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Amyotrophic lateral sclerosis (ALS) is a debilitating and fatal
disorder that can be caused by mutations in the superoxide dismutase 1 (SOD1) gene. Although ALS is currently incurable,
CRISPR base editors hold the potential to treat the disease
through their ability to create nonsense mutations that
can permanently disable the expression of the mutant SOD1
gene. However, the restrictive carrying capacity of adeno-associated virus (AAV) vectors has limited their therapeutic
application. In this study, we establish an intein-mediated
trans-splicing system that enables in vivo delivery of cytidine
base editors (CBEs) consisting of the widely used Cas9 protein
from Streptococcus pyogenes. We show that intrathecal injection of dual AAV particles encoding a split-intein CBE engineered to trans-splice and introduce a nonsense-coding substitution into a mutant SOD1 gene prolonged survival and
markedly slowed the progression of disease in the G93ASOD1 mouse model of ALS. Adult animals treated by this
split-intein CRISPR base editor had a reduced rate of muscle
atrophy, decreased muscle denervation, improved neuromuscular function, and up to 40% fewer SOD1 immunoreactive inclusions at end-stage mice compared to control mice. This work
expands the capabilities of single-base editors and demonstrates their potential for gene therapy.

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disorder characterized by the loss of motor neurons in the spinal
cord and brain that invariably results in progressive muscle atrophy,
paralysis, and ultimately death.1 There is no cure for ALS and current
therapies provide only modest beneﬁts to patients,2,3 underscoring
the need for strategies to treat this destructive disorder.
While most cases of ALS are sporadic, dominant mutations in the CuZn superoxide dismutase 1 (SOD1) gene are responsible for 20% of
inherited or familial forms of the disease.4 To date, more than 100
mutations in the SOD1 gene have been implicated in ALS, and
although the role of mutant SOD1 in the pathogenesis of the disorder
remains incompletely understood, it is thought that mutant SOD1
expression in both motor neurons5 and non-neuronal cells5–12 is a
driving factor behind the development of the disease and its progres-

sion. Accordingly, antisense oligonucleotides (ASOs) and RNA interference (RNAi) have been used to knock down the expression of
mutant SOD1 and improve therapeutic outcomes in animal models
of the disorder.13–24 However, owing to their transient life cycle,
ASOs may require a lifetime of administrations to the cerebrospinal
ﬂuid (CSF) to sustain their therapeutic effect, which could pose a
physical and ﬁnancial burden to patients. Furthermore, neither
ASOs nor RNAi has the capacity to permanently correct the underlying root genetic cause of a disorder such as SOD1-linked ALS, which
could ultimately limit their therapeutic effectiveness.
Genome-editing technologies, including RNA-guided CRISPR-Cas9
nucleases,25–28 offer an alternative approach for treating ALS by
providing a means to permanently disable the function of the mutant
SOD1 gene. For instance, we previously demonstrated that a CRISPRCas9 system could be delivered to the spinal cord of a mouse model of
ALS to reduce the expression of the mutant SOD1 gene via genome
editing and delay the onset of the disease.29 However, potential clinical applications of Cas9 nucleases are limited in part by their reliance
on DNA breaks, which could lead to deleterious large deletions and
chromosomal rearrangements,30 and non-homologous end joining,
a stochastic DNA repair pathway that could give rise to undesirable
and potentially mutagenic outcomes.31
CRISPR single-base editors, which can be used to introduce targeted
C>T or A>G base alterations in the absence of a double-strand DNA
break,32 have emerged as an alternative to CRISPR-Cas9 nucleases
that could overcome some of these limitations. To date, the most
widely used base editors consist of fusions of a Cas9 nickase with a
rat APOBEC1 cytidine deaminase domain, which can induce deamination of a target cytosine to facilitate its conversion to a thymine33
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Figure 1. CBE-Mediated Base Editing Reduces SOD1
Gene Expression
(A) Schematic of the human SOD1 gene and the CBE 4
target site. Arrowhead indicates the target cytosine within
the Gln codon. Unpaired bases in the target site indicate
the protospacer. TSS, transcriptional start site. (B) Human
SOD1 mRNA in HEK293T cells by quantitative qRT-PCR
12 days after transfection with CBEs. Data are normalized
to a non-targeted CBE (n = 3). (C) (Top) Western blot of
human SOD1 protein in cell lysate from HEK293T cells 12
days after transfection with CBE 4. (Bottom) Quantitation of
western blot. SOD1 protein in each lane was normalized to
GAPDH protein. Values were normalized to a non-targeted
CBE (n = 3). (D) Plot showing the mean frequency change of
the target cytosine in the SOD1 gene by deep sequencing
in HEK293T cells 6 days after transfection with CBE 4 or a
non-targeted control (NTG), n = 3. Error bars indicate SD.
*p < 0.05, **p < 0.01, ***p < 0.001; (B and C) two-tailed
unpaired t test; (D) one-tailed unpaired t test.

