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Abstract

Ganglioside-monosialic acid (GM1) gangliosidosis, a rare autosomal recessive disorder, is frequently caused by
deleterious single nucleotide variants (SNVs) in GLBT gene. These variants result in reduced f-galactosidase
(B-gal) activity, leading to neurodegeneration associated with premature death. Currently, no effective therapy
for GM1 gangliosidosis is available. Three ongoing clinical trials aim to deliver a functional copy of the GLBT gene
to stop disease progression. In this study, we show that 41% of GLBT pathogenic SNVs can be replaced by ad-
enine base editors (ABEs). Our results demonstrate that ABE efficiently corrects the pathogenic allele in patient-
derived fibroblasts, restoring therapeutic levels of f-gal activity. Off-target DNA analysis did not detect off-target
editing activity in treated patient’s cells, except a bystander edit without consequences on f-gal activity based
on 3D structure bioinformatics predictions. Altogether, our results suggest that gene editing might be an alter-

native strategy to cure GM1 gangliosidosis.

Introduction

Over the last two decades, high-throughput sequencing
(HTS) technology has accelerated the identification of
genetic alterations involved in human diseases, thus allow-
ing many patients to benefit from an accurate diagnosis.
Despite this historical breakthrough, a high number of diag-
nosed patients are currently awaiting personalized therapy.
The development of curative gene therapies for these pa-
tients is indispensable.1 According to ClinVar, ~54,500
human pathogenic genetic variants have been associated
with diseases and more than 58% are single nucleotide var-
iants (SNVs) (https://www.ncbi.nlm.nih.gov/clinvar/). This
observation suggests that gene editing strategies aimed at
correcting the root cause of disease could be an alternative
strategy to cure disease instead of classical gene therapies
aimed at bringing a novel functional copy of the altered
genes.>?

Nowadays, gene editing approaches such as base and
prime editing (BE and PE) enable specific restoration
of a functional gene by correcting pathogenic variants.”
BE has been successfully used to cure multiple diseases
in different models and species.*™ To date, the most ad-
vanced application in humans is to cure sickle cell ane-
mia through ex vivo targeting of hematopoietic stem
and progenitor cells from patients.S BE also shows prom-
ise in limiting the deleterious effect of progerin (SNV al-
tering the Lamin A mRNA splicing), as recently
demonstrated in a murine progeria model,® and to lower
cholesterol in serum of primates by turning off the
PCSK9 gene.””’

Although this innovative gene editing approach is prom-
ising, it is important to keep in mind the editing efficiency,
the potential off-target effects, and the challenge in reach-
ing all targeted cells in vivo.'®"" To date, BE has the best
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efficiency rate compared to PE or CRISPR-Cas9 coupled to
a donor. However, only C-to-T (CBE) and A-to-G (ABE)
BE methods are fully validated for gene therapy.'*'?

Moreover, CBE and adenine base editor (ABE) deami-
nases are active on a wide editing window. Indeed, the
maximum deaminase activity extends from nucleotide 4
to 6 from the 5" end of the sgRNA depending on the
BE version. This point suggests that proximal C or A nu-
cleotides should be edited into T or G within the editing
window, depending on the genomic context.'*'> Conse-
quently, two kinds of editing events might occur with
BEs: the expected on-target edit and the unwanted on-
target one(s) called bystander edit(s). Although these by-
stander events are sometimes unavoidable, plenty of strat-
egies have been proposed and published to improve BE
window specificity and reduce their occurrence.'®!”

To facilitate the design of sgRNAs for BE applications,
several improvements have been implemented such as less
stringent protospacer adjacent motif (PAM) than the canoni-
cal 5-NGG-3’ (such as NRN and NYN PAM; SpRY Cas en-
zyme) and high-fidelity (HF) BE Cas enzymes.l&19 So the
latest generation of BEs is characterized by a high efficiency
rate of editing and a low level of off-target edits since these
Cas9s cleave only one DNA strand (nickase) and are some-
times HF, making them exploitable for gene therapy.*

In humans, CBE and ABE should, respectively, correct, in
theory, 14% and 47% of GLB1 pathogenic variants.” In this
study, we investigated whether BE may constitute an alter-
native strategy to cure GM1 gangliosidosis. Indeed, there is
currently no effective therapy, and only supportive treat-
ments can be offered.?' GM1 gangliosidosis is an autosomal
recessive lysosomal storage disorder estimated to occur in 1
in 100,000 to 200,000 newborns.?? There are four different
types of GM1 gangliosidosis based on the age when symp-
toms first appear and the severity of disease progression.
Defects in the GLBI gene (coding the [5-galactosidase [[-
gal]) cause impaired enzyme activity leading to the toxic
accumulation of gangliosides and neurodegeneration that
presents as cognitive impairment, paralysis, and early death.

Three ongoing clinical trials (NCT03952637,
NCT04273269, and NCT04713475) aim to deliver a func-
tional copy of the GLBI gene to slow down or stop disease
progression (classical gene therapy), but cannot reverse the
damage already caused by the disease. For two clinical tri-
als, the GLBI cDNA is carried by adeno-associated viral
(AAV) vector injected into the cisterna magna to reach
the neuronal cells through the cerebrospinal fluid and to
break down GM1 ganglioside. Preclinical studies clearly
demonstrated the ability of AAV to transport genes into
neuronal cells, suggesting that these vectors should also
bring both BE and sgRNA. >
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Transgenes transferred by this type of vectors are
transcriptionally active and are maintained as an
extra-chromosomal (episomal) form in the trans-
duced cells for a long-term period.24 However, the
preclinical trials have been mainly performed in short
lifespan animals such as mice and felines, making it dif-
ficult to evaluate the long-term beneficial effect re-
quired for patients.?*?°?° These studies mainly
demonstrated a reduction of lysosomal storage in the
central nervous system and an extended lifespan for
these animal models.

