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Abstract

Spinal muscular atrophy (SMA) is a devastating autosomal recessive
neuromuscular disorder characterized by progressive muscle weakness,
atrophy, and respiratory failure due to selective degeneration of lower motor
neurons arising from homozygous deletion of exon 7 (95%) or mutation in the
SMN 1 gene (5%)with severity correlating with SMN2 copy number—from fatal
Typel to milder Type 4—affecting 1:6,000-10,000 births worldwide and burdening
India with 1,500-2,000 annual cases amid diagnostic delays. Although the backup
SMN2 gene compensates a bit for SMN deficiency, a critical C—T transition in
exon 7 leads to exon skipping and production of a truncated, unstable and
nonfunctional SMN protein. Recent advances in disease-modifying therapies-
including antisense oligonucleotides, small-molecule splicing modifiers, and
gene replacement-have significantly improved clinical outcomes; however,
they do not restore endogenous SMN expression in all tissues and often require
repeated administration. Despite these medications like Spinraza injections,
Zolgensma gene therapy, Evrysdi pills that increase SMN protein, the condition
still has got significant morbidity: Type 1 babies frequently die before the age of
two, 60—-95% develop scoliosis, which makes spinal injections uncomfortable and
dangerous, and lifetime expenses for each patient surpass $2 million. What if we
could edit the nucleotide base of SMN2(T6C) using ABEIO to make it emulate like
SMNI gene to restore stable functional SMN protein that would be the permanent
cure for SMA. This cutting edge molecular tool “Al-based Adenine Base Edlitors”
would facilitate an endogenous regulation, laying the groundwork for precision
medicine in rare disease management.
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Introduction

Spinal muscular atrophy (SMA) is a severe, life-limiting
inherited neuromuscular disorder characterized by
progressive degeneration of lower motor neurons, resulting
in muscle weakness, hypotonia, and, in its most aggressive
forms, early mortality. Affecting approximately 1 in 6,000-
10,000 live births worldwide, SMA remains one of the most
common autosomal recessive genetic causes of infant death’.
The disease arises primarily from mutations or deletions
in the SMNI gene located on chromosome 5q13, leading
to insufficient production of survival motor neuron (SMN)
protein, a critical factor for motor neuron maintenance and
function. Disease severity is strongly influenced by the copy
number of the nearly identical SMN2 gene, which partially
compensates for SMN deficiency but produces limited
amounts of functional protein [1].

Clinically, SMA presents as a spectrum ranging from
prenatal-onset forms with profound weakness and
respiratory failure to adult-onset phenotypes with relatively
mild proximal muscle involvement. Historically, management
was largely supportive, focusing on respiratory assistance,
nutritional optimization, orthopedic care, and psychosocial
support. However, the therapeutic landscape has changed
dramatically in the past decade. The introduction of disease-
modifying therapies—including antisense oligonucleotide
treatment, small-molecule splicing modifiers, and adeno-
associated  virus-mediated  gene  replacement—has
shifted SMA from a uniformly fatal pediatric condition to a
treatable genetic disorder. Early intervention, particularly
in presymptomatic infants identified through newborn
screening, has demonstrated the greatest functional benefit,
emphasizing the importance of early genetic diagnosis and
population-level carrier screening strategies. Despite these
advances, current treatments do not fully restore physiological
SMN levels in all tissues, and long-term outcomes continue
to be evaluated. Emerging approaches such as in utero gene
therapy and precision genome editing—including CRISPR-
based and base-editing platforms—offer the possibility of
directly correcting pathogenic variants and achieving durable
restoration of SMN expression. These innovations represent a
conceptual shift from symptom modification toward molecular
cure. As therapeutic capabilities expand, parallel progress in
genetic counseling, carrier detection, and prenatal diagnostics
remains essential for informed reproductive decision-making
and early therapeutic access [1].