or a TadA adenine deaminase that can convert a target adenosine to a
guanosine.34 Unlike CRISPR-Cas9 and other gene-editing modalities
that rely on homology-directed repair to facilitate single-base substitutions, cytidine and adenine base editors employ base excision and
DNA mismatch repair, two DNA repair pathways that are active in
both dividing and non-dividing cells and thus could be used to introduce single-base edits in post-mitotic and slowly dividing cells,35,36
such as those within the nervous system. Given these advantages, as
well as their ability to introduce single-base alterations that can
silence gene expression,37,38 we reasoned that CRISPR base editors
could be harnessed to permanently disrupt the expression of the
mutant SOD1 gene in vivo and treat ALS.

with any common SOD1 mutation and thus target both wild-type
and mutant SOD1, which could enable treatment of the disorder in
a mutation-independent manner. Notably, no adverse effects were reported in ALS patients treated with an ASO targeting both SOD1
mRNAs,41 supporting the feasibility of a non-allele-speciﬁc strategy
for treating SOD1-ALS.

Disruption of SOD1 Gene Expression by a CBE

We ﬁrst tested whether the designed base editors could lower
SOD1 in human embryonic kidney (HEK) 293T cells. According
to qRT-PCR, the most efﬁcient CBE targeted exon 1 of the SOD1
gene using the SpCas9 protein and reduced SOD1 mRNA by
50% compared to a non-targeted base editor (p < 0.05) (Figures
1A and 1B). Western blot corroborated these ﬁndings and revealed
an 65% decrease in SOD1 protein at the same time point (p <
0.01) (Figure 1C). To conﬁrm base editing, we deep sequenced
the SOD1 gene from transfected HEK293T cells. We found that
by 6 days post-transfection 19% of the analyzed reads contained
the target C>T substitution (p < 0.001) (Figure 1D), as well as a
C>T edit at a bystander cytosine that resulted in only a silent mutation (Figure S2). Deep sequencing further revealed that non-T
product formation was less than 3.5% at the target cytosine (that
is, cytosine 15) and less than 6.9% at the bystander cytosine (that
is, cytosine 19) for this CBE (Figure S2).

In order to determine whether base editing could be used to reduce
the expression of the SOD1 gene, we searched the human SOD1 coding sequence for CBE target sites containing CAA, CAG, and CGA
codons located within the canonical CBE editing window that could
be converted to nonsense mutations following targeted C>T base substitutions.37,38 We identiﬁed two codons that met this criterion and
designed ﬁve single guide RNAs (sgRNAs) targeting these two sites
(Figure S1), each for a third-generation CBE consisting of the rat
APOBEC1 catalytic domain and the uracil DNA glycosylase inhibitor
protein fused to either the D10A SpCas9 nickase variant33 or the Cas9
D10A nickase variant from Staphylococcus aureus39 (SaCas9, specifically the KKH variant of SaCas940). These sgRNAs do not overlap

To evaluate CBE speciﬁcity, we identiﬁed 10 candidate off-target sites
in the human genome that differed from the target site in SOD1 by up
to four base mismatches and contained at least one cytosine within
the CBE editing window (Figure S3A). Deep sequencing showed no
appreciable increase in C>T base mutations within or near the editing
window in 9 of the 10 off-target sites compared to control cells, with
C>T editing (4%) detected only at a non-protein coding sequence
that differed from the SOD1 target by three bases near the 50 end of
the protospacer (Figure S3B). Taken together, these results demonstrate that CRISPR base editors can be used to create an early stop
codon in the SOD1 gene to lower its expression.

In this study, we establish an intein-based trans-splicing system that
enables the in vivo delivery of cytidine base editors (CBEs) consisting
of the Streptococcus pyogenes Cas9 (SpCas9) protein. We show that
this split-intein CBE can lower mutant SOD1 in vivo and provide
therapeutic beneﬁt to a mouse model of SOD1-linked ALS. This
work thus expands the capabilities of CRISPR base editors and illustrates their potential for treating a neurodegenerative disorder.

RESULTS
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Figure 2. Split-Intein CBEs Can Reconstitute and Edit the Human Genome
(A) Crystal structure of the SpCas9 protein complexed with sgRNA (red) and target DNA (blue). Inset shows the disordered linker that connects the REC lobe and the NUC
lobe. Light gray indicates N-terminal SpCas9 domain; dark gray indicates C-terminal SpCas9 domain (PDB: 4OO8).48 (B) Schematic of the engineered split-intein CBE twoplasmid system. Abbreviations are as follows: CMV, cytomegalovirus promoter; NLS, nuclear localization signal; Int-N, N-terminal intein domain; Int-C, C-terminal intein
domain: V5, V5 epitope tag; 3 HA, three tandem repeats of the human influenza hemagglutinin (HA) epitope tag. (C) Western blot of HEK293T cells transfected with the
N-terminal split-intein CBE domain, the C-terminal, or both. The western blots were probed with anti-HA or anti-V5 antibodies to detect reconstitution of the full-length base
editors. (D) Plot showing the mean frequency change of the target cytosine in the SOD1 gene by deep sequencing in HEK293T cells 6 days after transfection with the fulllength CBE, the split-intein CBE, or a non-targeted control (NTG), n = 3. (E) Mean C>T conversion frequency of editing-window cytosines in the EMX1 gene by deep
sequencing in HEK293T cells 6 days after transfection with full-length CBE or split-intein CBE (n = 3). Error bars indicate SD. **p < 0.01; (D and E) two-tailed unpaired t test.