To the best of our knowledge, the long-term expres-
sion of GLBI in large animal models through AAV vec-
tors has not been investigated. In other words, it is
unknown how long the therapeutic effect will last follow-
ing the initial establishment of transgene expression, al-
though animal and emerging human data show that the
expression can be maintained for at least 10 years in mus-
cles.’® The durability of therapeutic response is key to
long-term treatment success, especially since immune re-
sponses to AAV vectors may prevent re-dosing with the
same therapy.31

In this study, we show that 82% of genetic alterations
of GLBI gene are SNVs. Among the pathogenic vari-
ants, 41% could be targeted by ABE. As a proof-of-
concept experiment, we designed and validated
in vitro an ABE strategy for a young patient with
GM1 gangliosidosis. Based on the ABE efficiency
and the quantification of off-target edits, our data sug-
gest that gene editing is an alternative strategy to cure
GM1 gangliosidosis.

Methods

Editorial policies and ethical considerations

Written informed consent was obtained from the patient
and his parents. All procedures were in accordance with
the ethical standards of the Ethics Committee of Rennes
University Hospital and the French law (CCTIRS Com-
ité Consultatif sur le Traitement de 1’Information en
matiere de Recherche dans le domaine de la Santé).
Peripheral blood samples (for DNA extraction) and
skin biopsies (for functional analyses and personalized
gene therapy development) were collected from all the
participants.

Exome sequencing and bioinformatics pipeline

Trio exome sequencing was performed at Rennes Hospi-
tal University (Molecular Genetics and Genomics Labo-
ratory) using standard pipeline as previously described.*
Identified pathogenic variants were described according
to the Human Genome Variation Society nomenclature
guidelines (https://varnomen.hgvs.org/).
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Patient-derived fibroblasts: primary culture

and immortalization

The fresh skin punch biopsies were dilacerated with scal-
pels under a sterile area and then transferred into T25
flasks containing 5 mL of AmnioMAX C-100 (Gibco)
medium. After 1-2 weeks, explant growing cells were
washed with Dulbecco’s phosphate-buffered saline
(DPBS; Lonza), trypsinized with TrypLE™ Express
Enzyme (1 x; Gibco), and passaged in T75 flasks for fi-
broblast amplification. Primary cells were then immortal-
ized by SV40 T antigen lentiviral transduction. Lentiviral
particle production was performed in HEK293T cell line
by following Trono Lab recommendations (http:/
tronolab.epfl.ch).

Briefly, psPAX2 (Addgene plasmid ID #12260),
pVSVG (Addgene plasmid ID #8454), and pLOX-Ttag-
iresTK plasmids (Addgene plasmid ID #12246) were
transfected into HEK293T cells with lipofectamine
2000 (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. Cell supernatant containing lenti-
viral particles was collected after 2 days, centrifuged, and
filtered (0.45 um) to eliminate HEK293T-derived cell de-
bris. Fibroblasts in primary culture (P6 well plate; Fal-
con®) were infected with 500 uL of this infectious
media in the presence of 8 ug/mL polybrene (Sigma) to
achieve viral infection.

Cell culture

Immortalized patient-derived fibroblasts and HEK293T
(ATCC) cells were cultured, respectively, in RPMI-
1640 medium (Lonza) or Dulbecco’s modified Eagle’s
medium (Gibco), each supplemented with 10% fetal bo-
vine serum (Gibco), 1% glutamine (Lonza), and 1%
penicillin-streptomycin (Sigma). When confluent, cells
were washed with DPBS (Lonza), digested with TrypLE
Express enzyme (1 X ; Gibco), and subsequently passaged
at 1:10 ratio. All cells were maintained at 37°C in a hu-
midified incubator with 5% CO,. Cell lines were rou-
tinely tested for mycoplasma infection with PlasmoTest
Mycoplasma Detection Kit (Invivogen) and negative re-
sults were obtained.

DNA extraction, polymerase chain reaction,

and Sanger sequencing

DNA was extracted from frozen cell pellets with the
Nucleospin tissue DNA extraction kit (Macherey-
Nagel). DNA concentration was evaluated using the
NanoDrop1000 spectrophotometer (Thermo Fisher Sci-
entific). Polymerase chain reaction (PCR) was performed
from 50 ng DNA with the Phusion™ High-Fidelity DNA
Polymerase kit (Thermo Fisher Scientific). The list of
primers is presented in Supplementary Table S1. Samples
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were subjected to thermal cycling as follows: 98°C for
30s (initial denaturation step), 98°C for 10s, primers’
annealing temperature for 15s, 72°C for 30s (35 cycles),
and 72°C for 5 min (final elongation step).

Amplicon size and purity were checked on 1.5% aga-
rose gel electrophoresis before Sanger’s reaction. Sanger
sequencing was performed directly on 1 uL. of PCR reac-
tion in the presence of 0.5 uM primer and the Big Dye
Terminator V3.1 (Applied Biosystems™). The following
thermocycler program was used: 96°C for 5 min (initial
denaturation step), then 96°C for 1 min, primers’ anneal-
ing temperature for 1 min, and 62°C for 2 min (30 cycles).
Sequence products were purified on Sephadex G50 beads
(GE Healthcare) and directly loaded onto 3130x1 Genetic
Analyzer capillary electrophoresis laser coupled system
(ABI PRISM).

