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Abstract

Background Krabbe disease (KD) is caused by mutation of the galactosylceramidase (GALC) gene, leading to
deficient sphingolipid metabolism, which is essential for functional myelination. The twitcher (Galc™”™?) mouse, a
KD model with a premature termination codon (PTC) caused by a single-nucleotide G-to-A substitution at the 355th
codon of the Galc gene, is a model candidate for treatment with adenine base editors (ABEs). ABEs have emerged
exclusively among genome editing systems as viable therapeutic candidates to correct mutant genes.

Methods To confirm base editing efficiency of ABEs, mouse embryonic fibroblasts (MEFs) or mutant GALC HEK293T
cells treated with three ABE variants (ABEmax, ABEBeWQ, ABE8e) were assessed using targeted deep sequencing.
Each split-ABE8e vector was packaged into a dual-vector adeno-associated virus serotype 9 (AAV9) system and
delivered to twitcher mice via intracerebroventricular injection on postnatal day 1. Thereafter, motor functions and
survival rate were evaluated by rotarod test, clasping test and lifespan analysis. Various methods, including next-
generation sequencing (NGS), gRT-PCR, enzyme activity assay, and flow cytometry, were used to measure the base
correction rate of the target gene and verified restoration of GALC enzyme activity in the brain of ABE8e-treated mice.
Additionally, myelin recovery was evaluated in the brain using histological analysis, magnetic resonance imaging
(MRI), diffusion tensor imaging (DTI), and transmission electron microscopy (TEM).

Results The ABE8e-treated MEFs and mutant GALC HEK293T cells showed the most effective editing among the ABE
variants tested. Three weeks after dual-AAV9 injection, the PTC was corrected in approximately 0.5% of genomic DNA
and 5% of mMRNA in twitcher mice. ABE8e treatment restored GALC enzymatic activity to approximately 5% of wild-
type (WT) levels, while reducing the accumulation of psychosine—a major neurotoxic metabolite—by approximately
47% relative to WT. Moreover, histological analysis, TEM and, DTl and T2-weighted MRI showed preserved myelination
and axonal integrity, along with amelioration of myelin deficits in the corpus callosum of ABE-treated twitcher mice.
Five weeks after ABE8e administration, body weight recovered to approximately 64% of WT levels, accompanied by an
extension of lifespan. In addition, clasping scores and rotarod performance improved to approximately 23% and 64%
of WT levels, respectively.
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Conclusions These data demonstrate a reliable application of base editing technology using ABEs as a potential
treatment option for KD, progressing the development of therapeutics treating various genetic diseases.

Keywords Krabbe disease, Galc, adenine base editor, adeno-associated virus 9, myelination
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Background

Krabbe disease (KD), also known as globoid cell leuko-
dystrophy, is classified as a lysosomal storage disease.
KD occurs in about one in 100,000 to 1 in 250,000 births
[1]. Symptoms of infantile KD, the most common form,
include muscle weakness, irritability, stiff posture, and
developmental delays. Due to the severity of the disease,
patients with KD rarely survive beyond 2 years of age
[2, 3]. KD is caused by a recessive point mutation of the
galactosylceramidase (GALC) gene encoding the GALC

enzyme essential for catalyzing the decomposition of
psychosine, resulting in the malfunction of the nervous
system [4, 5]. In KD, the deficiency of GALC enzymes
prompts the accumulation of endogenous psychosine,
leading to oligodendrocyte death, demyelination, and
neuropathological events. To relieve symptoms or treat
the disease, several strategies have been employed thus
far. One of the most effective methods is GALC gene
transfer using various adeno-associated virus (AAV)
serotypes. Application of this treatment in KD canine
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and murine models showed effective results in relieving
many symptoms of KD [4, 5]. Another effective treatment
currently in use is hematopoietic stem cell transplanta-
tion which delays the worsening of disease symptoms
and increases the lifespan of KD patients [6, 7]. However,
both preclinical and clinical treatments have a limitation
in that they do not fundamentally restore the function
of the mutant GALC gene. Therefore, there is a need to
develop approaches that directly target the mutations in
the Galc gene, the underlying cause of KD, using genome
editing tools.

While the CRISPR-Cas9 system is a widely used
genome editing tool for treating many genetic disor-
ders, several studies have reported that Cas9-mediated
DNA double strand breaks (DSBs) frequently induce
chromosomal rearrangements including chromosomal
depletion and translocation, p53-driven cell death, or cel-
lular senescence [8—11]. Genome editing via base editors
(BEs), primarily cytosine base editors (CBEs) and ade-
nine base editors (ABEs), can circumvent these common
defects from CRISPR-Cas9 because they can be used for
base conversion without generating DSBs [12, 13]. In
particular, ABEs that consist of adenosine deaminase and
a partially inactivated Cas9 nickase (nCas9) are capable
of A-to-G conversion, which is convenient to bypass a
premature termination codon (PTC). The most widely
used ABEs are ABEmax containing TadA7.10 and ABE8e
containing TadA8e, named according to the evolved ver-
sion of tRNA-specific adenosine deaminase (TadA) from
Escherichia coli [14]. Not only did ABE8e exhibit high
editing efficiency in the correction of G-to-A mutations
of human-derived cells [14, 15], but in vivo ABE8e deliv-
ery using dual-AAV systems enabled efficient editing in
mouse models of neurological disorders such as Usher
syndrome type 1 F and adrenoleukodystrophy [15, 16].

In this study, we used twitcher (Galc™”™ mice, which
serve as a model of spontaneous KD and carry a PTC
in the GALC gene. This mutation results in the produc-
tion of a truncated, non-functional GALC enzyme, and
the mutant mRNA is subsequently degraded through the
nonsense-mediated mRNA decay (NMD) pathway [17].
We previously proposed a more precise version of the
ABE with D108Q/V106W mutations, named ABE8eWQ,
which reduced both cytosine deamination activity and
off-target RNA editing [18]. Altogether, we applied three
ABE platforms, ABEmax, ABE8e, and ABE8eWQ, to
directly convert the genetic mutation causing PTC on
GALC gene in this study. We first demonstrated the three
ABE:s in cells containing Galc gene mutation, and further
applied ABE8e, which showed the highest editing effi-
ciency, for KD mice via AAV9. For in vivo treatment, ABE
platforms were split and packaged in dual-vector AAV9,
due to the small viral packaging capacity (4.7 kb). After in
vivo treatment with ABE, we examined base correction
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events at genomic DNA and RNA levels and further
focused on identifying and measuring improvements in
phenotypes such as body weight, brain weight, and lifes-
pan, as well as behavioral improvements in rotarod and
clasping tests. We confirmed that the pathological hall-
marks of KD such as reduced GALC enzyme activity
and psychosine accumulation were alleviated. Moreover,
we observed preserved myelination and axonal integrity
using transmission electron microscopy (TEM) and mag-
netic resonance imaging (MRI) in the brain.

Collectively, this study provides in vivo evidence that
genomic correction of GALC mutations of KD using
ABEs is feasible and can yield measurable phenotypic
improvement, even at relatively low editing efficiencies.
Thus, the safety of ABE treatment using dual AAV9 vec-
tors was also evaluated in twitcher mice, supporting the
potential of base editing—based strategies for the treat-
ment of KD.

Methods

Animals and housing conditions

The mutant strain (B6.CE-Galc™'/], JAX comprehensive
protocol #000845) was supplied by Jackson Laboratory
(Bar Harbor, ME, USA) and maintained under specific
pathogen—free conditions. The Galc™’ mutation involves
a G to A transition at codon 355 of the Galc gene, result-
ing in a premature stop codon [19]. They were crossed to
generate wild-type (WT) mice and homozygous twitcher
mice. All heterozygous twitcher mice were housed for the
same duration in standard cages (27 x 22.5 x 14 cm?®) for
generating homozygous twitcher mice and given food
and water ad libitum under alternating 12-hours light/
dark cycles, according to animal protection regulations.

Vector design and AAV9 production

ABEmax, ABE8eWQ and ABES8e genes were indepen-
dently contained with the guide RNA and the CMV
promoter in two splicing plasmids. To perform the
stereotaxic surgery on twitcher mice, the plasmids
pAAV200206-YP030 and pAAV200206-YP031 (Vector-
Builder, Chicago, IL, USA) were used to generate AAV9
ABE8e - NT (N-terminal Cas9; 8.93x10" GC/mL),
AAV9 ABE8e - CT (C-terminal Cas9; 2.56 x 10'* GC/mL)
and AAV9 GFP (4.16 x 10'®> GC/mL), which were stored
at the deep freezer (-80 °C) until use.

Mouse Embryonic Fibroblasts (MEFs) isolation

A pregnant female mouse at 12.5~13.5 days was eutha-
nized and the abdomen was cut to excise the uterus. All
embryo without the head and visceral tissues were placed
on a 10-cm petri dish with 15 ml sterile PBS on ice to
prevent reversible reactions. The tissues were disaggre-
gated using sterile razor blades in individual cell culture
75T flask dishes and were digested by Trypsin-EDTA
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(0.25%) to dissociate cells. Once the MEFs surpassed 85%
confluence, they were diluted at a ratio of 1:4 and plated
on to 10-cm culture dishes containing fresh fetal bovine
serum (FBS)-containing 10% Dulbecco’s Modified Eagle’s
Medium (DMEM) medium. In order to ensure adequate
cell viability for electroporation, MEFs were used before
passage 5.