Establishment of a Split-Intein CBE Architecture that Enables
Efficient Single-Base Editing

We next sought to determine whether base editors could reduce
SOD1 in an animal model following in vivo delivery using an adeno-associated virus (AAV) vector. However, while AAVs are promising therapeutic gene delivery vehicles,42 particularly for many
neurological disorders,43–45 they possess a limited carrying capacity
that restricts their ability to deliver a full-length base editor.46 To
overcome this limitation, we created a split-intein SpCas9-based

CBE compatible with dual AAV particle delivery. Speciﬁcally, we
fused N- and C-intein fragments from the DnaB protein of Rhodothermus marinus47 to a CBE that we split into two halves at Val
957, a residue located within a disordered linker connecting the a-helical recognition (REC) lobe and the nuclease (NUC) lobe of the
SpCas9 protein (corresponding to residues 712–717)48 (Figures 2A
and 2B). Following co-delivery, these two intein-containing halves
are expected to participate in a protein trans-splicing reaction that
will reassemble the full-length CBE. Importantly, unlike a split-
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intein-based approach that was used to deliver a SaCas9-based CBE,49
our strategy supports the delivery of base editors consisting of the
SpCas9 protein, the most widely used Cas9 variant to date.
According to western blot, co-expression of the split-intein SpCas9CBE in HEK293T cells resulted in intein-mediated protein transsplicing and reconstitution of the full-length base editor at efﬁciencies
near 30% (Figure 2C). Moreover, we measured signiﬁcantly increased
editing using the split-intein CBE compared to the full-length base
editor, as deep sequencing showed that 29% of the analyzed reads
from HEK293T cells transfected with the spit-intein CBE had the
target C>T edit in the SOD1 gene, whereas 19% of the analyzed
reads from cells transfected with the full-length CBE had the target
modiﬁcation (p = 0.001) (Figure 2D). Furthermore, compared to
the full-length enzyme, deep sequencing revealed no decrease in
product purity at the target cytosine following editing by the split-intein CBE (p > 0.1 for each outcome) (Figures 2D and S4) and a small
increase in C>T editing at only 1 of the 10 previously identiﬁed offtarget sites in HEK293T cells (Figure S3B). These results thus indicate
that split-intein-mediated protein reconstitution did not dramatically
decrease CBE speciﬁcity.
To determine the generality of this architecture, we tested the ability
of the split-intein SpCas9-CBE to induce exon skipping by mutating
conserved splice acceptor sites in PIK3CA exon 5, RELA exon 7, and
JAG1 exon 9 in HEK293T cells.50 RT-PCR showed that the split-intein CBE induced exon skipping 2- to 6-fold more efﬁciently than
did the native CBE at each target (Figure S5). We next compared
the editing window of the split-intein CBE to the full-length singlebase editor. Using deep sequencing to measure C>T edits within a
cytosine-rich target sequence in the EMX1 gene, we found that the
split-intein CBE retained its canonical editing window and, compared
to the full-length enzyme, more efﬁciently edited each cytosine within
this window (p < 0.01 for each position) (Figure 2E). With the exception of a 0.014%–0.05% increase of an A>G substitution at cytosine
17, we saw no difference in the product purity for any edited cytosine
using the split-intein CBE versus the full-length editor at the EMX1
target (p > 0.1 for these outcomes) (Figure S6). Altogether, these results demonstrate that split-intein CBEs can reconstitute and efﬁciently edit the human genome, including the human SOD1 gene.
These results also show that split-intein CBEs have editing characteristics similar to the parental single-base editor.
Split-Intein CBEs Provide Therapeutic Benefit to a Mouse Model
of ALS