RNA extraction, reverse transcription,

and quantitative PCR

RNA extraction was performed from frozen tissue in cul-
ture plates (P6 well plate; Falcon) by using the Nucleo-
Spin RNA kit (Macherey-Nagel). RNA concentration
was measured with NanoDropl1000 spectrophotometer
(Thermo Fisher Scientific). Reverse transcription was
performed on 500 ng total RNA with the High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems).
Quantitative PCR (qPCR) was performed in 384-well
plates on 2.5ng of reverse-transcribed cDNA using the
SYBR Green PCR Master Mix (Applied Biosystems) in
the presence of 1 uM of forward and 1uM of reverse
primers, using the QuantStudio 5 quantitative PCR equip-
ment (Applied Biosystems). The primer sequences used
are available in Supplementary Table S1. Raw data
were extracted with QuantStudio Design and Analysis
Software (Applied Biosystems). Relative gene expres-
sion compared to control conditions was calculated by
using the 27A% Ct method. GAPDH was used as a house-
keeping gene for normalization.

Protein extraction

Cells were lysed and proteins were extracted from fresh fi-
broblast cells with RIPA buffer (Thermo Fisher Scientific)
supplemented with protease and phosphatase inhibitor
mini-tablet (Pierce, Thermo Fisher Scientific). Protein quan-
tification was performed with Pierce BCA protein assay kit
(Thermo Fisher Scientific) and absorbance was measured
with spark microplate reader (TECAN) at 562 nm.

p-Gal enzymatic activity measurement
p-Gal activity was evaluated using a fluorogenic method
initially described by Ho and O’Brien.>* Briefly, 20 uL of
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fresh cell lysates were incubated in a white 96-well micro-
plate (Grenier Bio-One) with 100 uL of buffer solution (pH
4.3) containing 0.5mM of 4-methylumbelliferyl-f-p-
galactopyranoside substrate (Sigma). A kinetic analysis
was performed at 37°C for 1-2 h. Every 4 min, the fluoro-
genic substrate was excited at 366 nm and fluorescence
emission, proportional to enzyme activity, was measured
at 442nm with a spark microplate reader (TECAN).
Enzyme activity was assessed from the slope of the fluores-
cence=f (time) curve and normalized per microgram of
protein.

Western blot

Protein samples were reduced and denatured with lithium
dodecyl sulfate and reducing agent for 10 min at 70°C.
Then, 20 ug of each sample was loaded in 4-12% Bis-
Tris Gel (NuPAGE; Invitrogen) and migration was
done with following parameters: 1 h 30 min, 200V, and
400 mA. Proteins were then transferred onto a nitrocellu-
lose membrane (Invitrogen™ iBlot™ Transfer Stack)
with iBlot transfer device system (Invitrogen).

After transfer and incubation with a blocking solution
(1h at room temperature, TBS-Tween 0.1%; 5% bovine
serum albumin; Eurobio), the membrane was probed
with the primary antibody overnight at 4°C (rabbit anti-
p-galactosidase antibody, 15518-1-AP Protein Tech, dilu-
tion 1/1000; and mouse anti-«-tubulin, dilution 1/10,000;
T6199 Sigma-Aldrich) and then for 1 h at room temper-
ature with the horseradish peroxidase (HRP)-linked sec-
ondary antibody (HRP-linked anti-rabbit IgG, dilution
1/2000; #7074 Santa Cruz; and HRP-linked anti-mouse
IgG, dilution 1/2000; #7076 Santa Cruz). Signal was
detected with Amersham ECL select substrate (Cytiva)
under a luminescent image analyzer (ImageQuant LAS
4000). Uncropped western blots are available in Supple-
mentary Figure S1.

Cloning

Single guide RNAs were designed according to the rec-
ommendations of Walton et al,' Supplementary
Table S1. Designed oligonucleotides were integrated
into BPK1520 backbone (Addgene plasmid ID #65777)
by golden gate assembly as previously described.** Plas-
mids were transformed into NEB® Stable competent
Escherichia coli C3040H (New England BioLabs) by fol-
lowing the manufacturer’s recommendations. Bacteria
were seeded onto ampicillin (100 ug/mL) Lysogeny
broth (LB) agar plates and incubated overnight at 37°C.
Isolated colonies were then amplified overnight at 37°C
with LB growth medium and ampicillin (100 pg/mL)
under constant agitation. Plasmid DNA was purified
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with NucleoBond® Xtra Maxi kit (Macherey Nagel)
according to the manufacturer’s instructions. Constructs
were verified by Sanger sequencing. The plasmid encod-
ing the sgRNA number 8 used in this study is available on
Addgene (BPK1520-sgRNA GLB1; Addgene #184378).

ABE transfection

Immortalized fibroblasts were seeded in 6-well plates
(Falcon) (500,000 cells/well). Approximately 24 h after
seeding (~60% confluency), cells were transfected
with 11.55 ulL of Viafect reagent (Promega) according
to the manufacturer’s protocols with 2200ng of
ABEmax(7.10)-SpRY-P2A-EGFP plasmid (Addgene
plasmid ID #140003) and 1100ng of sgRNA plasmid
(Addgene plasmid ID #65777). The medium was
replaced 6 and 24 h after transfection to eliminate dead
cells. Forty-eight hours after transfection, cells were
washed with DPBS (Lonza), digested with TrypLE
Express enzyme (Gibco), and resuspended into RPMI-
1640 medium (Lonza). GFP positive cells were sorted
by fluorescence-activated cell sorting (FACS, FACSAria
FUSION; Becton Dickinson). Sorted cells were either
lysed for DNA extraction and HTS or individualized by
limit dilution for clonal amplification (96-well plates, 1
cell/well; Falcon).