Production of mutant GALC HEK293T cells

Lentivirus containing the mutant GALC sequence (48 bp)
was transfected into HEK293T cells. Infected cells con-
taining the mutant GALC sequence (10,538 bp) were
selected by ampicillin. The mutant GALC sequence
consists of not only the mutated base (adenine) but also
twitcher sequences.

Electroporation

One day before electroporation, MEFs from homozy-
gous mice were plated in a 24-well plate at 1x10° cells
per well. ABEmax, ABE8eWQ and ABES8e plasmids (750
ng) and guide RNAs (250 ng) were electroporated into
cells using a Neon Transfection System 10ul Kit (Thermo
Fisher Scientific, Waltham, MA, USA; MPK1025). Elec-
troporation parameters (1,350 v, 30ms, 1 pulse for MEFs)
were set according to manufacturer protocols. Genomic
DNA was isolated 72 h after electroporation.

Transfection in mutant GALC HEK293T cells

One day before transfection, mutant GALC HEK293T
cells were seeded in a 24-well plate at 1x10° cells per
well. ABEmax, ABE8eWQ and ABES8e plasmids (750
ng) and guide RNAs (250 ng) were mixed with Opti-
MEM (25 pL), and then with Lipofectamine 2000 (2 pL)
(Thermo Fisher Scientific; 11668019)- containing Opti-
MEM (25 pL). This method was adapted from the manu-
facturer’s protocol. Genomic DNA was isolated 72 h after
electroporation.

Data base analysis from ClinVar database

Information on genetic variants associated with KD was
obtained from the ClinVar database [20, 21]. All reported
variants were classified based on their molecular conse-
quence and variant type, and were analyzed to determine
candidate mutations editable by CRISPR-Cas9 genome
editing tools.

Neonatal stereotaxic surgery

Stereotaxic viral delivery into the brain was conducted
on postnatal day 1 (P1). Newborn pups were cryoanes-
thetized for 1 min, and then injected with 1uL of AAV9
ABE8e (ABE8e — NT and CT: 5x 10° GC, each) or AAV9
GFP (1 x10'° GC) into both lateral ventricles with a 32-G
Hamilton syringe. We performed intracerebroventricular
(ICV) injections in not only newborn twitcher mice but
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also WT mice to evaluate the safety of injected materi-
als. After the treatments, the mice were returned to their
home cage with their mother. All ICV injections followed
stereotaxic coordinates: AP+1.5 mm from Lambda,
ML +0.8/-0.8 mm from Lambda, and DV - 1.5 mm from
dura mater.

Mouse sacrifice

At 38 days of age, mice were anesthetized by intraperito-
neal injection of ketamine (100 mg/kg; Huons, Gyeonggi-
do, Korea) and xylazine (10 mg/kg; Bayer Korea, Seoul,
Republic of Korea). The mice were then placed in a dark,
quiet cage for over 10 min to allow the anesthesia to take
effect. Following transcardial perfusion with 1X PBS, the
brain and various organs—including the heart, lungs,
liver, spleen, kidneys, spinal cord, and sciatic nerve—were
harvested. Samples for molecular analyses were stored at
- 80 °C, while those for histological analyses were stored
in 30% sucrose at 4 °C.

Genomic DNA (gDNA) extraction

According to protocols included in the DNA extraction
kits (MicroGem, Napoli, Italy), tail snips of mice were
placed into 20 pL of the extraction mixture, prepared
DNA-free water: Histosolv: 10X buffer: prepGEM in a
ratio of 79:10:10:1. The samples were incubated in three
different stages (First: 52°C for 5 min, Second: 75°C for
10 min, Third: 95°C for 3 min).

RNA isolation

Total RNA was extracted from in vivo samples, including
the brain and other organs, using TRIzol reagent (Invi-
trogen Life Technologies, Carlsbad, CA, USA). Isolated
RNA samples were air dried at RT for 30 min to allow
remaining washing solution to evaporate, and resus-
pended in DEPC-treated water. Quantification of RNA
was Quantification of RNA measured on Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA)
with the A260/A280.

Targeted DNA and RNA sequencing

The mRNA was extracted from MEFs and various brain
regions, including the olfactory bulb, frontal cortex,
corpus callosum, striatum, hippocampus, cerebellum,
and brain stem from all groups of mice. Then, to gener-
ate complementary DNA (cDNA), reverse transcription
was conducted by using ReverTra Ace-a-™ (Toyobo Co.,
Ltd., Osaka, Japan; FSK-101) according to the manufac-
turer’s instructions. To amplify ¢cDNA, PCR was con-
ducted with SUN-PCR blend (Sun Genetics, Daejeon,
Republic of Korea). The PCR products were analyzed
using an Illumina MiniSeq instrument (Illumina, San
Diego, CA, USA). To obtain the percentage of adenosines
edited to inosines, the number of adenosines converted
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to guanosines was divided by the total number of adeno-
sines in the products.

High-throughput sequencing

Galc gene target sites were amplified from genomic or
c¢DNA using SUN-PCR blend (Sun Genetics). Then,
PCR products were purified using Expin PCR SV mini
(GeneAll Biotechnology, Seoul, Republic of Korea) and
sequenced using a MiniSeq Sequencing System (Illu-
mina). The results were analyzed using BE-Analyzer [22].

Off-target editing frequencies in genomic DNA

To identify potential off-target sequences, the Galc
sequence was uploaded to the CRISPR RGEN tool Cas-
OFFinder [23], then the search parameters were fixed
with the following conditions: mismatch < 3, DNA bulge
< 1, and RNA bulge < 1. Off-target sites were amplified
from SUN-PCR blend (Sun Genetics) and PCR products
were purified using Expin PCR SV mini (GeneAll) and
sequenced using a MiniSeq Sequencing System (Illu-
mina). The results were analyzed using BE-Analyzer [22].

Quantitative Real-Time-Polymerase Chain Reaction (qRT-
PCR)

qRT-PCR was conducted in triplicate using 2XqPCRBIO
SyGreen Mix (PCR Biosystems, London, UK; PB20.12-
05), with thermocycler conditions as follows: amplifica-
tions start with a template preincubation step at 95 °C for
300 s, followed by 45 cycles at 95 °C for 10 s, 60 °C for
10 s, and 72 °C for 10 s. The oligonucleotide primers are
reported in Additional file 1: Table S1 and Table S2.

Prediction three-dimensional protein structure with the
bystander A to G converting

Two independent FASTQ files were uploaded in the
CRISPResso02 base editor paired end reads mode, and the
corresponding amplicon and sgRNA spacer sequences
were provided for analysis [24]. Representative protein
structures were generated by submitting amino acid
sequences to the AlphaFold3 server [25]. Specific interac-
tions among amino acid residues were confirmed using
the RCSB PDB online database [26].

Behavioral assessments

KD is usually characterized by a tremendous collapse
in myelination and the nervous system, leading to a
degeneration of locomotor and neuromuscular behav-
joral functions [27-30]. Prior to confirming behav-
ioral improvements following in vivo ABE treatments,
we examined physical phenotypes and behavioral
performances of twitcher mice (i.e, homozygous
Galc™”™) and compared them with WT, heterozygous
(e, Galc™”*) mice. Previous studies have confirmed
that heterozygous carriers did not exhibit neurological
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damage or impairments in behavioral or motor function,
as KD an autosomal recessive disorder [31, 32].

Rotarod test: The rotarod test was used to assess motor
coordination and locomotor function. For this assess-
ment, mice were placed on a rotarod treadmill (Ugo
Basie, Gemonio (VA), Italy), and their latency to fall,
which is the length of time the animals remained on the
rolling rod, was measured. Rotarod tests were then per-
formed weekly for five weeks at the constant speed (4
rpm). The latency period was measured in the third trial
for each test, and the individual tests were terminated at
a maximum latency of 300 s.

Clasping test:The clasping test is used to assess explor-
atory behaviors and locomotor asymmetry in vari-
ous neurodegenerative disease mouse models. For this
assessment, mice at 3—5 weeks of age were measured in
one trial and suspended in the air for 10 s. The scoring
standard for this test is clasping time of the hind legs,
with 0 points for O's, 1 point for 1 to 5 s, 2 points for 5 to
10 s, and 3 points for 10 s.

GALC enzyme activity

GALC enzyme activity was measured via competi-
tive inhibition of P-galactosidase. The corpus callosum
of the brain was homogenized in distilled water on ice
with a pellet pestle. Lysates were then sonicated two
times for 20 s on ice. A mixture containing total 20 ug
of brain homogenate and GALC substrate (6HMU-f3-d-
galactoside; Moscerdam Substrates, Rotterdam, Nether-
lands) was incubated for 17 h at 37 °C. Enzymatic activity
was measured on a spectrofluorometer (Aex 404 nm; Aem
460 nm) via fluorescence measured with an Envision
HTS multimode plate reader (PerkinElmer, Hamburg,
Germany).

