CFUs: 54 4 18 2 54 74 18 2 8 1 9 9
120+ =
S QA
f, Z 804
100 o 9
—~ o O
S 25
~ o O
© 804 £ % 60
o o
= c 0
z S s
@ g %X a0
=<
404 2
= N
o ©
o 20_
20- &
0 I I 0 T T T T
MMC (nM): 0 10 0 10 0 10 0 10 0 10 0

[ Ino nucleofection
Il mock nucleofection
B mMABES8e + sgRNA1s


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

SupplementaiEi
A

peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

béu re

L
= 1004
3 5 [ A>G conversion
=} . .
8 @ 80 [T Bystander modifications
o5 {27 Others
52 60+
53
28
40+
S o
8
s E N H
ks}
£ o . —
3.2ug sgRNA 6.4ug sgRNA 3.2ug sgRNA 6.4ug sgRNA 6.4ug sgRNA
+ + + + +
3ug BE 6ug BE 3ug BE 3ug BE 6ug BE
ABEmax ABE8e
B 120 HD CB HSCs c HD mPB HSCs
- 120+
I 1004
NS < —~
>c g ® 100+
(=}
(4 2 80 55
8e 58 80
S8 60 25 6o
Q75 (SR}
D > @» o
I & 404 T2 404
8% £
- o
ap 2 £ 20
*= i} 2L
T T T 0] T T T
mock mABEmax mABES8e mock mABEmax mABE8e
nucleofection +sgRNA  + sgRNA nucleofection +saRNA  +saRNA
HD CB HSCs HD mPB HSCs
250 250
[ BFU-E [ BFU-E
@ 200 EZ CFU-GM 200  — EA CFU-GM
3 8
o
+ +
150 150
X . & I
Ja} a
:"” ! 2"
© P
o (=
& <
& 50 X 50
i
o T u
Mock mABEmax  mABE8e Mock mABEmax  mABES8e
+ sgRNA + sgRNA +sgRNA + sgRNA
ABEmax BE HD CB CFCs ABEmax BE HD mPB CFCs
Allele Editing Sequence Frequency Allele Editing Sequence Frequency
1 TGTCCCTGGTGGC CCCACTGT 1 TGTCCCTGGTGGC CCCACTGT
Biallelic 33.3% (1/3) Biallelic 0%
2 TGTCCCTGGTGGCCCCACTGT 2 TGTCCCTGGTGGC CCCACTGT
1 TGTCCCTGGTGGC CCCACTGT 1 TGTCCCTGGTGGC CCCACTGT
Monoalelic 66.6% (2/3) Monoalelic 100% (3/3)
2 TGTCCCTAGTGGC CCCACTGT 2 TGTCCCTAGTGGC CCCACTGT
1 TGTCCCTGGTGGC CCCACTGT 1 TGTCCCTGGTGGCCCCACTGT
Unedited 0% Unedited 0% (2/3)
2 TGTCCCTAGTGGCCCCACTGT 2 TGTCCCTAGTGGC CCCACTGT
ABESe BE HD CB CFCs ABESe BE HD mPB CFCs
Allele Editing Sequence Frequency Allele Editing Sequence Frequency
1 TGTCCCTGGTGGC CCCACTGT 1 TGTCCCTGGTGGCCCCACTGT
Biallelic 100% (15/15) Biallelic 100% (13/13)
2 TGTCCCTGGTGGC CCCACTGT TGTCCCTGGTGGC CCCACTGT
1 TGTCCCTGGTGGC CCCACTGT 1 TGTCCCTGGTGGCCCCACTGT
Monoalelic 0% Monoalelic 0%
2 TGTCCCTAGTGGCCCCACTGT 2 TGTCCCTAGTGGC CCCACTGT
1 TGTCCCTAGTGGC CCCACTGT 1 TGTCCCTGGTGGCCCCACTGT
Unedited 0% Unedited 0%
2 TGTCCCTAGTGGC CCCACTGT 2 TGTCCCTAGTGGC CCCACTGT
F HD CB HSCs G HD mPB HSCs
= ns ns = ns
" e mock nucleofection ® 100, ns__ns _ ns
2 100 — ® mABEmax+sgRNA T @ m < —
2 ns . ns g 3 -] @ 1 go ¢S, NS,
o © mABES8e + sgRNA Tn ° ‘
< g0 < 104 ns
a [a] — ’ K —
g 10 o ns e LI s ns_ s
£ ° £ 1 ° MAu e
3 %0 £ 3 - P aleg
3 o = ° :l’ e
g 1 e g | o
8 [ ] (=) ° Py
£ ° 2 013 o o
3 @ ® g
51 ;3) o B
i hCD19* hCD33* hCD34* & 001 —— ; ‘ ;
hCD3* hCD19* hCD33* hCD34*