We next evaluated whether the split-intein CBE could lower SOD1
and slow disease progression in the G93A-SOD1 mouse model of
ALS. The G93A-SOD1 strain that we used in this study carries 25
copies of a ubiquitously expressed human SOD1G93A transgene51
and develops an especially aggressive neurodegenerative disorder
that involves the accumulation of inclusions that are immunoreactive
by SOD1 antibodies, in addition to progressive muscle atrophy, motor neuron loss, and the eventual denervation of neuromuscular junctions.51,52 This mouse model shows the ﬁrst signs of disease typically
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around 94 days of age and succumbs to the disorder on average by
126 days of age.
Astrocytes have been reported to be a determinant of disease progression in SOD1-linked ALS,6–10 as disrupting mutant SOD1 expression
in these cells using Cre-mediated gene excision can sharply slow latestage disease progression in a model of the disorder.9 We thus packaged the N- and C-terminal split-intein CBEs into AAV9, a naturally
occurring AAV serotype that can efﬁciently transduce spinal cord astrocytes following intrathecal delivery,22,53,54 and injected 56- to 60day-old G93A-SOD1 mice with 8  1010 particles each of an Nand C-terminal AAV9 vector encoding either the sgRNA targeting
the human SOD1 gene (AAV9-CBE-human SOD1 [hSOD1]) or
the mouse Rosa26 genomic locus (AAV9-CBE-Rosa26) into the lumbar CSF (Figure 3A). We note that no editing was expected in the
mouse SOD1 gene due to a base mismatch in the protospacer adjacent
motif (PAM) of the native mouse target sequence that would prevent
Cas9 from binding.
Immunoﬂuorescence analysis revealed widespread CBE expression
throughout the spinal cord by 4 weeks post-injection (Figure 3B).
Speciﬁcally, we determined that 80% of the cells in the anterior
horn expressing the reactive astrocyte marker glial ﬁbrillary acidic
protein (GFAP) were positive for the C-terminal CBE via its hemagglutinin (HA) epitope tag (Figure S7) and that 70% of the analyzed
dual GFAP+ HA+ cells were immunoreactive for the V5 epitope encoded by the N-terminal CBE (Figure S8), indicating dual AAV transduction. Flow cytometry analysis of dissociated tissue sections further
indicated that 9.5% of the analyzed spinal cord cells were HA+
(Figure S9).
Similar to a previous report showing that AAV9 injection to the CSF
of the lumbar spine of G93A-SOD1 mice favors the transduction of
astrocytes,22 we observed limited CBE expression in NeuN+ and
Tuj1+ neurons, as well as Iba1+ microglia (Figure S10). In particular,
we estimated that less than 10% of choline acetyltransferase
(ChAT)-positive motor neurons expressed the C-terminal CBE.
Notably, we observed no difference in the percentage of transduced
GFAP+ cells between animals injected with AAV9-CBE-hSOD1 or
AAV9-CBE-mRosa26 (Figure S7).
Consistent with the immunoﬂuorescence ﬁndings showing minimal
transduction of ChAT+ motor neurons and prior work demonstrating
that mutant SOD1 expression in these cells is a driver behind onset
and early disease progression,5 we observed no difference in disease
onset, which we deﬁned as the point when animals reached peak
weight, in mice injected with AAV9-CBE-hSOD1 (93.5 ±
11.0 days) or AAV9-CBE-mRosa26 (94.9 ± 7.9 days; p > 0.7) (Figure 3C). However, compared to control animals, mice injected with
AAV9-CBE-hSOD1 had an 11% increase in mean survival
(hSOD1, 139.4 ± 10.8 days; mRosa26, 127 ± 7.2 days; p < 0.001) (Figure 3D) and an 39% increase in disease duration, which we calculated as the length of time between onset and end stage for each mouse
(hSOD1, 45.4 ± 9.7 days; mRosa26, 32.7 ± 9.0 days; p < 0.001)

www.moleculartherapy.org

Figure 3. In Vivo Base Editing Improves Therapeutic Outcomes in the G93A-SOD1 Mouse Model of ALS
(A) Schematic of AAV vectors encoding the split-intein CBE. Abbreviations are as follows: ITR, inverted terminal repeat; CAG, cytomegalovirus early enhancer/chicken b-actin
promoter; NLS, nuclear localization signal; Int-N, N-terminal intein domain; Int-C, C-terminal intein domain, V5, V5 epitope tag; 3 HA, three tandem repeats of the human
influenza hemagglutinin (HA) epitope tag. (B) Representative immunofluorescence staining of the lumbar spinal cord 4 weeks after G93A-SOD1 mice were injected with 8 
1010 particles of each AAV encoding the N- and C-terminal split-intein CBE. Scale bars, 500 mm, left; 30 mm, anterior horn; 50 mm, white matter. (C) Percent before disease
onset, (D) percent survival, (E) disease duration, (F) rotarod, and (G) weight of G93A-SOD1 mice injected with 8  1010 particles of dual AAV encoding the hSOD1- or
mRosa26-targeting N- and C-terminal split-intein CBE. (C–E and G) hSOD1 (n = 15) and mRosa26 (n = 15); (F) hSOD1 (n = 10) and mRosa26 (n = 10). (F and G) Mean rotarod
and weights for each mouse were normalized to day 63 values for the same mice. (G) Linear regression analysis was used to calculate the rate of weight loss. Values indicate
means and error bars indicate (E) SD or (F and G) SEM. *p < 0.05, **p < 0.01, ***p < 0.001; (C and D) log-rank Mantel-Cox test; (E) one-tailed unpaired t test; (F) two-way
ANOVA followed by a Bonferroni post hoc test.