Psychosine quantification

Fresh frozen mouse brain hemispheres were homog-
enized in PBS in microcentrifuge ultra low-adhesion
tubes (Tarsons Products, West Bengal, India). Protein
quantification was performed using the Bradford assay.
4.2 pl of N, N-dimethyl psychosine (Avanti Polar Lipids,
Alabaster, USA), used as internal standard (ISTD), 2 ml
of MeOH, and 1 mL of chloroform were added to each
sample. Samples were sonicated for 60s and incubated
for overnight at 48 °C. The following day, samples were
gradually brought up to room temperature and 452 pL of
KOH (1 M) was added. Samples were sonicated for 60s
and incubated for 3 h at 37 °C. 24.4 pL of glacial acetic
acid was added to each tube, and then each was vor-
texed for 20s. 200uL of each sample was dried overnight
at 25 °C a centrifugal evaporator (CVE-3000; EYELA,
Tokyo, Japan). The following day, 400uL of chloroform:
methanol (1:2, v/v) was added to each sample before cen-
trifugation, and supernatant was collected. Psychosine
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concentrations were quantified using high-resolution
LC-MS (Orbitrap Exploris 240; Thermo Fisher).

Immunohistochemistry (IHC)

Mouse brain samples were frozen quickly in isopentane
with dry ice, and sectioned into 16 pum thick slices by
cryostat (Leica Microsystems, Austria). Brains were sec-
tioned coronally and sections including the corpus collo-
sum were selected for immunohistochemical analysis of
myelin basic protein (MBP). Anti-MBP (1:1000; Abcam,
Cambridge, UK) primary antibody and Alexa Fluor 594
goat anti-mouse (1:400; Invitrogen) secondary antibody
were used for immunostaining. Immunostained slides
were mounted with Vectashield mounting medium with
4', 6 - diamidino-2-phenylindole (DAPI; Vector, Bur-
lingame, CA, USA) and analyzed using M2 microscopy
(Zeiss, Gottingen, Germany).

Diffusion Tensor Imaging (DTI) metric acquisition and
comparison

Mice were anesthetized with 1-2% isoflurane at postnatal
day 38. The images were acquired using a 9.4 T Biospec
scanner (Bruker, Ettlingen, Germany) running Paravi-
sion 5.1, using a 40 mm transceiver coil. Anatomical
images were obtained according to the rapid acquisition
with relaxation enhancement (RARE) protocol. Diffusion
experiments were conducted using the diffusion tensor
imaging (DTI) echo planar imaging (DTI-EPI) protocol
and processed in DSI studio software. DTI data were ana-
lyzed in MATLAB (MathWorks, Natick, MA). Compari-
sons were then made between each group by four kinds
of DTI parameters: fractional anisotropy (FA), axial dif-
fusivity (AD), radial diffusivity (RD) and mean diffusivity
(MD). The imaging parameters: slice thickness, 0.32 mm;
number of slices, 20; matrix size, 128 x 128; matrix reso-
lution, 0.156x0.156 mm; 4/10 ms; 30 directions with
b =670 s/mm2; and TE/TR =23.5/5000 ms.

Luxol Fast Blue (LFB)/Periodic Acid Schiff (PAS) staining

Mouse brain samples were fixed in 4% paraformalde-
hyde at 4 °C and embedded in paraffin wax. Coronal Sect.
(4 pm thick) including the corpus callosum were pre-
pared from paraffin-embedded tissues. Deparaffinized
sections were incubated overnight at 70 °C in 0.1% Luxol
Fast Blue solution (Solvent Blue 38; Sigma-Aldrich, MO,
USA), which stains myelin blue. Sections were washed in
tap water, and differentiated by dipping in 0.05% lithium
carbonate solution and 70% ethanol until the gray mat-
ter became transparent. Subsequently, PAS staining was
performed by oxidation with 0.05% periodic acid in 1 N
HCI, followed by Schiff reagent (Sigma-Aldrich) incuba-
tion for 15 min, sulfurous rinses, and hematoxylin coun-
terstaining. After dehydration, all sections were cleared
by xylene and mounted with mounting solution. Images
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were captured using a bright-field microscope (Olympus
BX43; Olympus, Center Valley, PA), and the total number
of PAS* cells, defined as cells showing dark pink cytoplas-
mic staining, were counted in the corpus callosum.

Transmission Electron Microscopy (TEM)

Electron microscopic analysis of the corpus callosum was
performed. Mouse brains were prepped at postnatal day
38 and immediately fixed in 0.1 M phosphate buffer fol-
lowed by 4% PFA containing 2% glutaraldehyde (MERCK,
Darmstadt, Germany) for more than 12 h. The samples
were postfixed with 1% osmium tetroxide dissolved in
0.1 M phosphate buffer for 2 h, dehydrated in ethanol and
infiltrated with propylene oxide. Embedding solution was
a Poly/Bed 812 kit (Polysciences, Warrington, PA, U.S.A).
For counter staining, 70 nm thick ultra-thin slices were
stained with 6% uranyl acetate (EMS, PA, USA; 22,400
for 20 min) and lead citrate (Fisher Scientific; for 10 min).
Brain samples were sectioned using a LEICA EM UC-7
(Leica Microsystems) and transferred onto copper and
nickel grids. All sections were observed by a transmission
electron microscope (JEM-1011; JEOL, Japan).

G-ratio analysis
The g-ratio, defined as the ratio of the inner axonal diam-
eter (D,,,,) to the total fiber diameter (Dg,,) including
myelin, was calculated to assess the relative thickness of
the myelin sheath.
The g-ratio was
g-ratio = Daxon/Dﬁber
Lower g-ratios indicate thicker myelin sheaths, whereas
higher g-ratios reflect thinner myelination For quantita-
tive analysis, randomly selected myelinated axons in each
mouse were measured, and mean g-ratios were compared
among groups in the corpus callosum using MyelTracer
[33].

calculated for each axon as:

Hematoxylin and Eosin (H&E) staining

Hematoxylin and eosin (H&E) staining is a well-estab-
lished technique to examine pathological changes. We
differentiated between the nuclear (purple) and cyto-
plasmic parts (pink) of in vivo tissue. The patterns of
coloration showed the distribution of cells and provided
a general overview of a histopathological structure. This
experiment was conducted to determine whether there
were any histological abnormalities like dysplasia.

Statistical analysis

Data are presented as mean + standard error of the mean
(SEM). Statistical differences were assessed using the
one-way analysis of variance (ANOVA) test followed by
a post hoc Bonferroni or chi-square test, as appropriate.
Two-way repeated-measures ANOVA was conducted to
evaluate the interaction effects between time and group
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in the rotarod test, clasping test and measurement of
mouse body weight measurements. Kaplan-Meier sur-
vival analysis was performed to assess the survival rate.
Values indicative of statistical difference are given as fol-
lows: *P<0.05, **P<0.01, ***P<0.001 in Bonferroni. We
used Statistical Package for Social Sciences (SPSS) ver-
sion 28.0 (IBM Corporation, Armonk, NY, USA) for sta-
tistical analysis. All graphs were plotted using GraphPad
Prism Version 10 (GraphPad Software, San Diego, CA,
USA).

Results

In silico screening of Krabbe disease database to select
potential therapeutic candidates

KD is an autosomal recessive disorder caused by muta-
tions in the GALC gene located at the 14q31.3 loci on
human chromosome 14. To enable in-depth experimen-
tal approaches, it is essential to obtain a comprehensive
understanding of the genetic landscape of KD. There-
fore, we retrieved genetic variation data from the ClinVar
database to determine how many pathogenic variants are
potentially targetable by the CRISPR-Cas9 system.

We first analyzed the molecular consequence to classify
the major types of disease-causing mutations, including
splice-site (6.0%), nonsense (7.9%), frameshift (11.4%),
UTR (13.4%), ncRNA (19.1%), and missense variants
(42.2%) (Additional file 1: Fig. S1A). We then assessed
the distribution of nucleotide variation types, such as
indel (1.0%), duplication (4.0%), insertion (5.7%), deletion
(9.3%), and single-nucleotide variants (80.1%) (Additional
file 1: Fig. S1B). Because approximately 80% of the muta-
tions are single-nucleotide variants, precision genome-
editing technologies such as BE and prime editing (PE)
are likely to be essential for KD.

Among the 1,169 single-nucleotide mutations identi-
fied, 342 mutations (30.4%) were targetable by ABE, 369
(32.8%) by CBE, and 415 (36.9%) by PE, when consider-
ing ‘NG’ protospacer-adjacent motif (PAM) sequences
(Additional file 1: Fig. S1C). Of the 342 ABE-editable
mutations, we found that 36.0% (7 =123) contained NGG
PAMs, whereas 64.0% (n=219) contained NGH PAMs
(H=A, C, or T) (Additional file 1: Fig. S1D). There-
fore, although ABEs have limitations in that they can-
not be used to correct most of variants associated with
KD, it may be a promising therapeutic approach for the
approximately 30% of single-nucleotide variants that are
ABE-editable.