® mock nucleofection
B mABEmax + sgRNA
® mABES8e + sgRNA


https://doi.org/10.1101/2022.04.22.489197
http://creativecommons.org/licenses/by-nc-nd/4.0/

ich

delsecivgens il h G envcless/tion

FAS5-OTT lchro: 4T, 740,360-471; 2480 1379 "l el v

FA55 OT2 |(chr6:71,217,727-71,217,746 Intergenic NA

FA55 _OT3 ([chr5:153,559,954-153,559,973 |Intragenic GRIA1 Intron

FA55 OT4 |[chr6:39,094,875-39,094,894 Intergenic NA NA

FA55 OT5 ([chr22:20,718,351-20,718,370 [Intragenic PI4KA Intron

FA55_OT6 |[chr4:17,740,777-17,740,796 Intragenic FAM184B |Intron

FA55 OT7 |chr19:1,251,831-1,251,850 Intragenic MIDN Intron-Exon Junction
FA55_OT8 |[chr11:54,581,250-54,581,269 |Intergenic NA NA

Tablel: List of off-target sites for FA-55 sgRNA1 analysed in the study
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loRXIV-Prep --unumcm« aluon 194 (22512 deritor [this-pr ich
'(:‘.'. y ‘ '. . N "\n licensa PERy:

FA75_ 0712 chr2 110 344 019 110 4 ntergenic T INA ' NA

FA75 OT3 ([chr2:202,148,657-202, 148 676 Intragenic KIAA2012 Intron

FA75_0OT4 |[chr10:14,263,604-14,263,623 |Intragenic FRMD4A Intron

FA75 _OT5 ([chr9:42,184,196-42,184,215 Intragenic SPATA31A6 Intron

FA75_OT6 |chr14:90,091,562-90,091,581 |Intragenic KCNK13 Intron

FA75_OT7 |[chr18:48,679,450-48,679,469 |Intragenic CTIF Intron

FA75_OT8 |chr3:63,777,216-63,777,235 Intergenic NA NA

Table2: List of off-target sites for FA75 sgRNA4 analysed in the study

Genomic location

Off target id

Intergenic/Intragenic

Exon/Intron

FA75_OT9 (chr5:14,206,550 - 14,206,569 |Intragenic TRIO intron
FA75_OT10 ([chr5:81,516,926 - 81,516,945 |Intragenic SSBP2 intron
FA75_OT11 ([chr1:36,627,028 - 36,627,047 |Intergenic NA NA
FA75_OT12 |chr1:100,435,046 - 100,435,065|Intragenic CDC14A intron
FA75_OT13 ([chr1:172,643,443 - 172,643,462|Intergenic NA NA
FA75_OT14 ([chr2:204,651,349 - 204,651,368]|Intragenic PARD3B intron
FA75 _OT15 |[chr17:15,871,318 - 15,871,347 |Intergenic NA NA
FA75 _OT16 |[chr17:20,689,043 - 20,689,062 |Intergenic NA NA
FA75_OT17 |[chr17:50,367,092 - 50,367,111 |Intergenic NA NA
FA75_OT18 |[chr17:64,099,724 - 64,099,743 |Intragenic ERN1 intron
FA75 _OT19 (chr16:60,123,002 - 60,123,021 |Intergenic NA NA
FA75_0OT20 ([chr16:87,299,214 - 87,299,233 |Intergenic NA NA
FA75_0OT21 |[chr6:158,102,074 - 158,102,093|Intergenic NA NA
FA75_0T22 |[chr10:37,265,400 - 37,265,419 |Intergenic NA NA