Approximately 3 weeks after the limit dilution, pure
clones were amplified in 12-well plates (Falcon). To eas-
ily identify the edited cells, -galactosidase assays were
performed and gene editing was confirmed by Sanger
sequencing.

siRNA transfection

Immortalized fibroblasts were seeded in 6-well plates
(500,000 cells/well; Falcon). Approximately 24 h after
seeding (~60% confluency), cells were transfected
with 50nm siRNA CTRL or siRNA GLBI (IDT, se-
quence available in Supplementary Table S1) with lipo-
fectamine RNAimax (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Forty-
eight hours after transfection, cells were stored at
—80°C and proteins were then extracted.

Off-target identification (CRISPOR)

Off-target sites were predicted bioinformatically by using
the CRISPOR online tool (http://crispor.tefor.net).>
Putative off-target sites were ranked according to cutting
frequency determination (CFD) score® and top 10 off-
target hits were selected for deep sequencing (amplicons)
(data are available in Supplementary Table S3). In ad-
dition, putative exonic off-target sites were checked by
exome sequencing.
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Amplicon HTS

Genomic regions of interest were amplified by PCR (Phu-
sion High-Fidelity DNA Polymerase; Thermo Fisher Sci-
entific or KAPA2G Robust HotStart PCR; Sigma) from
genomic DNA samples. Amplicons were purified with
AMPure XP magnetic beads (Beckman Coulter). The li-
brary was prepared with the SureSelect XT HS2 DNA kit
(Agilent). We followed the manufacturer’s recommenda-
tions (except that initial DNA fragmentation, hybridiza-
tion, and capture steps were skipped). Pooled libraries
were sequenced on a MiSeq instrument (Illumina) with
a 2x250bp paired-end running method (MiSeq Reagent
Nano Kit v2 500 cycles; Illumina). The flow cell was
loaded with 5 pM pooled libraries containing 5% PhiX
control V3 (Illumina). Raw sequencing data were demul-
tiplexed with Bcl2Fastq software (v2.19; Illumina) (data
are available in Supplementary Table S3).

CRISPResso2

FastQ files were submitted to CRISPResso2’” for pre-
cise editing quantification. We used the following para-
meters: -wc=—10, -q=30, - -min-bp-quality-or-N =30,
- -conversion-nuc-from=A, and - -conversion-nuc-to=G.
The matrix ‘“‘selected-nucleotide-percentage-table-around-
sgRNA” generated by CRISPRESSO was used to calcu-
late the potential editing percentage. For both on-target
and off-target data, the line with nucleotide “N”° (Q
score <30) was removed with a Python script (Supple-
mentary Fig. S2) to avoid potential editing underestima-
tion (data are available in Supplementary Table S4).

Three-dimensional structure prediction

Maestro Software (Schrodinger Release 2021-3; Schro-
dinger, LLC, New York, NY, 2019) was used for visual-
ization, basic molecular modeling steps (protein
preparation, energy minimization, etc.), as well as for
the molecular dynamic (MD) simulation trajectory
using Desmond.® Crystal structure of the GLB1 protein
in complex with galactose (PDB ID: 3THC) served as the
starting point for molecular modeling. The protein prep-
aration wizard was used to prepare the crystal structure as
follows: hydrogen atoms were added and possible metal
binding states generated.

The protonation and tautomeric states of Asp, Glu,
Arg, Lys, and His were adjusted to match a pH of 4.3
and possible orientations of Asn and Gln residues were
generated. Hydrogen bond sampling with adjustment of
active site water molecule orientation was performed
using PROPKA. Water molecules with fewer than three
hydrogen bonds to nonwater molecules were deleted.
Finally, the protein-ligand complexes were subjected to
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geometry refinements using the OPLS4 force field®® in
restrained minimizations. The S302G mutant was then
generated using the ‘‘Residue and Loop mutation” tool
included with maestro, followed by an energy minimiza-
tion of the whole structure in implicit water.

The GLB1 wild-type (WT) and S302G structures were
then prepared for MD with the system builder panel using
the following parameters: each system was solvated with
TIP3P water*® under periodic boundary conditions with
the minimum distance between any atom in the solute
and the edge of the periodic box being 10.0 A; Na*/Cl™
counterions were added as appropriate for the neutraliza-
tion of the system; 0.154 M NaCl. MD simulations for
each system were performed with Desmond as follows:
3% 100 ns total time; OPLS4 force field; 100 ps trajectory
recording intervals; system energy set to 1.2, NPT ensem-
ble class; 300.0K; 1.01325 bar; and model relaxed before
simulation. Quality control of our simulations was done
using the ‘‘Simulation Quality Analysis™ tool as well
as the ““‘Simulation Interactions Diagram’ tool.

Statistical analysis

All data are expressed as the mean — standard error of the
mean of at least three individual experiments, excepting
the HTS experiments. Data were analyzed by Student’s
t-test using GraphPad Prism v8.0.1 (GraphPad Software,
San Diego, CA). p-Values were deemed to be statistically
significant as follows: *p <0.05; *¥p <0.01;***p < 0.001;
*#*F%%p <0.0001. All raw data are available in Supplemen-
tary Table S5.