A split-ABE platform enables A-to-G conversion in
embryonic fibroblasts of twitcher mice

To correct the point mutation, we prepared NG-ABE-
max, NG-ABE8e, and NG-ABE8eWQ, based on NG
PAM-targetable SpCas9 (Fig. 1A) [34]. All ABE vari-
ants were designed dual plasmids in a split form with an
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intein-mediated reconstitution system, one vector encod-
ing the N-terminus of the ABE and the other encoding
the C-terminus of the ABE, with an sgRNA-expression
cassette (Fig. 1A). Prior to the in vivo administration of
ABE platforms, we examined whether each ABE con-
tained in the dual-AAV9 vector system could convert
the point mutation in cells from twitcher mice. For this
experiment, we removed and dissociated several embryos
from a pregnant heterozygous female at 12.5 ~ 13.5 days
to obtain diseased MEFs [35, 36]. After the MEFs under-
went sufficient proliferation, the dual-AAV9 vectors were
transfected into the cells and genomic DNA (gDNA)
from bulk populations were subjected to targeted deep
sequencing. Target base A was most efficiently edited by
ABES8e (10.77% + 0.81%), compared to ABEmax (0.79%
+ 0.26%) and ABE8eWQ (3.84% + 0.78%) and a negative
control (NC) (0.25% * 0.02%). On the other hand, ABE8e
also showed higher editing frequencies at bystander bases
(Ag: 9.83% + 0.14% and A;;: 5.95% + 1.75%), compared to
ABEmax (Ag: 1.24% + 0.53% and A;;: 0.14% + 0.02%) and
ABE8eWQ (Ag: 0.60% + 0.21% and A;;: 0.16% + 0.03%)
and NC (Ag 0.13% * 0.02% and A;;: 0.18% + 0.02%)
(Fig. 1C). Collectively, we verified base editing activities
of various ABEs in MEFs from KD mice and decided to
further utilize ABE8e with higher editing efficiency for
in vivo therapeutic treatments, given that ABEmax and
ABE8eWQ showed less effective editing activities in cells
from the twitcher mice.

A split-vector ABE can induce base editing in mutant GALC
HEK293T cells

Preliminary in vitro transfection and transduction of the
mutant Galc gene into HEK293T cells was conducted
to confirm the base editing efficiency among split ABE-
max, ABE8eWQ and ABE8e genes. After extracting
gDNAs from all transfected mutant GALC HEK293T
cells, we conducted high-throughput sequencing. The
(Ag) target base editing efficiency of transfection was
observed in ABEmax (39.95% + 1.48%), ABE8eWQ
(36.05% + 1.34%) and ABES8e (50.65% + 3.75%). The (Ag)
bystander base editing efficiency of ABE8eWQ (11.20%
+ 1.13%) decreased compare to ABEmax (27.75% =
1.77%) and ABE8e (50.5% * 3.54%). Additionally, the
(A,;) bystander base editing efficiency of ABE8e (37.35%
+ 3.32%) was higher than split ABEmax (1.00% + 0.00%)
and ABE8eWQ (0.20% + 0.28%) (Fig. 1D). Consequently,
in mutant GALC HEK293T cell experiments, even if the
individual ABE gene was split into two plasmids, the base
editing efficiency was maintained, as illustrated by the
activity of Npu protein compared to control groups [37,
38].
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Fig. 1 Gene editing efficiency of three split-ABEs edited mutant Galc genes in mouse embryonic fibroblasts. A Composition of the individual ABEmax,
ABE8eWQ and ABES8e plasmids which are divided into ABE-NT and ABE-CT forms including Npu proteins. B The nonsense mutation of twitcher mice in
context. The arrow indicates the sgRNA for NG-ABEs and colors indicate the target adenosine (red), bystander adenosine (blue), and PAM site (green).
Nucleotide number indicates position, counting the PAM site as positions 21 and 22. C, D The percentages of (A6) target base editing and (A8 and A11)
bystander base editing show the highest efficiency in both MEFs (n=3, each group; Mean £+ SEM) and mutant GALC HEK293T cells treated with ABE8e
plasmids compared to other groups (NC, n=1; 8e, 8eWQ and Max, n=2; Mean £ SEM)

In vivo administration of ABEs induces base correction of
target mutation in the Galc gene

Dual-AAV9 vectors for in vivo delivery of the split ABE8e
platform were constructed, and 2 pL of the dual-AAV9
(a total of 2 x 10" GC/uL, containing 1 x 10’ GC of
each vector) was bilaterally administered into the lateral
ventricles of twitcher mice on P1 [39-41]. AAV9 vectors
containing a GFP expression cassette were also prepared
as a control. Following treatment, all mice in untreated,
GFP- and ABE8e-treated groups were sacrificed on post-
natal day 38, and seven brain regions (the olfactory bulb,
frontal cortex, corpus callosum, striatum, hippocampus,
cerebellum and brain stem) and seven organs (the heart,
lung, liver, spleen, kidney, spinal cord and sciatic nerve)
were obtained for further analysis.

First, we investigated whether AAV9 vectors were
effectively transduced and distributed in the organs and
brain of mice. To this end, we measured RNA expression
of vectors, i.e., the N-terminus and C-terminus portions
of the ABE, in treated mice through qRT-PCR. We con-
sequently observed ABE expression in the brain, mainly

in the corpus callosum as well as ABE expression in other
organs, mainly the heart, after AAV9 injection (Fig. 2B).
Next, we individually extracted gDNA from the brain
tissues of transduced mice and quantified base editing
efficiencies using targeted deep sequencing. The ABES8e-
treated group showed a trend toward higher base edit-
ing efficiency at the target adenine (A;) in the frontal
cortex and corpus callosum (0.26% + 0.03% and 0.29%
+ 0.05%, respectively) compared to the untreated (0.06%
+ 0.02% in frontal cortex; 0.09% + 0.05% in corpus cal-
losum) and GFP-treated groups (0.05% + 0.04% in fron-
tal cortex; 0.04% + 0.04% in corpus callosum) (Fig. 2C).
Similarly, at the RNA level, most ABE8e-treated twitcher
mice showed higher editing efficiencies at the same target
base (Ag), particularly in the corpus callosum. The mean
base editing efficiency in the ABE8e-treated group was
2.91% * 0.87%, showing statistical significance (Fig. 2D).
Previous studies have reported that cDNA often exhib-
its higher apparent editing efficiencies than gDNA, likely
due to the greater abundance of RNA transcripts rela-
tive to genomic DNA [21]. However, across all groups,



Nam et al. Genome Medicine (2026) 18:46 Page 9 of 22
A r\ AP +1.5 AP +1.5 N "
ML +0.8 ML -0.8 . + Clasping « Extraction of > NGS
" DV -15 DV -15 Behavior test * Rotarod test gDNA and cDNA
Dual-split ABE8e . . + Body weight « Histology > EM, HC
AAV9 vectors ICV injection ; | _— . ~WRI
7\ 7\
beny foeds | 1 | | ]
\ i 1 1 1 1 1
P1 3wks 4wks 5wks  Sacrifice (P38)
B ABESe (Npu-N) ABESe (Npu-C) ABESe (Npu-N) ABESe (Npu-C)
0.03 0.08
5 K 5 5
K] @ _ 006 2 °
85002 85 8~ 8
83 S 004 £ 5
5 sa §u LS
< 0.01 < oo ee <<
-2 [ z -
0.00 0.00
N2
& o
< o® o

C Target adenine A (QDNA) D Target adenine A; (cDNA) E Target adenine Ag (cDNA)

£ £ — ]
23 06 . 23 s - 23 10
EE o = HEE 55 oo
2 0t = 28 2% :
52 v 52° 58 " . i
$3 o2 g8 2 §8 o lp . e T
£ fidl ol 15 -1 0 O
S n S s . 3 " S : P
<, ﬂ ’l|r1| FYT[I rTﬁ Fmﬁn Al §< Hm@ AAb P ﬁm@ mm@ famim et <,
o o
= Q’y {@*v S & & & & SEFCIRC R = S O & & @ LS

PG R 9 S ¢ F & & 8 A S S S N

S & % g Q°° & 0@\0 S & > ey & 0@“ & & &
& o (% & ® LG < & &
O«b Q(0 0&\) Q"\Q o\\'b ((‘0 o&o Q\Q )
9 (9
F G Bystander adenine A, (cDNA) Stop Tyr Tyr PAM
-§ _ § = 10 GGC TGA TAT TAC CTG AAG ACA G  yytant
8 8 O Untreated

gz 2L P CCG ACT ATA ATG GAC TTC TGT C  GALC
g g8
29 29
G2 3z AAV9-ABE8e
g8 g3
g0 g0
gs ga Trp Cys Cys PAM
g« g< GGC TGG TGT TGC CTG AAG ACA G possible edit
[ -

CCG ACC ACA ACC GAC TTC TGT C  Information

Fig. 2 mRNA expression level of NPU-N and NPU-C and bystander effect of split-ABE8e in ABE-treated mice. A Experimental schedule of ICV injection at
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RNA-level base editing efficiencies did not show signifi-
cant variation among the seven examined tissues—heart,
lung, liver, spleen, kidney, spinal cord, and sciatic nerve
(Fig. 2E).