(Figure 3E). Additionally, while we observed no difference in early
disease for each cohort (a parameter previously deﬁned9 as the time
from onset to 10% weight loss; p > 0.1) (Figure S11A), we found
that, compared to control animals, G93A-SOD1 mice injected with
AAV9-CBE-hSOD1 had an 85% increase in the duration of late disease (from 10% weight loss to end stage; hSOD1, 16.6 ± 9.5 days;
mRosa26, 8.9 ± 6.3 days; p = 0.01) (Figure S11B). Importantly, we
observed that base editor-treated male and female G93A-SOD1
mice showed a similar increase in disease duration compared to control animals (Figure S12), indicating that the observed slowing in disease progression was not the result of sex differences.
Compared to control animals, G93A-SOD1 mice treated by AAV9CBE-hSOD1 had improved motor function by rotarod (p = 0.01)
(Figure 3F) and improved hindlimb grip strength after week 17,
which marked the beginning of late disease for both treated and untreated animals (p < 0.05) (Figure S13). Linear regression analysis
further showed that G93A-SOD1 mice injected with AAV9-CBEhSOD1 lost weight 43% slower during the period lasting from onset
(week 14) to the point at which all untreated animals succumbed to
disease (hSOD1, 2.41 ± 0.152 weight % per measurement; mRosa26,
4.22 ± 0.208 weight % per measurement; p < 0.0001) (Figure 3G).
Moreover, we found that from the onset of late-stage disease (week
17 for both groups) to end stage, mice treated by base editing lost
weight 75% slower than did control animals (hSOD1, 1.203 ±
0.0.09 weight % per measurement; mRosa26: 5.14 ± 0.604 weight
% per measurement; p < 0.001; Figure S14). Altogether, these results

demonstrate that base editing can slow the rate with which neuromuscular function and weight decline in G93A-SOD1 mice.
CRISPR Base Editing Can Reduce Mutant SOD1 Reactive
Inclusions in the Spinal Cord and Protect Motor Neurons and
Neuromuscular Junctions

Disrupting mutant SOD1 expression in astrocytes using Cre-mediated gene excision has been reported to reduce the accumulation of
SOD1 immunoreactive inclusions in the gray and white matter of
the spinal cord.55 In order to determine whether base editing
decreased mutant SOD1 in vivo, we used immunostaining to measure
the total area occupied by inclusions that are immunoreactive for a
SOD1 antibody in spinal cord sections from end-stage animals.
Compared to control mice, we found that animals treated by
AAV9-CBE-hSOD1 had 40% fewer SOD1 reactive inclusions in
the ventral white matter (p < 0.05) and 28% fewer inclusions in
the anterior gray column (p < 0.05) (Figures 4A and 4B), indicating
that base editing reduced mutant SOD1 protein. Immunoﬂuorescence analysis of the anterior horn further revealed that, compared
to controls, GFAP+ cells from treated mice were markedly smaller
and less abundant at end stage (Figure S15), suggesting that base editing decreased astrogliosis and hypertrophy. However, no difference in
activated microglia was observed in treated versus control animals
(Figure S16).
Compared to control mice, we found that animals treated by base editing had 27% more ChAT+ motor neurons in the lumbar spinal
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Figure 4. Split-Intein CBE-Mediated Base Editing Reduces Mutant SOD1 Reactive Inclusions in the Spinal Cord and Protects Motor Neurons and
Neuromuscular Junctions
(A) Representative immunofluorescence staining of end-stage spinal cord sections from G93A-SOD1 mice injected with 8  1010 particles each of dual AAV encoding the
hSOD1- or mRosa26-targeting N- and C-terminal split-intein CBEs. Scale bars, 15 mm. (B) Quantitation of area occupied by SOD1 reactive inclusions in the anterior horn (left)
and white matter (right) of spinal cord sections from end-stage treated (hSOD1) or untreated (mRosa26) G93A-SOD1 mice (n = 5). (C and D) Mean number of (C) ChAT+ motor
neurons (MNs) per lumbar spinal cord hemisection and (D) fully denervated neuromuscular junctions (NMJs) from tibialis anterior muscle sections from end-stage treated or
untreated G93A-SOD1 mice (C, n = 7; D, n = 7). (E) Representative immunofluorescence staining of spinal cord sections from end-stage G93A-SOD1 animals showing
expression of the split-intein CBE. Scale bars, 30 mm, anterior horn; 50 mm, white matter. (F) Plot showing the mean frequency change of the target cytosine in the SOD1 gene
in the cervical spinal cord from G93A-SOD1 mice. hSOD1 (n = 4); mRosa26 (n = 5). Values indicate means and error bars indicate SD. *p < 0.05; (B–D and F) one-tailed
unpaired t test.