All individuals with SMA retain at least one copy of the
SMN2 gene, which is nearly identical to SMN1 but differs
by a critical single-base substitution (C:G to T-A) in exon 7.
This seemingly minor C-to-T mutation disrupts normal RNA
splicing, causing most SMN2 transcripts to skip exon 7 and
produce a truncated, unstable, and largely non-functional
protein. Consequently, only a small fraction of full-length,

https:/[doi.org[10.29328/journal.jgmgt.1001014

5,

functional SMN protein is generated. Importantly, the number
of SMN2 gene copies modifies disease severity, as additional
copies can produce slightly higher levels of functional protein
and are generally associated with a milder clinical phenotype.

Adenine base editing (ABE) offers a promising therapeutic
strategy for SMA by permanently correcting the pathogenic
nucleotide in SMN2. The goalis to convert the thymine (T) back
to cytosine (C), effectively transforming SMN2 into a functional
SMN1-like gene. Mechanistically, the ABE enzyme performs
an A-to-G conversion on the DNA strand complementary to
the mutated T, resulting in restoration of a stable G-C base pair
and correction of the exon 7 splicing defect. Unlike traditional
CRISPR nucleases, ABE does not introduce double-strand DNA
breaks, thereby reducing the risk of unintended insertions or
deletions. By directly modifying the endogenous SMN2 gene,
this approach aims to provide a durable, potentially one-time
treatment that restores physiologic SMN protein expression
under native regulatory control, potentially eliminating the
need for repeated dosing and reducing risks associated with
protein overexpression seen in some current therapies.

The discovery of CRISPR/Cas9 (Clustered Regularly
Interspaced Short Palindromic Repeats/CRISPR-associated
protein 9) genome-editing technique offers new hope for
the treatment of inherited genetic diseases by enabling
precise, programmable modification of disease-causing DNA
sequences in living cells [2]. This is made possible by an
RNA-guided Cas9 endonuclease that allows DNA cleavage
at any genomic locus [3]. However, conventional CRISPR-
Cas9 editing relies on the need for a double-strand break
(DSBs), which is predominantly repaired by the error-prone,
non-homologous end joining (NHE]) pathway [4]. The NHE]
pathway often results in unpredictable insertions or deletions
(indels) of sequences at the target region, making the editing
a difficult-to-control process. This process can occur at the
target loci as well as at off-target sequences, making them
a risky tool for genome editing [5]. The other DNA repair
pathway, homology-directed repair (HDR), offers precise gene
editing; its efficiency is very low in most of the cell types and
is largely restricted to dividing cells [2,6]. It also requires the
delivery of the donor template to the target cells. Together,
these challenges make the use of HDR-based gene editing
difficult to use for therapeutic applicability.

Importantly, the majority of the human genetic diseases,
estimated to be over 50%, are caused by single-nucleotide
variants (SNVs) [7]. Correcting such SNPs does not require
the precise base-pair corrections. DSB-based strategies can
be potentially unsafe for this purpose, as they can lead to
chromosomal rearrangements, deletion of small to large
portions, and even genomic instability [8].

These limitations pointed to the need for a strong genome-
editing approach without making DSBs or the need for a donor
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DNA template, but at the same time, that could directly rewrite
individual DNA bases to correct pathogenic point mutations.
Base editing emerged as a precise mechanism to address this
unmet need in genome therapeutics [9].

Background
Discovery of base editing

Two independent biological insights have laid the
foundation for the development of base editors (BEs)
[9,10]. First, catalytically inactive (dCas9) or nickase
version of Cas9 (Cas9n) could act as target-specific DNA-
binding proteins capable of recruiting diverse -effector
proteins to specific genomic locations based on the guide
RNA sequence complementarity [11]. Second, cytidine and
adenine deaminases were known to catalyze specific base
conversions in single-stranded nucleic acids during natural
biological processes [10]. The combination of these two,
the DNA-targeting Cas9 and a catalytic domain capable of
deamination of cytidine or adenine base, resulted in chimeric
proteins called base editors. BEs do not require DSBs for base
modifications, thereby avoiding the risks associated with the
generation of insertions or deletions at the on- and off- target
sites. Different base editing systems are being reported so far
by different groups, further expanding their targeting scope
and specificity [9,12].