Concurrently, base editing events in bystander ade-
nines (Ag and A;;) were observed in the ABE8e-treated
group in the frontal cortex and corpus callosum, simi-
lar to the above observations in MEFs. Bystander edits
of Ag and A,; in the ABES8e-treated group were 2.14%
+ 0.78% and 1.50% + 0.54% in the frontal cortex, and
2.69% + 0.91% and 2.56% + 0.89% in the corpus callosum,

indicating that ABE8e showed overall higher editing
activity (Fig. 2F, G). We additionally found that dual-
AAV9-ABES8e induced conversion of two near tyrosines
to cysteines in the mutant Galc gene (Fig. 2H).

To confirm the specific base editing pattern in the
ABE8e group, one of the ABE8e-treated mouse samples
was analyzed and confirmed using CRISPResseo2 soft-
ware [24]. In the frontal cortex and the corpus callosum,
editing events were observed in the following order:
conversion of three adenines within the ABE8e activ-
ity window, conversion of two adenines, and conversion
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of a single on-target adenine (Additional file 1: Fig. S2A,
B). Although indel events by nick Cas9 is markedly lower
than those by WT Cas9, they are not completely absent;
therefore, their occurrence needed to be examined as
well [42, 43]. The indel events were not detected in the
frontal cortex and the corpus callosum (Additional file 1:
Fig. S2C, D).

Finally, we used the AlphaFold3 software to con-
firm predicted structures of WT and undesired GALC
enzyme which was caused by the bystander A to G con-
version. Compared to the wild type GALC enzyme, the
undesired GALC enzyme had amino acid substitutions at
positions 356 and 357 from tyrosine to cysteine, with no
apparent conformational and chemical interaction altera-
tions between those enzyme structures (Additional file 1:
Fig.S2 E, F).

Off-target analysis of genomic and mRNA level in mouse
samples

Compared to other viral vectors which have been con-
sidered for clinical trials, AAVs have longer periods of
expression, which can lead to side effects caused by pro-
longed Cas9 and nCas9 protein level in target cells [44,
45]. Especially, according to a previous study describing
ABE-mediated off-target DNA or RNA editing effects
[46], sgRNA-independent genomic and mRNA off-tar-
gets can occur, when AAV is combined with CRISPR
system.

To evaluate the presence of genomic off-target effects,
we utilized Cas-OFFinder software [23] with defined cri-
teria which allowed for up to 3 mismatches and 1 DNA/
RNA bulge and finally selected 12 potential off-target
gene candidates (Fig. 3A). In the frontal cortex and the
corpus callosum, where high on-target editing efficien-
cies were confirmed among various brain regions, the
analysis was confined to adenines located within the
activity window of ABES8e at each off-target site. Edit-
ing efficiencies at all predicted off-target sites remained
below 0.3% in untreated, GFP, and ABE8e groups (Fig.
3B, C).

In addition, we also quantified A to I conversions in
a few well-known RNA transcripts in ABE8e-treated
twitcher mice. In the frontal cortex and the corpus cal-
losum, the number of A to I events in AARS1, PERP,
TOPORS and MCM3AP RNA transcripts were not
meaningfully different among untreated, GFP- and
ABEBe- treated groups (Additional file 1: Fig. S3A, B),
indicating that neither ABE8e induced serious RNA off-
target editing. This was also confirmed in other tissues,
where A to I alterations in RNA transcripts were not sig-
nificantly different among untreated, GFP- and ABES8e-
treated groups in the heart and liver (Additional file 1:
Fig. S3C, D).
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Verifying features of homozygous twitcher mice as a model
of Krabbe disease

Analyses showed that the heterozygous group (7.72 +
0.24 g at week 3; 12.31 + 0.44 g at week 4; 16.82 + 0.44 g
at week 5) maintained body weights comparable to those
of the WT group (8.242 + 0.28 g at week 3; 13.471 + 0.39
g at week 4; 17.43 + 0.41 g at week 5) during 3 ~ 5 weeks,
whereas twitcher mice (6.22 + 0.11 g at week 3; 7.64 +
0.15 g at week 4; 7.09 + 0.13 g at week 5) failed to gain
weight during 3 ~ 5 weeks (Fig. 4A) as indicated by sig-
nificant interactions between time and group (two-way
ANOVA, F = 154.998, P < 0.001) (Fig. 4A and Additional
file 1: Fig. S4A). As brain atrophy is one of the represen-
tative symptoms of KD [47], brain weight was recorded
after sacrifice at postnatal day 38. The heterozygous
group (0.47 £ 0.01 g) showed similar brain weights to the
WT group (0.47 + 0.00 g), whereas the twitcher group
(0.40 £ 0.01 g) showed significantly reduced values at ter-
minal 38 days of age (P < 0.001; Fig. 4B).

Additionally, we conducted several behavioral tests to
compare behavioral abilities among the three groups.
The clasping scores of the twitcher group showed signifi-
cant interactions between time and group at 3~5 weeks
of age compared to WT and heterozygous groups (two-
way ANOVA, F=42.790, P<0.001), and clasping scores
of the twitcher group (1.04+0.09 at week 3; 2.19+0.12 at
week 4; 2.85+ 0.07 at week 5) were clearly higher than the
values of WT (0.17+0.09 at week 3; 0.06+0.06 at week
4; 0.00+0.00 at week 5) and heterozygous (0.18+0.07
at week 3; 0.04+0.04 at week 4; 0.00+0.00 at week 5)
groups at 3 ~5 weeks of age (P<0.001; Fig. 4C and Addi-
tional file 1: Fig. S4B).

Moreover, results from the rotarod test showed signifi-
cant impairment of motor functions in the twitcher group
compared WT and heterozygous groups, with significant
interactions between time and group at 3 ~ 5 weeks of age
(two-way ANOVA, F=9.914, P<0.001). Rotarod perfor-
mance scores in twitcher mice (231.27 +11.73 s at week
3; 234.46 +12.40 s at week 4; 114.73+19.68 s at week 5)
were significantly lower than those in WT (295.83+3.31 s
at week 3; 300.00+0.00 s at week 4; 300.00+£0.00 s at
week 5) and heterozygous (299.18+0.82 s at week 3;
299.41 +0.59 s at week 4; 300.00+0.00 s at week 5) mice
during weeks 3 ~5 (P<0.001; Fig. 4D and Additional file
1: Fig. S4C). Taken together, we confirmed autosomal
recessive twitcher mice as a relevant model of KD and
verified that only homozygous recessive mice exhib-
ited key KD pathologies such as loss of body weight and
motor abilities.

In vivo base editing with ABEs alleviates behavioral
deterioration in twitcher mice