Results

We investigated here whether genome edition could be a
credible approach to treat GM1 gangliosidosis by correct-
ing GLBI SNVs.

GLBT genetic variants

First, we analyzed the genetic alterations of the GLBI
gene found in ClinVar to characterize the origin of
GM1 gangliosidosis (Fig. 1 and Supplementary
Table S2). The GLBI variants are almost exclusively
germline (>95%) SNVs (82%), the majority of which
are missense (60%) and some frameshift (11%)
(Fig. 1A-C). It is interesting to note that the GLBI non-
coding sequence is also impacted (untranslated region
and splice sites; ~20%).

Next, we focused on the 93 known pathogenic variants
(class 5 corresponding to 17% of all variants, N=532) to
estimate the ability of BE and PE to correct them
(Fig. 1D, E). Importantly, PE, ABE, and CBE should,
in theory, correct up to 100, 41, and 15%, respectively,



A GLB1 variants (origin) B GLB1 variants (type)

Single nucleotide - L]
Somatic-p
Insertion—j®
De novo-¢ Indel ¢
Duplication—| ®
Germline e
Deletion—{ e
I I I ] 1 ] ] T ] 1
0 100 200 300 400 500 0 100 200 300 400 500
Variants (number) Variants (number)
c e ° SLET
(location and consequence) (classes)
UTRq o conflicting interpretation-
Near gene -¢ benign (Class 1) - L]
*
e | likely benign (Class 2) - .
Splicesite | @
uncertain significance (Class 3) - L]
Coding se -] ®
gene el * likely pathogenic (Class 4) - L]
it e pathogenic (Class 5) - L]
] | ] 1 I I 1 1
0 50 100 150 200 0 50 100 150 200
Variants (number) Variants (number)
E F
-
Cas8
; SRNA GLB1 variants
——t/—m (pathogenic)
o 5
3 %
ABE CBE 8 PE 100%
1 5“ 10 15 ' 20 1 5 10 15 ‘ 2 E
LT ! T a
L, I T W ===
b=
AT to G+C C:GtoT-A g
editing editing S CBE 15%
(L)
1 5 10 15 20 1 5 10 15 20
1 ) L] 1 1
T LT 0 20 40 60 80

Variants (number)

FIG. 1. Genetic alterations of GLB1. (A) Origin of the GLB1 variants (somatic, de novo, or germline), (B) types of
GLB1 variants, (C) location and consequence of GLBT variants, (D) number of GLB1 variants in the different classes,
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of GBLI pathogenic variants described in ClinVar
(Fig. 1F). Of course, the genomic context of each variant
must be taken on a case-by-case basis to consider com-
patibility with editing window and PAM of specific edi-
tors. Since BE is currently the most efficient approach for
gene editing in humans,® we evaluated the ability of ABE
to correct a missense variant associated with GM1 gan-
gliosidosis as a proof-of-concept experiment. We se-
lected a patient with a missense variant targetable by
ABE (Fig. 2).

GLB1 characteristics of the patient

The patient is the second child of nonconsanguineous
parents (Fig. 2A). He has one healthy brother. Pregnancy
and delivery were uneventful. He was born at 40 weeks of
gestation, and his birth weight was 4015 g. He achieved
motor skills with slight delay, as he was able to sit at 9
months, to stand up at 19 months, and to make his first
steps at 22 months of age (Fig. 2A). At 30 months of
age, he began to lose previously acquired milestones as
he could no longer walk independently. Regarding
speech development, he could pronounce his first words
at the end of his first year of age, but he did not progress
further and progressively lost speech during the follow-
ing months.

At 22 months of age, the parents noticed some ep-
isodes of eyelid shaking. The ophthalmologic exami-
nation was normal. A first brain magnetic resonance
imaging (MRI) was performed at 23 months of age
showing normal results. At 3 years of age, general-
ized epilepsy became obvious. Initial anticonvulsant
therapy by Levetiracetam was switched to valproic
acid due to side effects. Follow-up cerebral MRI at
3 years of age showed generalized brain atrophy
and hypomyelination.
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The first genetic investigations, which included
screening for Steinert disease, Angelman and Prader
Willi syndrome, and CGH array analysis, were normal
(data not shown). Trio whole exome sequencing (WES)
of the child and his parents identified two heterozygous
probable pathogenic variants in the GLBI gene
(NM_000404.2): c.907G>A (p.Val303Met) and c.75+2
dup, inherited from his mother and father, respectively
(Fig. 2B, C). The first variant is a missense variant
(never described) and the second is located at a splice
site, leading to a 20-nucleotide intron retention in
GLBI RNA.*

Since the GLBI genetic alterations suggested an al-
tered f-gal activity associated with GM1 gangliosidosis,
we evaluated it in white blood cells. Analyses revealed a
pathogenic drop of f-gal activity (8 nmol/h/mg of pro-
teins in the patient vs. control: 197 nmol/h/mg of pro-
teins, data not shown). The residual f-gal activity was
estimated to be 4% of control. As a control, the neuramin-
idase activity was similar for the patient and the control
sample (data not shown). Thus, the abnormal f-gal activ-
ity supported the pathogenicity of the two variants iden-
tified in GLBI and led to the diagnosis of a late-onset
form of infantile GM1 gangliosidosis for this patient.

To confirm this diagnosis, three skin biopsies were per-
formed to generate primary fibroblast cultures (parents
and patient) (Fig. 2D). To obtain enough cells, we im-
mortalized these fibroblasts using T antigen from SV40
by a lentiviral transduction.