cord (p < 0.05) (Figures 4C and S17) and 23% fewer fully denervated
neuromuscular junctions (p < 0.05) (Figures 4D and S18), the latter of
which we quantiﬁed as the percentage of a-bungarotoxin-positive
acetylcholine receptor (AChR) clusters that did not overlap with
any synaptophysin-positive nerve terminals in tibialis anterior (TA)
muscle sections. These results thus indicate that base editing
improved motor neuron survival and partially preserved nerve terminals in G93A-SOD1 mice.
We also examined CBE expression in spinal cord sections from endstage animals. Similar to the immunoﬂuorescence ﬁndings from
4 weeks post-injection, we found that 75% of GFAP+ cells in the
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anterior horn of end-stage sections were HA+ (Figures 4E and S19),
indicating that base editor expression was likely maintained
throughout the disease. This ﬁnding is consistent with prior work
demonstrating that spinal cord astrocytes in SOD1-ALS mice transduced by an AAV9 vector can survive for the duration of the disorder
and continuously express transgenes encoded by the AAV episome.16
Finally, we evaluated base editing in vivo. Deep sequencing of the human SOD1G93A transgene ampliﬁed from dissected whole spinal cord
tissue from end-stage animals, which included a mix of transduced and
non-transduced cells, showed that on average 1.2% of the analyzed
reads from mice injected with AAV9-CBE-hSOD1 had the target
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C>T edit versus 0.06% in control mice (p < 0.05) (Figure 4F). Given
that we estimated that only 6.5% of spinal cord cells were transduced
by both AAV vectors, these results indicate that editing likely occurred
at an efﬁcient rate within the cells that expressed the full-length CBE
even in the context of the high transgene copy number background
of the G93A-SOD1 mouse. To evaluate off-target editing in vivo, we
deep sequenced eight candidate off-target sites in the mouse genome
that differed by the on-target site by up to three base mismatches.
No increase in C>T editing was seen at any of these sites in treated
versus control animals (p > 0.1) (Figure S20).
In conclusion, we have developed a trans-splicing system that enables
in vivo delivery by AAV of single-base editors consisting of the
SpCas9 protein. Our results demonstrate that a split-intein CBE
can be used to lower mutant SOD1 in the spinal cord and improve
therapeutic outcomes in a mouse model of SOD1-linked ALS.

DISCUSSION
CRISPR base editors can be used to introduce targeted C>T or A>G
alterations in DNA in the absence of mutagenic double-strand DNA
breaks33,34 and hold promise for treating genetic disorders, including
SOD1-linked ALS, a fatal neurodegenerative disease characterized by
motor neuron loss and progressive muscle atrophy that results from
the toxic gain of function of mutant SOD1. In this study, we demonstrate that intrathecal delivery of dual AAV vector particles encoding
a split-intein CBE engineered to trans-splice and induce a nonsense
mutation into a hSOD1G93A transgene improved survival and slowed
disease progression (particularly late disease) in the G93A-SOD1
mouse model of ALS. Base editing reduced the accumulation of
SOD1 immunoreactive inclusions in certain areas of the spinal cord
by up to 40% and decreased the rate of muscle atrophy and muscle
denervation. This work thus establishes that CRISPR base editors
can be used to treat a neurodegenerative disorder.
ALS is an adult-onset disease that most often affects individuals between 40 and 60 years of age.1 Given that many persons are diagnosed
with ALS following the onset of initial symptoms and that mutant
SOD1 expression in astrocytes is an established driver of disease progression,6–10 we employed a targeting strategy that would enable editing within these cells in order to slow the disease. Accordingly, we
used AAV9, a naturally occurring AAV serotype recently approved
by the US Food and Drug Administration (FDA) to treat spinal
muscular atrophy43 and capable of efﬁciently transducing spinal
cord astrocytes following an intrathecal injection,22,53,54 to deliver
the split-intein CBE in vivo. In support of the rationale for this
approach, a previous study reported that the selective excision of
the mutant SOD1 gene in GFAP+ cells resulted in an 15% increase
in survival and an 144% increase in the duration of the late-stage
phase of disease compared to control mice.9 Although our studies
were performed in a different model of SOD1-ALS, we observed a
similar trend: in vivo base editing in G93A-SOD1 mice increased survival by 11% and increased the duration of late disease by 85%.
Thus, this proof-of-concept study demonstrates the potential of
CRISPR base editing technology to treat SOD1-ALS.