Data analysis using the Pearson’s chi-square test
revealed that there were no significant differences in
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OoT# Target sequence Mismatch # | Bulge # Gene (Chr:position)
On-target GGCTGATATTACCTGAAGACAG 0 0 Galc exon (chr12)
OoT1 GACTGAGTTACCTGAAGACTGG 2 1 Intron Zfp282 (chr6)
OT2 GGCTGATATTCACCTGGAGTCTGG 2 1 Intergenic INcRNA (chr8)
OoT3 GGCTGAAAATAGCCTGAAGACTGG 2 1 Intron Maml2 (chr9)
OoT4 GAATGATTTACCTGAAGACAGG 2 1 Tcp11x2 exon (chrX)
OT5 GGTCTGTAATAACCTGAAGACTGG 3 1 Intron Wdr34 (chr2)
OT6 GGCTGAATGGAACCTGAAGACGGG 3 1 Intron Tshz2 (chr2)
o717 AGAAGATGATTACCTGAAGACAGG 3 1 Intergenic region (chr5)
OT8 GGCTGAAACCACCTGAAGACAGG 3 0 Intron Ttc29 (chr8)
oT9 GCAAACATTACCTGAAGACAGG 3 1 Intron Arhgap20 (chr9)
oT10 GTCTGCTTCACCTGAAGACTGG 3 1 Intergenic region (chr14)
oT11 GGTTGGTATGACCTGAAGACAGG 3 0 Intergenic region (chr15)
0T12 GGAGGAAGTACCTGAAGACTGG 3 1 Intergenic region (chr16)
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Fig. 3 Confirmation of sgRNA-dependent off-target editing outcomes of gDNA among untreated, GFP and ABE8e-treated mouse brain. A Potential
sgRNA-dependent twelve off-target sites investigated by Cas-OFFinder software and indicated crRNA sequences and chromosome location information.
B The base editing efficiencies of twelve off-target sites on frontal cortex in untreated, GFP and ABE8e groups (n=3, each group). C The base editing
efficiencies of twelve off-target sites on corpus callosum in untreated, GFP and ABE8e groups (n=3, each group). All values are shown as Mean + SEM
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Fig. 4 ABESe alleviate pathological features of the twitcher mouse such as behavioral deterioration and short life span. A Body weight measurement
showing significant interactions between time and group (WT, n=24; Hetero, n =32, Twitcher, n=26). B Brain weight measurement indicating significant
decreases in twitcher mice (WT, n=13; Hetero, n=18, Twitcher, n=22). C Clasping test, measurement of significant interaction between time and group
(WT, n=18; Hetero, n=28, Twitcher, n=26). Twitcher mice showed significant increases in hindlimb severity scores when compared to wild type and
heterogeneous groups. D Rotarod test at 4 rpm, measurement of the significant interaction between time and group (WT, n=12; Hetero, n=17, Twitcher,
n=26). Twitcher mice showed significantly lower latency to fall than wild type and heterogeneous groups. E Body weight measurement showing sig-
nificant interactions between time and group (WT, n=26; GFP, n=27; ABE8e, n=20). F Brain weight was significantly increased in ABE-treated groups
when compared to untreated and GFP-only groups. (Untreated, n=22; GFP, n=14; ABE8e, n=20). G Clasping test, measurement of significant interac-
tions between time and group (Untreated, n=26; GFP, n=27; ABE8e, n=20). The dashed line indicates the WT group. Hindlimb clasping severity scores
were significantly decreased in both ABE-treated groups relative to control and GFP-only groups. H Rotarod test at 4 rpm, measurement of significant
interactions between time and group (Untreated, n=26; GFP, n=27; ABE8e, n=20). The dashed line indicates the WT group. Latency to fall was increased
significantly in ABE-treated groups, with the most significant improvements observed at 5 weeks, relative to untreated and GFP-only groups. I Lifespan,
estimated mean survival period. All statistical results were analyzed by one-way ANOVA (Bonferroni). J The result of cumulative survival rates as modeled
by the Kaplan-Meier curve, showing the Log-rank test p-value. The result of interval survival rate of Kaplan-Meier curve, showing the Log-rank test p-value
of postnatal days 34 to 47. KTable depicts survival rate proportion in all groups using chi-square values, colored in gradient blue according to survival rate
percentage (Untreated, n=10; GFP, n=14; ABE8e, n=10). All values are shown as Mean + SEM with *P<0.05, **P<0.01, ***P <0.001. A-F, All analyses used

two-way ANOVA test was used to examine main and interaction effects between time and group, followed by Bonferroni post hoc test

the distribution of body weight (P=0.897), brain weight
(P=0.815), clasping test (P=0.656) and rotarod test
(P=0.806; Additional file 2: Table S3) among female and
male mice.

To examine the therapeutic outcomes of ABES8e treat-
ment in twitcher mice, all mice were subjected to mea-
surement of body and brain weight, as well as rotarod
and clasping tests every week starting from 3 until 5
weeks after birth, as previous studies reported that the
phenotypes of twitcher mice rapidly declined after 21
days of age, exhibiting typical neurological symptoms
including paralysis in the hind legs and weight loss [29,
30]. The body weights of ABE8e-treated mice (6.63 + 0.20
g at week 3; 8.90 £ 0.29 g at week 4; 9.60 + 0.40 g at week
5) were significantly higher than those of untreated and
GEFP-treated groups (P < 0.01 at week 4 and P < 0.001 at
week 5; 6.22 + 0.11 g at week 3; 7.64 + 0.15 g at week 4;
7.09 + 0.13 g at week 5 and 6.46 + 0.19 g at week 3; 7.76
+ 0.38 g at week 4; 7.02 + 0.35 g at week 5, respectively)
at 3 ~ 5 weeks demonstrating significant time effect (F =
21.103, P < 0.001), group effect (F = 21.103, P < 0.001),
and interaction effect (two-way ANOVA, F = 10.195,
P < 0.001; Fig. 4E and Fig. Additional file 1: S4D). Brain
weight in ABE8e-treated group (0.445 + 0.006 g) signifi-
cantly increased compared to control groups (0.397 +
0.006 g in untreated group and 0.395 + 0.005 g in GFP-
treated group; P < 0.001; Fig. 4F).

We next conducted clasping tests to evaluate the alle-
viation of progressive symptoms in ABE-treated mice
compared to control mice, with significant interactions
between time and group at 3~5 weeks of age (two-way
ANOVA, F=8.614, P<0.001). Clasping scores in ABE8e-
treated group (0.75+0.16 at week 3; 0.70 £ 0.16 at week 4;
2.20+0.14 at week 5) were apparently lower than those of
untreated and GFP-treated groups (0.89+0.10 at week 3;
2.12+0.12 at week 4; 2.85+0.07 at week 5 and 1.26+0.11
at week 3; 2.07+0.19 at week 4; 2.82+0.08 at week 5,

respectively) at 4 and 5 weeks of age (P<0.001; Fig. 4G
and Additional file 1: Fig. S4E).

Constant speed (4 rpm) rotarod tests in all groups to
determine locomotor functions revealed that the motor
functions of mice were significantly conserved between
time and group (two-way ANOVA, F=4.037, P=0.004),
and rotarod performance at 5 weeks were higher in
ABES8e-treated group (233.90+24.44 s), compared to
untreated and GFP-treated groups (114.73+19.68 s
at week 5 and 101.19+23.58 s at week 5, respectively,
P<0.05 at week 3; P<0.01 at week 4; P<0.001 at week 5;
Fig. 4H and Additional file 1: Fig. S4F).

Additionally, we observed an improvement in lifes-
pan in the ABES8e-treated group (43.60+0.87 days),
which exhibited significantly increased mean lifespan up
approximately 20 ~30%, compared to those in untreated
and GFP-treated groups (36.20+0.96 and 36.14+0.29
days, respectively; P<0.001, Fig. 4I). The cumulative
survival rate modeled by Kaplan—Meier curve showed
a significant difference (P<0.001) in the log-rank test,
and the interval survival rate of the Kaplan—Meier curve
showed a significant difference in postnatal days 34—46
(Fig. 4], K). These results suggest treatment with ABE8e
delays disease progression by slowing motor deteriora-
tion, extending life span, and increasing weight gain in
twitcher mice.

To confirm the safety of our treatment methods, ABE8e
was administered into WT mice and their progress was
closely followed. In WT mice, body weight was mea-
sured and all behavioral tests were conducted weekly
until 5 weeks of age. Statistical analysis was conducted
using both one-way ANOVA and two-way ANOVA.
Resultantly, no significant differences in body weight
were found in any group (Additional file 1: Fig. S5A).
The results of the clasping and rotarod tests revealed
no significant differences between control and ABE-
treated groups (Additional file 1: Fig. S5B, C). Conse-
quently, these results confirm that ABE treatment with
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dual-AAV9 has no apparent effect on the behavioral per-
formance of WT mice.

ABE treatment increases GALC expression, decreases
psychosine levels, and improves myelination

A predominant manifestation observed in KD progres-
sion is the degradation of the corpus callosum and fron-
tal cortex with a rapid collapse of white matter [28, 48].
Thus, following ICV injection of AAV9-ABE8e on P1, we
reasoned that base editing of the target mutation would
not only increase GALC activity and reduce psychosine
accumulation, but also lead to a consequent improve-
ment in myelination. Given that we confirmed correction
of the Galc mutation in ABE8e-treated mice, we further
corroborated these results with measurement of GALC
enzyme activities and psychosine expression levels, the
restoration of which is critical for successful therapy.
Using samples from both the corpus callosum, which
exhibited high ABE expression levels, and white matter
rich in myelinated axons, enzyme activity was assayed
via calculation of HMU-beta Gal volume in twitcher
mice, as previously described [49, 50]. To confirm Galc
gene expression, the mRNA levels of Galc were measured
using qRT-PCR. Galc mRNA expression was significantly
increased in ABES8e-treated groups (1.79 + 0.06) com-
pared to the GFP-treated and untreated groups (1.00 +
0.06 and 0.99 + 0.06, respectively, P < 0.001; Fig. 5A). In
twitcher mice, it has been reported that PTC-containing
mutant Galc mRNA is degraded via NMD, resulting in
reduced Galc mRNA expression compared to that of WT
[17]. These results indicated that degradation of non-
edited transcripts through NMD may lead to an over-
representation of edited cDNA [51]. Consistently, our
data demonstrated that ABE8e treatment restored Galc
mRNA expression in twitcher mice.

In addition, GALC enzyme expression in the cor-
pus callosum was higher in ABE8e-treated groups
(65.26£4.58 pmol/mg protein/hr) compared to
untreated and GFP-treated groups (39.41+1.05 and
45.09+3.75 pmol/mg protein/hr, respectively, P<0.01;
Fig. 5B). Moreover, psychosine levels were quantified
in the brain of mice-treated with ABE8e and compared
to those of control mice. Mean psychosine levels were
reduced by 54-61% in the brain of ABE8e-treated mice
(256.45+1.01 pmol/mg) compared to GFP-treated and
untreated groups (418.67+6.19 and 470.79 +13.68 pmol/
mg, respectively, P<0.01; Fig. 5C). These results showed
that ABE8e-treatments successfully edit the target base
adenine, resulting in increased GALC expression at both
RNA and protein levels, and reducing the accumulation
of psychosine.