In accordance with results obtained with Peripheral
Blood Mononuclear Cells, we confirmed that patient’s fi-
broblasts displayed an undetectable f-gal activity in our
experimental conditions (Fig. 2E). In contrast, the f-gal
activity detected in fibroblasts isolated from the parents
was reduced by 50% when compared to control

>

FIG. 2. Characterization of patient-derived fibroblasts. (A) Milestones of the patient with GM1 gangliosidosis, (B)
GMT1 gangliosidosis patient pedigree, indicating autosomal recessive inheritance (genealogical tree), (C) hypothetical
effect of inherited variants on GLBT mRNA and amino-acid sequence, (D) workflow describing patient-derived
fibroblast purification and immortalization using SV40 T antigen (transduced by lentivirus), (E) f-galactosidase activity
in patient-derived fibroblasts. The measured values of the patient were compared to the values obtained from his
parents and a control case (control fibroblasts), n>3 biologically independent experiments, each histogram
represents the mean+SD. (F) GLB1 protein levels in the same fibroblasts. Specificity of the GLB1 antibody raised
against GLB1 protein was evaluated using siRNA targeting GLBT mRNA or a nontargeting siRNA (siCTR). Western blot
results are representative of at least three experiments and o-tubulin serves as a loading control, (G) expression
levels of GLBT mRNA evaluated by RT-qPCR in patient-derived fibroblasts or control fibroblasts, (H) allele-specific
gPCR quantification in patient-derived fibroblasts (ACt). Otherwise indicated, data were subjected to Student’s t-test
and p-values were deemed to be statistically significant as follows: *p <0.05; **p <0.01;***p <0.001; ****p <0.0001.
Raw data are available in Supplementary Table S5. NMD, nonsense-mediated mRNA decay; RT-gPCR, real-time
quantitative reverse transcription PCR; SD, standard deviation.
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fibroblasts. These results demonstrated that the combina-
tion of these two inherited mutations abrogated the f-gal
activity and expression (Fig. 2F). Next, we confirmed
a reduced amount of GLBI mRNA in patient-derived
fibroblasts when compared to control fibroblasts
(Fig. 2G) and both alleles were detectable
(Fig. 2H). Allele 1 (c:75+ 2dup) has reduced expres-
sion compared to allele 2, probably due to
nonsense-mediated decay of transcript containing
20bp of intronic sequence as already suggested.*!
In conclusion, we showed that the combination of
these two genetic alterations explains this case of
GM1gangliosidosis.

Adenine base editing strategy for GM1

gangliosidosis

To conceive a therapeutic solution for this patient, we se-
lected the ABE approach to correct only one allele; the
GLBI c.907G>A (p.Val303Met) mutation (maternally
inherited), aiming to restore a f-gal activity (50%) as
found in his asymptomatic parents (Fig. 3A). The ABE
strategy is known to reach a greater efficiency than PE,
and ABE is already used in clinical trials.’ Only a PE ap-
proach has the potential to repair the other genetic alter-
ation inherited from the father.*?

To optimize our chance of designing effective sgRNA
for ABE, we selected the human codon-optimized ABE-
max(7.10): A-to-G base editor with nSpCas9 SpRY
(DIOA/L1111R/D1135V/G1218R/E1219F/A1322R/
R1335V/T1337R)."? The main advantage of this Cas9
variant is that the classical NGG PAM evolves to NRN
or NYN, with NRN PAM being better recognized than
NYN PAM (NRN>NYN). Using this near-PAMless engi-
neered CRISPR-Cas9 variant, we successfully designed
and cloned two sgRNAs (Fig. 3A-C). Next, ABE-
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max(7.10) and one sgRNA were transfected into immortal-
ized fibroblasts derived from the patient (Fig. 3D).

Transfected cells were selected using the enhanced
green fluorescent protein (EGFP) signal encoded by the
plasmid pCMV-T7-ABEmax(7.10)-SpCas9-NG-P2A-
EGFP (Fig. 3D). Five days after the enrichment of trans-
fected cells (EGFP"-sorted cells), the BE efficiency was
estimated by DNA sequencing as previously de-
scribed.®?” CRISPResso2 analyses indicated that A907
was converted into G907 (reference nucleotide) in
~52% of reads from the maternal allele as expected
with this BE approach (Fig. 3E). The sgRNA 7 was inef-
ficient (Supplementary Table S4), confirming the require-
ment to evaluate several sgRNAs for BE.

Next, we performed a clonal selection to isolate edited
G907 clones (on-target edit). 5-Gal activity and f-gal
protein levels were assessed (Fig. 3F). For the six clones
exposed to the sgRNAS, ABE rescued a therapeutic level
of f-gal protein and f-gal activity when compared to
donor cells (wt GLBI). The restored f-gal activity
reached a similar activity to that detected in the fibro-
blasts isolated from his asymptomatic parents (50% of
the normal values) (Fig. 2E).

Window editing of ABE
Closer inspection of our sequencing results indicated that
A904 (position As from the 5" sgRNA extremity) is also
converted into G904 (~31% of the reads) (Figs. 3F and
4A, B). This result could be explained by the active win-
dow of the ABEmax (7.10), which extends from nucleo-
tides Ny to Ny (Fig. 3B)." In parallel, we did not detect
any significant editing event outside this editing window
by NGS (raw data Supplementary Table S4).