Given that the restrictive carrying capacity of AAV prevents the packaging of a full-length CRISPR base editor, we employed intein-mediated protein trans-splicing to reconstitute a SpCas9-based CBE
following dual AAV particle delivery. Speciﬁcally, we inserted inteins
from the DnaB protein of R. marinus into a disordered linker (residues
712–717) of the SpCas9 protein that connects its two distinct lobes, the
REC lobe and the NUC lobe.48 Interestingly, despite a 30% reconstitution efﬁciency, we observed increased C>T editing using the split-intein CBE compared to the full-length single-base editor. While the
exact reason for the increase in editing remains unknown, we suspect
that the peptide sequence generated by the intein-mediated protein
trans-splicing reaction may stabilize the disordered linker in the
SpCas9 protein, which could increase its ability to bind or nick
DNA. In addition to enhanced C>T editing, we observed no appreciable increase in off-target editing using the split-intein CBE and
found that it possessed a nearly identical editing window to the parental
editor, indicating that inserting the DnaB-based intein moiety into
SpCas9 did not negatively impact DNA targeting or editing speciﬁcity.
Thus, our results suggest that the split-intein SpCas9-based architecture described herein is broadly applicable and could be used to deliver
other recently emerged Cas9-based technologies that exceed the carrying capacity of a single AAV vector particle.56 Of note, in addition
to intein-mediated protein trans-splicing, which has been used to
deliver an SaCas9-CBE to the liver49 and an SpCas9-ABE to cells in culture,57 viral vector trans-splicing, an approach that relies on intermolecular recombination or ligation of dual AAV vector genomes, has
also been used to deliver an SpCas9-ABE to the muscle.58
Although they offer considerable advantages over CRISPR-Cas9 nucleases, recent reports have suggested that CBEs can generate off-target
single-nucleotide variations in DNA59,60 and RNA.61,62 To this end,
rat APOBEC1 catalytic domains with reduced RNA editing activity
have been developed that could help alleviate these concerns.61 In
particular, these recently described domains could be incorporated
into the split-intein CBE architecture that we describe herein to further
reﬁne its speciﬁcity. Additionally, some of these same engineered domains were found to possess more restrictive editing widows than
the native APOBEC1 domain, which in the future could help to reduce
or eliminate the bystander editing that we and others have observed.
Strategies for reducing mutant SOD1 protein hold promise for treating SOD1-linked ALS. However, to date, more than 100 different mutations in the SOD1 gene have been linked to the disease. Although
CRISPR base editors hold the potential to seamlessly correct certain
disease-causing mutations, the genetic heterogeneity of SOD1-ALS
poses a serious technical and economic challenge that could prevent
treatment of the disease in a mutation-speciﬁc manner. To this end,
we note that a non-allele-speciﬁc strategy could be used to treat
SOD1-ALS, as a phase I clinical trial for an ASO designed to target
both wild-type and mutant SOD1 mRNA is underway, underscoring
the potential of such an approach. However, a gene knockout-andreplace therapy63,64 could be employed in place of a non-allele-speciﬁc strategy to overcome any toxicity that may result from disrupting
the wild-type SOD1 gene within the spinal cord.
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To analyze in vivo base editing, we deep sequenced genomic DNA
harvested from dissected bulk spinal cord tissue, which we estimated consisted of 7% dual-transduced cells. This estimate was
based on the fact that: (1) ﬂow cytometry indicated that 9.5% of
dissociated spinal cord cells were positive for the HA tag encoded
by the C-terminal CBE, and (2) immunoﬂuorescence staining of
spinal cord sections indicated that 70% of dual GFAP+ and
HA+ cells were also positive for the V5 epitope tag encoded by
the N-terminal CBE. From the deep sequencing analysis of the
bulk tissue, we found that 1.2% of all analyzed SOD1 reads contained the target C>T edit, suggesting an “effective editing rate” of
20% in the dual-transduced cells. Although purifying adult spinal
cord astrocytes from whole tissue remains a challenging task, future
studies involving the use of transgenic animals expressing a ﬂuorescent reporter gene in the target cell type could enable the isolation
of enough material by ﬂuorescence-activated cell sorting (FACS) to
analyze base editing outcomes in a highly enriched population of
cells, which in turn could support a more detailed analysis of offtarget editing in DNA and RNA. Additionally, while we observed
no signs of discomfort or toxicity in animals treated by the CBE,
further studies will also be necessary to fully characterize their safety
and tolerability.
Animals treated by base editing had 40% fewer SOD1 reactive inclusions in the ventral white matter and 28% fewer inclusions in the
anterior gray column. Although the exact identity of all the cells
with decreased inclusions was not established, it is possible that disrupting mutant SOD1 expression in astrocytes, the primary cell
type transduced by AAV9 in this study, led to a decrease in inclusions
in neighboring cells. This observation is consistent with previous
studies that demonstrated that disrupting mutant SOD1 in astrocytes
alone using Cre-mediated gene excision reduced the accumulation of
SOD1 inclusions in the spinal cord by 60%–90% in the G85R-SOD1
mouse model of ALS.55 Given the potential implications of this
ﬁnding in the treatment of ALS, additional studies are needed to
further explore this possibility.
Efﬁcient gene delivery to the cells involved in SOD1-linked ALS is
crucial to the success of a CRISPR-based treatment for the disorder,
particularly for strategies that rely on dual AAV transduction. In
the present study, we used AAV9 to deliver the split-intein CBE
largely to spinal cord astrocytes, which are thought to contribute to
motor neuron loss and inﬂuence the later stage of the disease.6–10
However, many other cell types inﬂuence SOD1-ALS, including
motor neurons, which can determine disease onset and early disease
progression,5 as well as microglia5,11 and certain oligodendrocyte progenitor cells.12 Thus, optimizing gene delivery65 to these and other
cell populations involved in disease onset and progression will be
important in advancing a gene therapy for the disorder to the clinic.
Such vector optimization could also be used to boost dual transduction efﬁciency. Similarly, directed evolution or other protein engineering strategies could be employed to optimize the compatibility
of the DnaB inteins with the CBE to improve its reconstitution efﬁciency and in vivo editing capabilities.
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In conclusion, we have demonstrated that base editing can be used to
treat a mouse model of ALS. Our split-intein approach for delivering
SpCas9-CBEs through dual AAV vector particles could enable gene
therapies for other neurological and neurodegenerative disorders.