We also measured an increase of MBP at white mat-
ter regions via immunohistochemical assays in the pro-
portion of immunoreactive MBP-positive areas. In the
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corpus callosum, MBP levels in the ABE8e-treated group
(22.78 £2.84%) were higher than those of untreated
and GFP-treated groups (9.93+0.87 and 11.61+0.85%,
respectively, P<0.001; Fig. 5D). To confirm the integrity
of myelin sheaths and evaluate macrophage infiltration,
LEB-PAS staining was performed on the corpus callo-
sum. Further histopathological assessments using LFB-
PAS staining demonstrated that LFB staining of myelin
was more intense and the corpus callosum was thicker
in the ABE8e-treated group compared to both control
groups (Fig. 5E, left). Additionally, the number of PAS*
globoid cells (pink) was significantly reduced in the
ABES8e-treated mice (2.83 +0.68 PAS™ cells) compared to
untreated and GFP-treated groups (8.08 + 1.15 PAS* cells,
P<0.05 and 8.42+1.28 PAS" cells, P<0.001, respectively;
Fig. 5E, right), indicating decreased microglial activation
and demyelination-associated pathology. Taken together,
in vivo ABE8e treatment ameliorated KD pathology by
restoring GALC activity and enhancing myelin integrity.

Moreover, to confirm there was no presence of patho-
logical dysplasia or tumors in the brain due to use of viral
vectors, we stained the cortex, corpus callosum, striatum,
hippocampus, thalamus, and cerebellum in all mice using
hematoxylin and eosin staining. Analysis of these various
brain regions indicated no histological changes resulting
from AAV-mediated tumor formation (Fig. S6).

Imaging-based analyses confirmed amelioration of
myelin deficits following ABE treatment

Therapeutic outcomes of KD treatment have also been
confirmed using electron microscopy and MRI methods
[52-55]. The advantages of using these methods include
effective visualization of both the appearance and count
of axons by displaying image results alongside numerical
data.

First, we conducted MRI for mice of all groups on
postnatal day 38. Several types of DTI were used to
evaluate the structural integrity of the white matter fiber
tract (Fig. 6A). Confirming the increase of axial diffu-
sion through in vivo ABE treatments, the FA and AD of
ABES8e-treated group (0.234:+0.008 in FA; 0.961 + 0.019%,
in AD) was remarkably higher than untreated and GFP-
treated groups (0.188+0.005 and 0.198+0.003, respec-
tively, in FA; 0.836 +0.024 and 0.867 +0.012, respectively,
in AD) in the corpus callosum (P<0.001 in FA; P<0.01
for GFP, P<0.001 for untreated in AD, Fig. 6B, C). Addi-
tionally, radial diffusion after in vivo ABE8e treatment
was also decreased, with the RD and MD of ABE8e-
treated groups (0.712+0.018 in RD; 0.787 +£0.016% in
MD) remarkably lower than untreated and GFP-treated
groups (0.995+0.039 and 0.838+0.017%, respectively,
in RD; 0.942+0.028 and 0.911+0.012%, respectively, in
MD) in the corpus callosum (P<0.01 for GFP, P<0.001
for untreated in RD; P< 0.001 in MD, Fig. 6D, E).
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Fig. 5 Base editing by split-ABE8e restores GALC expression and myelination in the brain of twitcher mice. A mRNA expression of Galc using gRT-PCR.
Galc expression was significantly induced by split-ABE8e in the corpus callosum of twitcher mice (n=4, each group) B GALC enzyme activity (protein
volume of HMU-BGal) was significantly increased following treatment of split-ABE8e in the corpus callosum of twitcher mice (n=4, each group). C Psy-
chosine was significantly reduced following treatment of split-ABE8e in the brain of twitcher mice (n=2, each group). D The representative images for
DAPI (blue) and MBP (red) in the central corpus callosum and the lateral corpus callosum. Total MBP-positive area, including the central corpus callosum
and the lateral corpus callosum in the ABE8e-treated group, was increased compared to that of untreated and GFP-treated groups. In particular, the MBP-
positive area was higher in the ABE8e-treated group than in the control groups. (n=16 from 4 samples, each group). Scale bars: 100 um. E Representa-
tive images of LFB-PAS staining in the corpus callosum of Twitcher mice. LFB-stained myelin (blue) appeared thicker and better preserved in the corpus
callosum of the ABE8e-treated group compared to the control groups. The number of PAS™ globoid cells (pink) was reduced in the ABE8e-treated group
(Untreated, n=3; GFP, n=3; ABE8e, n=4). Scale bars: 100 um. A-C, Mean + SEM. *P<0.05, **P<0.01, ***P < 0.001. The dashed line indicates the WT group
in all graphs. All statistical results were analyzed by one-way ANOVA (Bonferroni)
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callosum. B-E Representative figures were analyzed according to four DTl parameters. B and € The FA quantification axial diffusion expression in the
corpus callosum (n=16 from 4 samples, each group). The AD quantification axial diffusion expression in the corpus callosum (n=16 from 4 samples, each
group). The FA and AD of ABE8e-treated group was remarkably brighter than untreated and GFP-treated groups in the corpus callosum. D and E The RD
quantification axial diffusion expression in the corpus callosum, (n=16 from 4 samples, each group). The MD quantification axial diffusion expression in
the corpus callosum (n=16 from 4 samples, each group). The RD and MD of ABE8e-treated group was remarkably darker than untreated and GFP-treated
groups. F Representative TEM photomicrographs of the corpus callosum in twitcher mice show improved myelination and remyelination following ABE8e
treatment. G Notably, the g-ratio in the ABE8e-treated group was significantly lower than that of the untreated group (Untreated, n=2; GFP, n=3; ABES8e,
n=2).Scale bars: 2000 nm at 15,000X and 500 nm at 50,000X. The dashed line indicates the WT group in all graphs. All statistical results were analyzed by
one-way ANOVA (Bonferroni) and shown as Mean + SEM with *P<0.05, **P<0.01, ***P < 0.001

We also qualified the state of myelin sheath layers
through TEM in the corpus callosum. Representative
photomicrographs of the corpus callosum showed con-
served axonal integrity, with axons sheathed in dense
and compact myelin in the brains of ABE8e-treated
mice (Fig. 6F). Quantitative analysis of g-ratios in the
corpus callosum showed a significant reduction in the
ABEBe-treated group (0.7792+0.0024) compared to
the untreated group and GFP group (0.8205+0.0073,
P<0.001 and 0.8172+0.0031, P<0.001, respectively;
Fig. 6G, left), indicating thicker myelin relative to axonal

diameter. Linear regression of g-ratio versus axonal diam-
eter further confirmed this trend, as the ABE8e-treated
group exhibited a downward shift in the regression line
compared to control groups, suggesting enhanced remy-
elination across a range of axon calibers (Fig. 6G, right).
Taken together, in vivo ABE8e treatment improved
myelination by enhancing axonal integrity and promot-
ing remyelination.
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ABE8e-treated mice display broad phenotypic and
molecular recovery relative to WT controls

Most of outcomes is expressed as the percentage of
recovery, with values of untreated mutant mice defined
as 0 and those in WT mice defined as 100. The ABE8e-
treated group showed measurable functional and patho-
logical improvements. At 5 weeks post-treatment, the
clasping score improved by ~23% and the rotarod per-
formance reached ~ 64% of the WT phenotype. Body and
brain weights were restored to ~24% and ~64% of WT
values, respectively (Additional file 2: Table S4).

At the molecular level, Galc mRNA increased ~9%,
GALC enzymatic activity recovered~5% and psycho-
sine accumulation was reduced by ~47% relative to WT.
Additionally, MBP density increased by approximately
34%, and PAS-positive cells decreased by approximately
65%. Consistent with these findings, diffusion-weighted
MRI and g-ratio restored by 35-78% and 59% relative to
WT (Additional file 2: Table S5). Collectively, these data
indicate that ABE8e-mediated correction, though limited
in efficiency, is sufficient to elicit substantial metabolic
and structural recovery in the central nervous system

(CNS).

Discussion

Recent advances in in vitro base editing have provided
valuable proof-of-concept evidence for correcting patho-
genic point mutations in monogenic diseases. ABEs
effectively corrected a mutation of the retinal pigment
epithelium-specific 65 kDa protein (RPE65) gene in a
retinal degeneration 12 cell line, restoring RPE65 pro-
tein expression with an editing efficiency of approxi-
mately 25-40% [56]. Similarly, PAX6 nonsense mutations
were edited by ABEs up to 76.8%correction efficiency in
humanized mouse embryonic stem cells [57]. In addition,
using CBEs and ABEs to convert toxic CAG repeats to
CAA in Huntington’s disease patient fibroblasts, achiev-
ing ~ 15-20% editing and reduced mutant HTT toxic-
ity [58]. Especially, Leal et al. reviewed BE-mediated
approaches for lysosomal storage disorders, including
GALC, and reported restoration of GALC enzyme activ-
ity and reduction of psychosine in patient-derived fibro-
blasts and hematopoietic progenitor cells after precise
nucleotide correction [59].