In 2016, Komor and colleagues reported the first cytosine
base editor (BE1) by fusing a cytidine deaminase (APOBEC1)
with a catalytically inactive Cas9 (dCas9) [13]. This combined
system demonstrated targeted conversion of cytosine to
uracil within a defined window of single-stranded DNA
exposed during Cas9-mediated R-loop formation. Subsequent
DNA replication or repair step replaced uracil with thymine,
resulting in a permanent correction of C = T (or G = A)
substitution. This demonstrated that precise base conversions
are possible without inducing DSBs, opened a fundamental
possibilities of targeted genome editing strategies. However,
the first generation cytosine base editors exhibited modest
efficiency.

In 2017, Gaudelli and his colleagues introduced adenine
base editors (ABEs) significantly expanding the scope of
base editing beyond just the cytosine conversions [10].
Unlike the cytosine base editors, ABEs rely on adenine
deamination, a reaction for which no naturally occurring
DNA adenine deaminses were known. To address this, the
authors engineered a tRNA adenosine deaminase (TadA)
from Escherichia coli through directed evolution, capable of
acting on single-stranded DNA exposed during Cas9 mediated
R-loop formation. This innovation broadened the applicability
of base editing where ABEs enabled targeted A = G (or T —
C) conversions. Together, these discoveries established based
editing as a versatile platform for correction of the two most
common transition mutations in the human genome.
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Molecular mechanism of adenine deaminase
based DNA base editing

Adenine base editors (ABEs) catalyze the deamination
of adenosine to inosine within genomic DNA [10]. Inosine
base pair with cytidine and is interpreted as guanine by
cellular DNA polymerase during replication or DNA repair.
Consequently, this process results in a permanent convertion
of A into G or A-T into G-C base pairing at the target site [10].

To achieve this, adenine base editors are engineered as
fusion proteins that combine a programmable DNA binding
protein with a catalytic domain of adenine deaminases. For
this application, ABEs requires three essential components:
(i) a programmable DNA-targeting module, typically a Cas9
nickase (Cas9n) or catalytically inactive Cas9 (dCas9), directed
to the target sequence by a single-guide RNA (sgRNA); (ii)
a adenine deaminase domain, capable of catalyzing adenine
deamination on single-stranded DNA; and (iii) auxiliary
domains that modulate endogenous DNA repair pathways and
bias the cell toward the retention of the edited base [1].

Upon binding to the target locus, the Cas9 /sgRNA
complex forms an R-loop, which displaces one DNA strand
and exposes a short stretch of single-stranded DNA [14].
Within this exposed regions, known as the editing window,
the tethered deaminase could catalyse the base conversion.
Cytosine deaminase convert cytosine to uracil, while adenine
deaminase convert adenine to inosine, which is read as
guanine in the DNA replication or DNA repair process. Both of
these conversions take place without the need of DNA double
strand breaks [9,10].

When a Cas9 nickase (Cas9n) enzyme is used in this
process, they introduces a single-strand break in the non-
edited strand, which directs the mismatch repair mechanism
to replace the unedited base using edited strand as the
template [11]. This strategic manipulation of endogenous
repair pathway allows efficient and predictable base
substitution without the need for DSB-associated genomic
instability. The efficiency and specificity of base editing are
influenced by multiple parameters, including the width of
editing window, local sequence context surrounding the
target sequence, the availability of the protospacer adjacent
motif (PAM), chromatin state, and cellular DNA repair activity
and its efficiency. Additionally, strand orientation, guide
RNA design, and cell type-specific repair dynamics further
contribute to variability in editing outcomes [15].