Table2: List of off-target sites for FA75 sgRNA4 not analysed in the study
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Oligonucleotide

sgRNA (1) FA-55 NGG

sgRNA (1) FA-55 NGG

sgRNA (4) LFA-75 NGG

sgRNA (4) LFA-75 NGG
Synthetic FA-55 sgRNA1 (RNA)
Synthetic LFA-75 sgRNA4 (RNA)

Primer

FA-55 Sanger sequencing fwd
FA-55 Sanger sequencing rev
LFA-75 Sanger sequencing fwd
LFA-75 Sanger sequencing rev
FA-55 NGS fwd

FA-55 NGS rev

LFA-75 NGS fwd

LFA-75 NGS rev

LFA-75 OT1 NGS fwd

LFA-75 OT1 NGS rev

LFA-75 OT2 NGS fwd

LFA-75 OT2 NGS rev

LFA-75 OT3 NGS fwd

LFA-75 OT3 NGS rev

LFA-75 OT4 NGS fwd

LFA-75 OT4 NGS rev

LFA-75 OT5 NGS fwd

LFA-75 OT5 NGS rev

LFA-75 OT6 NGS fwd

LFA-75 OT6 NGS rev

LFA-75 OT7 NGS fwd

LFA-75 OT7 NGS rev

LFA-75 OT8 NGS fwd

LFA-75 OT8 NGS rev

FA-55 OT1 NGS fwd

FA-55 OT1 NGS rev

FA-55 OT2 NGS fwd

FA-55 OT2 NGS rev

FA-55 OT3 NGS fwd

FA-55 OT3 NGS rev

FA-55 OT4 NGS fwd

FA-55 OT4 NGS rev

FA-55 OT5 NGS fwd

FA-55 OT5 NGS rev

FA-55 OT6 NGS fwd

FA-55 OT6 NGS rev

FA-55 OT7 NGS fwd

FA-55 OT7 NGS rev

FA-55 OT8 NGS fwd

FA-55 OT8 NGS rev
ABEmax/ABE8e HIFl assembly (1)
ABEmax/ABE8e HIFl assembly (2)
ABEmax/ABE8e HIFl assembly (3)
ABEmax/ABE8e HIFIl assembly (4)
ABEmax/ABE8e HIFI assembly (5)
ABEmax/ABE8e HIFI assembly (6)

Sequence (5'-3")
TTGGCTTTGTAGGATCAAGCCTCAGTTTAAGAGC
TTAGCTCTTAAACTGAGGCTTGATCCTACAAAGCCAACAAG
TTGGGCCCAACAGCCTCTTTCTGGTTTAAGAGC
TTAGCTCTTAAACCAGAAAGAGGCTGTTGGGCCCAACAAG
CUUUGUAGGAUCAAGCCUCA
GGCCCAACAGCCUCUUUCUG

Sequence (5'-3")