Since the clone#20 (G907-G904; on-target and by-
stander edits) displayed a similar f-gal activity than

>

FIG. 3. Adenine base editing strategy for GM1 gangliosidosis. (A) Maternal inherited GLB1 variant is targetable by
ABE, (B) scheme explaining the base editor window. Potential bystander edit might be obtained (proximal adenine
to the on-target adenine located in the base editor window), (C) two sgRNA were designed to correct the
pathogenic ATG (Met) into the GTG (Val) on exon 8 of GLB1 gene using ABE, (D) workflow used to evaluate the
ABE efficiency and specificity for the patient-derived fibroblasts, (E) efficiency of ABE to introduce the on-target
edit (Ag— Gg or 907A — G) using the sgRNA8 in fibroblasts. Results were obtained by amplicon deep sequencing
and analyzed by CRISPResso2. Bystander edits were identified. (F) Clones isolated after transfection sgRNA8+ABE
or sgRNA CTR+ABE were compared to normal fibroblasts or untreated patient-derived fibroblasts. Each clone was
characterized for ff-galactosidase activity, fi-galactosidase protein, and edits. n=3 biologically independent
experiments, each histogram represents the mean £ SD. a-Tubulin serves as a loading control. Data were subjected
to Student’s t-test and p-values were deemed to be statistically significant as follows: *p <0.05;

**p <0.01;%**p <0.001; ****p <0.0001. Raw data are available in Supplementary Table S5. MUT, mutated; WT, wild

type.
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other edited clones (G907-A904; only on-target edit), we
investigated the neutral role of this unwanted edit.

We predicted the 3D structure of GLB1 protein (Sup-
plementary Fig. S3). In silico mutation followed by an
energy minimization of the whole structure showed min-
imal impact on the surrounding residues and GLB1 struc-
ture (RMSD,j1_atoms =0.720 A). To study the potential
impact of this mutation more in depth, MD simulations
were carried out (3x 100 ns) on GLB1 WT and S302G
(Supplementary Fig. S3A). Analysis of trajectories did
not reveal any significant change in the secondary of ter-
tiary structure of GLB1 (Supplementary Fig. S3B). Alto-
gether, our results strongly suggest that this unwanted
on-target event (bystander edit) might have no impact
on GM1 gangliosidosis patients.

ABE: off-target detection

Base editors are known to generate bystander edits on sur-
rounding A or C (window editing) (Figs. 3 and 4A). They
can have negligible consequence as demonstrated in this
study or be avoided by targeting a region without modifiable
surrounding bases. However, the off-target edits due to an
imperfect sgRNA base pairing to DNA might impair the
clinical development of an sgRNA coupled to a base editor.

To uncover genomic loci with the potential for off-
target editing, a computational prediction was used
(CRISPOR) (Fig. 4A).*> In total, 978 candidate sites
were predicted, including only 63 exonic sites (Supple-
mentary Table S3). Since it remains difficult to evaluate
all these potential sites, we ranked them according to the
CFD score as previously published.® We focused on the top
10 CFD scores (only one is located in an exon; IDH] gene,
Supplementary Table S3) and off-target effects were inves-
tigated by deep sequencing (amplicon-seq). Amplicons
were analyzed by CRISPResso2 as previously done for
BE efficiency measurement (Fig. 3E).

These samples were stringently quality filtered with a
flag for minimum average read quality of 30 (phred33
score=30) to ensure SNP calling was only performed
on high-quality reads. In our conditions, no off-target
edit was found for the sgRNAS in patient-derived fibro-
blasts. We failed to amplify the OT2 region by PCR.
Thus, 9 among the top 10 CFD score sites were investi-
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gated (Fig. 4C). To reinforce this result, we performed
WES (clone #58 and #20 vs. sgRNA control-transfected
cells). On the 63 exonic predicted off-target sites, 32 sites
were covered by WES. Under our conditions, no off-target
edit was found for the sgRNAS in patient-derived fibro-
blasts (0/32). In total, 41 potential off-target sites, including
those with the highest CFD scores, were analyzed. We did
not find any off-target effect using this protocol.

In addition, we quantified indel events around sgRNA
from HTS (amplicons) data followed by CRISPResso2
analysis (Supplementary Fig. S4). On average, indel
events remain very low (=0.1%) compared to on-target
editing, which is in accordance with previous reports
(Supplementary Fig. S4A, B).' Indel size varies approx-
imately from 1 to 20 bases (Supplementary Fig. S4C).
Altogether, our results (in vitro) strongly suggest that
BE might be useful to cure GM1 gangliosidosis.

Discussion

Currently, no curative treatment for GM1 gangliosidosis
is available. In theory, therapies should slow or stop the
progression of this disease.”'** We suspect that the ear-
lier the patient is managed, the greater the therapeutic
success will be. The three ongoing clinical trials aim
at bringing a healthy GLBI coding sequence into the
cells of the brain and spinal cord (AAV vector injections
into the cisterna magna). To date, it is not possible to
evaluate the number of nervous system cells that will
be targeted by this classical gene therapy approach (effi-
ciency). Patient follow-up is necessary to determine dis-
ease progression and potential adverse effects.

In this study, we provide an in vitro proof-of-concept
study, strongly suggesting that genome editing can be
an alternative strategy for this deleterious disease. To
vehiculate the sgRNA and the ABE, the same AAV vec-
tor used for ongoing clinical trials>**> might be used for a
single exposure. To obtain an optimal effect, the injection
(genome editing) should be applied as soon as possible
after birth, as already done for another neuronal disease
using antisense oligonucleotides.*’

However, viral delivery of base editors allows sus-
tained expression in transduced cells, which may increase
the frequency of off-target editing.44’45 In addition, using

FIG. 4.