PAM constraints and evolution of base editors

The availability of compatible protospacer adjacent motif
(PAM) is an important criteria for the Cas9 binding and target
recognition [3]. First-generation base editors predominantly
employed Streptococcus pyogenes Cas9 (SpCas9), which
recognizes an NGG PAM sequence located immediately
upstream of the guide RNA binding sequence. This NGG PAM
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sequence requirement also restricts target accessibility and
limits the potential to edit many disease-relevant pathogenic
mutations that do not lie proximal to an NGG motif.

Toovercomethis constraints, extensive proteinengineering
was employed for the development Of Cas9 variants with
expanded or relaxed PAM specificities, thereby to significantly
increase the editable fraction of the genome [9]. In parallel,
efforts were focused on optimizing the deaminase domain
o improve its catalytic activity, and specificity. In the case of
ABESs, successive rounds of protein engineering yielded highly
active variants, including ABE7.10, which demonstrated
editing efficiencies exceeding 50% within an optimal editing
window spanning positions 4 - 7 relative to the PAM [16].
Further generations of ABEs (e.g., ABE6.3, ABE7.8, and later
ABES variants) were developed to further enhance catalytic
efficiency, broaden sequence compatibility, and reduce off-
target activity [17,18]. A key advantage of ABEs is that inosine
repair is inefficient in eukaryotic cells, allowing the edited
base to persist and be faithfully converted to guanine during
DNA replication.

In 2020, a group of researchers including Jennifer Doudna,
David R. Liu, and their collaborators reported the development
of ABE8e, derived from ABE7.10 using phage - assisted non-
continuous and continuous evolution (PANCE and PACE).
ABE8e includes eight additional mutations, and demonstrated
up to 590- fold increase in catalytic activity compared to
earlier ABE varients. Most importantly, enhanced editing
efficiency were reported when ABE8e was combined with
diverse Cas9 and Cas12 homologs, further expanding the
scope and versatility of adenine base editing [19,20].

Applications of ABEs in the Treatment of Spinal
Muscular Atrophy

Genome editing of SMN2 gene to restore the physiologically
normal levels of SMN protein has become a major focus with
advancements in CRISRP/cas9 based base-editing technology
[19]. A major therapeutic concept in SMA treatment is to
permanently correct the functional difference between SMN1
and SMN2 by editing the critical nucleotide in SMN2 exon?7
(C6>T) back toward the SMN-1 like state. This correction
promotes exon 7 inclusion during the splicing steps and
increases the production of full-length SMN protein.

In2023, Ateam of scientistled by David R. Liu demonstrated
the therapeutic potential of this strategy using ABEs to replace
single thymine (T) nucleotide in SMN2 exon 7 with cytosine
(C), thereby functionally converting the SMN2 into and SMN1-
like gene (Figure 1) [19]. This approach successfully restored
SMN2 restored the SMN transcript and protein levels to that
of wild type cells (~40 fold increase) in patient derived cells.
This method also ensured minimal off-target effect across the
genome. In vivo, intracerebroventricular injection of AAV9
vector encoding ABE showcased 87% conversion of SMN2
C6T in the transducted cells of the severe SMAA7 mice models
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Figure 1: Diagram showing the conversion of A — G by ABEs at the Exon 7

CB6T position. This conversion convert the SMN2 into a SMNI phenotype to
produce full length SMN protein.

( Smn 7 carrying human SMN2 */* and SMNA7). Notably, this
genome-editing approach resulted in a marked increase in life
span, which was an average of 111 days when AAV-ABE was
combined with Nusinersen, compared to the 28 days reported
with Nusinersen alone treatment. Overall, AAV-ABEs-treated
mouse showed a 6.5 times longer survival rate than the
untreated animals, highlighting the therapeutic impact of
SMN2 correction using base editors [19,20].

Further optimization of this strategy was reported by Alves
C, et al.,, which was systematically evaluated more than 100
combinations of guide RNAs (gRNAs) and ABEs to identify the
most suitable combinations to correct SMN2 C6T mutations
[21]. Using a near-PAMless CRISPR-Cas9 enzyme, named
SpRY [5], they demonstrated upto 99% precise editing in
SMA patient-derived fibroblasts with no detectable bystander
editing, underscoring the importance of PAM flexibility and
editor selection for maximizing therapeutic precision [17].