AGGGGCAGGCTTATCTCTGA

CGGGCAGGTTTCCTCATCTT

AATCAAACCATCTAAGTGCTGCTG

CCGGGTCACTCTCTGTTTCAG
CTTTCCCTACACGACGCTCTTCCGATCTGCTATGGTTTTGTTTTGTGTTTAAGGC
GGAGTTCAGACGTGTGCTCTTCCGATCTAACCATCCCGGCTGAGAGA
CTTTCCCTACACGACGCTCTTCCGATCTAAACGGCCGGGTCACTCTCT
GGAGTTCAGACGTGTGCTCTTCCGATCTAAGGTGCAAGGGTCTCCAG
CTTTCCCTACACGACGCTCTTCCGATCTACATTGGTTCTCCCACCAGC
GGAGTTCAGACGTGTGCTCTTCCGATCTCACAGCCACAGGGGAAAAGT
CTTTCCCTACACGACGCTCTTCCGATCTAAAAGTGCCCTGCTGGCT
GGAGTTCAGACGTGTGCTCTTCCGATCTGCGGTTACATGTTCACCCTCA
CTTTCCCTACACGACGCTCTTCCGATCTCATTTGTGTGGGTGGAAGCC
GGAGTTCAGACGTGTGCTCTTCCGATCTTCTGTCTAGGTTTCCCTGGCT
CTTTCCCTACACGACGCTCTTCCGATCTTACCCTTGCCCACGATCAG
GGAGTTCAGACGTGTGCTCTTCCGATCTAAGGAGCTTAGAGGGCCCA
CTTTCCCTACACGACGCTCTTCCGATCTAGGTCTCTGTCCGAGACCAG
GGAGTTCAGACGTGTGCTCTTCCGATCTGAAGACCAGAGGAGACACCAG
CTTTCCCTACACGACGCTCTTCCGATCTGCCAGTTGACACAGCACAG
GGAGTTCAGACGTGTGCTCTTCCGATCTTAATGAGGCATTTGGCATGCC
CTTTCCCTACACGACGCTCTTCCGATCTACATCTGGAAGCAGGCAGAG
GGAGTTCAGACGTGTGCTCTTCCGATCTAGGTCTCAGTCTCAGGAGGAG
CTTTCCCTACACGACGCTCTTCCGATCTCATTACCCAGTCTCAGGT
GGAGTTCAGACGTGTGCTCTTCCGATCTCATATTTATTGGCCCAACTG
CTTTCCCTACACGACGCTCTTCCGATCTTCCACTCTCTTCTCCAGGCT
GGAGTTCAGACGTGTGCTCTTCCGATCTTGGCACTGCTCTGGGATG
CTTTCCCTACACGACGCTCTTCCGATCTCAGTGACTGGAACCTGGCTT
GGAGTTCAGACGTGTGCTCTTCCGATCTTCTGTGTTGATGGGGTGGTC
CTTTCCCTACACGACGCTCTTCCGATCTACACACCCTATTGCCTCCTTC
GGAGTTCAGACGTGTGCTCTTCCGATCTTTCAGAGTAAACTTTGTAAACAGCA
CTTTCCCTACACGACGCTCTTCCGATCTGCAGCAAGATCACAGAAACCT
GGAGTTCAGACGTGTGCTCTTCCGATCTCATGATCATTTTGGAAATTCATGTTAGAATCT
CTTTCCCTACACGACGCTCTTCCGATCTACGATGACAGGACCTGCAAA
GGAGTTCAGACGTGTGCTCTTCCGATCTCAATTTGAGGCCACCCTGC
CTTTCCCTACACGACGCTCTTCCGATCTAGAAGCCAACCTCCAGGCCC
GGAGTTCAGACGTGTGCTCTTCCGATCTCGACAGTGAAACCTGTTGTGATGGAA
CTTTCCCTACACGACGCTCTTCCGATCTGATTCCGACCCCACACTCAG
GGAGTTCAGACGTGTGCTCTTCCGATCTGAGAGCTTGCATCACGGACT
CTTTCCCTACACGACGCTCTTCCGATCTATGACACCATCCATAACCTATACACATATATT
GGAGTTCAGACGTGTGCTCTTCCGATCTCATTTGACCCAGAATTTTCACCCTT
ATGTCCGGACTCAGATCTCGAAAACGGACAGCCGACGGAAG
TCGAGATCTGAGTCCGGACATGGTGGGCGGCCGCATTG
GGAAAGCGAGTTCGTGTACGGC

TACACGAACTCGCTTTCCAGCTTAGG
GGATCCACCGGATCTAGATAACTGATCG
TCTAGATCCGGTGGATCCGACTTTCCTCTTCTTCTTGGGCTCGAATT
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