>

Specificity assessment of ABE for GLB1 therapy. (A) Scheme recapitulating our workflow to identify the

on-target and bystander edits on the GLBT gene (base editor window), (B) workflow explaining the off-target
effects of ABE in patient-derived fibroblasts. Potential off-target edits were predicted by CRISPOR and 41 potential

sites were examined by combining whole exome sequencing and amplicon sequencing results. CFD score.

35,36

(C) Analysis of the top 10 off-target predicted sites for sgRNA8+ABE. Data were subjected to Student’s t-test and
p-values were deemed to be statistically significant as follows: ****p <0.0001. Raw data are available in
Supplementary Table S5. CFD, cutting frequency determination.
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viral vectors in gene therapy raises the possibility of rare
vector integration into the genome of patient’s cells,
which may promote oncogenesis.”**® Recently, another
strategy has been published with Virus-like particles
(VLPs) efficiently ““infecting cells” without carrying
viral genetic material. So the safety and efficiency of
VLPs render them promising for gene editing ap-
proaches, including in vivo.”*

Limit of the study

To treat GM1 gangliosidosis, a classical gene restoration
strategy (rescue) is promising due to the lack of hotspot
mutations for this lysosome storage disease (Fig. 1),
and currently in clinical trials. In other words, the same
vector might be useful for all these patients. This rescue
approach has been successful in mice and cats using
AAV vectors.?'**?% Tt is tempting to postulate that
the survival of GM1 patients treated by gene restoration
might be long. Thus, the potential drawback of this ap-
proach might be a possible decrease of f-gal protein ex-
pression level in long term because the AAV vectors are
not conceived to integrate the GLBI sequence into the pa-
tient genome. This limitation has also been discussed in a
recent publication.26

On the other hand, gene editing is an alternative strategy
to cure GM1 gangliosidosis, by correcting the root cause of
disease and probably avoiding repetitive adeno-associated
virus injections. However, the main limitation of gene edit-
ing to treat such pathologies without hotspots is the need to
design and evaluate the efficiency and specificity of a
sgRNA per patient. Despite these hurdles, efforts to de-
velop more therapeutics to treat rare and ultra-rare diseases
are currently increasing in nonprofit biotechnology compa-
nies and academic laboratories.

In August 2022, Cure Rare Disease achieved FDA ap-
proval for the first-in-human IND to treat a rare mutation
causing Duchenne muscular dystrophy using a tailor-made
CRISPR approach. The drug, named CRD-TMH-001,
treats promoter and exon 1 mutations on the dystrophin
gene in muscle. The therapeutic will upregulate an alter-
nate form (isoform) of the dystrophin protein using
CRISPR transactivator with the goal of stabilizing, or po-
tentially reversing, symptom progression of Duchenne
muscular dystrophy. The dosing of the drug will occur im-
minently at University of Massachusetts Chan Medical
School (one-time administration).

Nowadays, traditional gene addition therapy seems
more adapted for these kinds of diseases. However, the
situation is changing rapidly. To date, gene editing is
well suited to correct autosomal dominant or dominant-
negative pathogenic variants?®*®*® and diseases associ-
ated with frequent variants. Three BE treatments are

29

starting a clinical evaluation in humans: VERVE-101
(NCTO05398029, Verve Therapeutics) for heterozygous
familial hypercholesterolemia (PCSK9 gene), BEAM-
101 (NCTO05456880, Beam Therapeutics) for Sickle
Cell Disease (HBB gene), and BE CAR-7 (base-edited
T cells, ISRCTN15323014, Medical Research Council
United Kingdom) for T cell leukemia.

Off-target edits might restrain the utility of gene edit-
ing for human therapy. In this study, by combining WES
and amplicon sequencing for the 10 potential off-target
sites ranked by CRISPOR, we did not identify off-target
edits in our experimental conditions (0/41 sites). It is im-
portant to note that off-target editing independent of the
DNA-sgRNA pairing has not been investigated in this
study. For a deeper DNA off-target identification, unbi-
ased genome wide, empirical approaches (either bio-
chemical or cell culture based) should be more relevant
as some sites may be missed by in silico off-target predic-
tion programs.”®!

In addition, whole genome sequencing and RNA edit-
ing by base editor must be analyzed for a clinical appli-
cation, according to the recent FDA press release
(Human Gene Therapy Products Incorporating Human
Genome Editing). In this study, we performed a proof-
of-concept study using patient-derived fibroblasts. Addi-
tional experiments are needed to replicate these results in
cells derived from additional patients and/or new GMI1
gangliosidosis models. Indeed, several GM1 gangliosido-
sis animal models are available, but the GLBI genetic
modifications carried by these animals are not compatible
for a correction by BE.?*?°%° In the future, a GM1 ani-
mal model carrying such compatible mutation might be
developed to evaluate in vivo the gene editing efficiency/
feasibility as already done for progeria.®

Conclusion

GM1 gangliosidosis is a rare autosomal recessive disor-
der estimated to occur in 1 in 100,000 to 200,000 new-
borns. In this study, we showed that 56% of the
pathogenic mutations in GLBI gene might be targeted
by the BE (ABE+CBE) and 100% by the PE. Impor-
tantly, only one pathogenic allele needs to be corrected
to cure the disease. Moreover, we demonstrated the effi-
ciency and the safety of ABE in patient-derived fibro-
blasts in accordance with other BE studies.*'® In
conclusion, our study strongly suggests that gene editing
might be an alternative strategy to cure GM1 gangliosi-
dosis immediately after birth to limit irreversible damage.
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