Base editing technologies have shown therapeutic
potential in the treatment of genetic disorders affecting
the retina, liver, and CNS [38, 60-62]. Recent studies
have demonstrated the therapeutic potential of in vivo
adenine and cytosine base editors delivered by AAV to
introduce a stop codon in prion-like protein gene (PRNP)
of humanized prion mice in prion diseases by targeting
the PRNP gene [63]. Similarly, precise single-base correc-
tion without double-strand breaks achieved phenotypic
rescue in prion mouse models [64]. Taken together, these
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BE studies establish a foundation for translating pre-
cise single-nucleotide correction strategies into in vivo
therapeutic approaches for neurogenetic and neurode-
generative diseases. Based on these results, the principal
advance of the present study lies in demonstrating that in
vivo genomic correction of mutant Galc, the cause of KD,
using ABE8e may represent a viable therapeutic strat-
egy. Further, dual-AAV9 treatment with ABE8e did not
adversely affect the behavioral functions of WT mice, nor
cause any dysplasia or tumor formation the KD brain.
Ultimately, through the in vivo administration of BEs in
the twitcher mouse KD model, behavioral assessments
confirmed that ABE treatment significantly ameliorates
disease progression and alleviates functional motor
deterioration.

In vivo gene editing studies indicate that even limited
correction can produce significant phenotypic recovery
in mouse models of monogenic disorders and amyo-
trophic lateral sclerosis (ALS). In Duchenne muscular
dystrophy models, ~ 2% genomic correction and resto-
ration of only ~ 8% dystrophin protein were sufficient
to improve muscle strength [65]. Similarly, genome edit-
ing with < 1% indel frequency markedly delayed disease
onset and extended survival in an ALS model [66]. More-
over, Daly et al. defined ~ 1% of normal -glucuronidase
activity as a therapeutic threshold capable of reversing
pathological substrate accumulation in lysosomal stor-
age disorders [67]. Collectively, these findings indicate
that low genome editing efficacy or low-level enzymatic
restoration can have meaningful functional outcomes.
Therefore, our findings of a 0.5% gDNA correction rate
and an 8% restoration of GALC enzyme activity support
at least a partial phenotypic recovery, even if they do not
result in a marked extension of survival in a mouse model
of KD.

In order to deliver split ABE genes to the diseased
mouse model, we selected the CNS-targeting AAV9 vec-
tor due to its wide application at both preclinical and
clinical stages of treatment for various diseases [68].
According to previous reports, AAV9 exhibits the high-
est transduction efficiency at 3 ~ 4 weeks, which is sus-
tained for 3 ~ 6 months [39-41]. We assumed that these
characteristics made it highly suitable for therapeutic use
in twitcher mice, given that phenotypic disease manifes-
tations rapidly progress after 3 weeks (postnatal day 21)
until natural death. The lack of detectable harmful or
off-target effects in our results suggests that AAV9-ABE
treatments were able to alleviate disease progression
through restoration of GALC expression and activity.

Previous in vivo studies using dual-AAV base editor
systems have reported similar in vivo efficiencies with
dosages in various murine organs with injected concen-
trations of 1 x 10° vg each of N- and C-terminal AAVs
yielding approximately 1% base editing efficiency in the
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liver [69], 3 x 10° vg yielding 3.6% efficiency in the eye
[62], and 5 x 10'° vg yielding 2.8% efficiency in the cor-
tex of the brain [70]. Recent studies utilizing higher AAV
doses (6 x 10'~2 x 10'* vg/uL) have predominantly
adopted systemic routes of administration [38, 71]. In
contrast, the direct intraparenchymal or ICV adminis-
tration of AAV at concentrations exceeding 10*> GC/mL
has been shown to induce local inflammation, disruption
of the blood-brain barrier (BBB), and neuronal toxicity
[72]. Consistent with these observations, high-titer AAV9
(= 10" GC/mL) was reported to cause marked astrocyte
and microglial activation accompanied by neuronal loss
in the mouse brain [73], and Guo et al. similarly observed
BBB disruption and immune cell infiltration at compa-
rable concentrations [74]. Therefore, we used 1 x 10'° GC
(per hemisphere) dose of AAV9 for practical and safety
considerations. Nevertheless, future studies employing
higher AAV dose or lentivirus, as well as non-viral vec-
tors, will be essential to further validate our findings and
improve in vivo editing efficiency.

Although ABES8e exhibited higher editing efficacy in
human cells, ABE8e also catalyzes cytosine deamination
at a preferred motif (TC*N) and generates transcrip-
tome-wide sgRNA-independent off-target RNA editing
[14, 75]. To bypass this issue, a more precise version of
ABE, named ABE8eWQ which reduced both cytosine
deamination activity and off-target RNA editing [18].
Nevertheless, given its highest editing efficacy among
tested ABE variants in MEFs derived from twitcher mice,
we selected ABES8e for in vivo therapeutic application.

GALC protein expression has been reported in up to
73% of neurons, 11% of oligodendrocyte-lineage cells,
18% of astrocytes, and 7% of microglia in the brains of
perinatal mice with KD [76]. These finding suggest that
restoration of GALC in a single cell type may be insuf-
ficient for the treatment of KD, and that GALC expres-
sion across multiple neural cell types is essential. In
addition, several studies have demonstrated that ICV
injection is the most efficient route to administer treat-
ments throughout the entire brain [77, 78]. Timing of
ICV injection is also reported to be important for treat-
ment efficacy. Because our study was conducted via ICV
injection at P1, we specifically assessed the site-specific
correction efficiency across brain regions. Therefore,
rather than analyzing cells individually, we focused on
identifying regions with high correction rates through
brain region-by-region analysis and verifying their effec-
tiveness. AAV9-ABE administration via ICV injection is
associated with relatively few systemic side effects. How-
ever, at the same time, it is difficult to effectively target to
both the CNS and the peripheral nervous system (PNS),
which presumably disallows targeting of mutant GALC
expressed in Schwann cells surrounding peripheral
nerves, and thus restoration of peripheral myelination.
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These properties of the delivery system used in our
study may explain why ABE treatment could not suffi-
ciently prevent symptom development and early death in
twitcher mice.

Editing efficiencies reaching approximately 50-60% in
liver and CNS have been reported to be associated with
phenotypic rescue in monogenic disorders by in vivo base
editing [38, 79, 80]. However, we attribute the relatively
low correction efficiency observed in our work primar-
ily to the need to use SpCas9-NG at a suboptimal PAM
site. While SpCas9-NG enables targeting beyond canoni-
cal NGG sites, its on-target editing activity is often lower
than that of the WT SpCas9 at NGG PAMs [81]. Consid-
ering these results, treatment effects should be optimized
using different injection methods. Recent studies in gene
delivery have reported various approaches aimed at
developing improved injection methods and identifying
optimal regions for injection [78, 82—84]. Due to the lack
of overall viral distribution, we believe that future admin-
istration of viral vectors would be further improved with
systemic administration rather than local ICV injection
[78, 85]. To determine the most efficient way to deliver
ABE genes, we suggest several further studies: first,
experimental evaluation of the efficacy of ABE adminis-
tration via different injection routes can be considered.
Various AAV injection routes have already been estab-
lished, such as intraperitoneal [86], intravenous [87],
and intramuscular [88] injection, which may enable the
injected material to better reach peripheral nerves. Sec-
ond, rather than simply repairing the GALC gene, some
groups have seen success with modifying the enzyme
itself to improve secretion efficiency [89]. Third, recent
efforts have focused on strategies to improve in vivo
correction efficiency by non-viral delivery systems such
as lipid nanoparticles (LNPs) and engineered virus-like
particles (eVLPs). In recent research, LNP formulations
were demonstrated to be capable of crossing the BBB
or achieving widespread neural transfection through in
utero delivery, enabling efficient gene correction in neu-
ronal tissues [90, 91]. Meanwhile, VLP-based transient
ribonucleoprotein delivery allows precise and integra-
tion-free gene editing in retinal and neuronal tissues [92,
93]. These non-viral strategies are emerging as promising
approaches that can increase correction efficiency while
minimizing potential adverse effects, such as immune
response, apoptosis, and genome integration. Utiliz-
ing three-pronged approaches to optimize the extensive
delivery of gene-editing machinery, while also modify-
ing the target gene itself to improve in vivo efficiency and
safety, may represent an effective strategy to ensure suf-
ficient production of functional GALC enzyme, thereby
promoting the restoration of myelination in both the
CNS and PNS.
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Conclusions

Dual-AAV9 treatment with ABE8e rescued the PTC
in the mutant Galc gene as well as expression of Galc
mRNA levels and GALC enzyme activity while reduc-
ing psychosine accumulation, consequently increasing
myelination and ameliorating behavioral deterioration in
a model of KD. Therapeutic application of ABE-mediated
gene correction technology thus may provide potential
for expanding the therapeutic arsenal against genetic dis-
eases caused by guanine-to-adenine point mutations.
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