Another powerful therapeutic approach is to edit intronic
splicing silencers that repress exon 7 inclusion in SMNZ2,
especially in ISS-N1, a clinically validated regulatory element.
ABE systems using broad-PAM Cas variants (E.g., SpRY) have
been used to place edits into splicing regulatory motifs such as
[IS-N1, driving increased exon 7 inclusion and SMN expression
[19]. This strategy is particularly attractive because it targets
the regulatory architecture controlling splicing rather than
only one exonic nucleotide.

Multiple preclinical studies have demonstrated that
precise base editing of regulatory nucleotides within SMN2
exon 7 or its surrounding splicing control elements can shift
towards exon 7 inclusion, thereby increasing full length SMN
protein as illustrated in Figure 1. Collectively, these studies
demonstrate that adenine base editing enables efficient,
durable, and highly specific correction of SMN2, providing
strong proof-of-concept for its further development toward
clinical application in SMA.

Despite promising editing outcomes, efficient delivery
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of ABEs to motor neurons and spinal cord tissue remains
a major bottleneck. The large size of ABEs complicates its
packaging into a single adeno-associated virus (AAV) vector,
often necessitating dual-AAV strategies or alternative delivery
platforms, which can reduce editing efficiency and increase
variability across tissues.

Compared to conventional CRISPR/Cas9 nuclease-based
strategies, base editing approaches showed minimal indel
formation and reduced genomic disruption, an important
consideration for motor neurons and other post-mitotic cells
affected in SMA. This reinforced the suitability of ABEs for
neuromuscular disorders where genomic integrity is critical.

Despite these advantages, most of the preclinical studies
reported partial editing efficiencies, resulting in mosaic
correction of SMNZ2 rather than uniform modification across all
target cells. Most notably, even modest increases in SMN can
yield therapeutic benefit; however, this variability highlights
the need for improved editor activity, optimized delivery
timing, and better tissue-specific targeting, particularly within
the central nervous system.

Furthermore, editing window of ABEs might include
multiple adenines, introducing the possibility of bystander
edits, particularly in regulatoy regions that control splicing.
Additionally, concerns, regarding off-target DNA and RNA
deamination persist, requiring high-fidelity ABE variants and
comprehensive safety profiling before clinical transitions.

Artificial intelligence (Al) is increasingly shaping the
future of gene editing by enabling data-driven optimization of
precision therapeutics for monogenic disorders such as spinal
muscular atrophy (SMA). Recent studies highlight how Al
models can systematically integrate genomic, transcriptomic,
and epigenomic data to improve target selection, guide RNA
design, and prediction of editing efficiency and specificity in
CRISPR-based systems [22]. In the context of base editing,
machine learning frameworks are being used to predict
editing windows, minimize bystander edits, evaluate PAM
flexibility, and estimate off-target risks across diverse
cellular environments [23]. These computational approaches
significantly accelerate experimental design cycles and
reduce trial-and-error optimization. Beyond sequence-level
engineering, Al can support rational vector design, tissue-
specific delivery optimization to motor neurons, and modeling
of long-term therapeutic response. The integration of Al
with adenine base editing platforms therefore represents a
powerful translational strategy to enhance precision, safety,
and clinical scalability in SMA gene correction efforts.

Conclusion/Highlights

Editing the nucleotide base of SMN2(T6C) using ABE10
makes it emulate like SMN1 gene by restoring stable functional
SMN protein as a permanent cure for SMA.
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As base editing approaches showed minimal indel
formation and reduced genomic disruption, ABE is better
suited for SMA

Integration of Al with adenine base editing platforms
therefore represents a powerful translational strategy to
enhance precision, safety, and clinical scalability in SMA gene
correction efforts.

Apart from sequence-level engineering, Al can support
rational vector design, tissue-specific delivery optimization to
motor neurons, and long term therapeutic response.
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