MATERIALS AND METHODS
Plasmid Construction

The plasmid encoding BE3 (pCMV-BE3) was a gift from David R. Liu
(Addgene, 73021). For experiments performed in HEK293T cells,
DNAs encoding (1) the N-split-intein CBE (that is, rAPOBEC1
with residues 2–712 of SpCas9 and the N-intein fragment from the
DnaB protein of R. marinus) and (2) the C-split-intein CBE (that
is, the C-intein fragment from the DnaB protein of R. marinus with
residues 713–1371 of SpCas9, the uracil glycosylase inhibitor, and
an SV40 nuclear localization signal sequence) were custom synthesized as gBlock gene fragments (Integrated DNA Technologies
[IDT]) and cloned into pCMV-BE3 between the NotI and BspEI restriction sites for the C-intein and between the EcoRV and PmeI restriction sites for the N-intein by Gibson assembly using a reaction
mix prepared by our laboratory, as described.66
The pAAV plasmids pAAV-CAG-N-Int-CBE-U6-sgRNA and
pAAV-CAG-C-Int-CBE-U6-sgRNA were generated by cloning
gBlock gene fragments encoding the DNA sequence above with a
CAG promoter to drive expression of the split-intein CBE between
the XbaI and NotI restriction sites of pX602 (a gift from Feng Zhang;
Addgene, 107055) by Gibson assembly. The amino acid sequence of
each protein is provided in Figure S21.
Oligonucleotides encoding sgRNA sequences were custom synthesized (IDT), phosphorylated by T4 polynucleotide kinase (New England Biolabs [NEB]) for 30 min at 37 C, and annealed by incubation
at 95 C for 5 min followed by cooling on ice for 10 min. DNA duplexes were then ligated into the BbsI restriction sites of pSP-gRNA
(Addgene, 47108)67 or the BsaI restriction sites of pAAV-CAG-NInt-CBE-U6-sgRNA and pAAV-CAG-C-Int-CBE-U6-sgRNA using
T4 ligase (NEB). Correct insertion of the sgRNA targeting sequence
was veriﬁed by Sanger sequencing (Roy J. Carver Biotechnology Center, University of Illinois, Urbana, IL, USA).
Cell Culture and Transfection

HEK293T cells (ATCC) were maintained in Dulbecco’s modiﬁed Eagle’s medium (DMEM; Corning) supplemented with 10% (v/v) fetal
bovine serum (FBS; Life Technologies) and 1% (v/v) antibiotic-antimycotic (Anti-Anti; Life Technologies) in a humidiﬁed 5% CO2 atmosphere at 37 C. Transfections were performed in 24-well plates using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. At the time of transfection, 1 mg of DNA was transfected
per well. Transfection efﬁciency was routinely measured to be 80%
by ﬂuorescence microscopy according to EGFP expression.
qPCR

To analyze SOD1 expression, RNA was extracted using the RNeasy
mini kit (QIAGEN). Then, 50 ng of total RNA was used for a reverse
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transcription reaction using a high-capacity cDNA reverse transcription kit (Applied Biosystems), according to the manufacturer’s instructions. 40 ng of cDNA template was then used per qPCR reaction
in technical triplicates using the iTaq Universal SYBR Green Supermix (Bio-Rad). Results were normalized to GAPDH expression and
the average fold change was calculated using the 2DDCT method.
To analyze exon skipping, RNA was harvested from cells using
the RNeasy Plus mini kit (QIAGEN) and cDNA was synthesized
using the qScript cDNA synthesis kit (Quanta Biosciences) using
0.5–1 mg of DNA with a cycling protocol recommended by the manufacturer. PCR was performed with 50 ng of cDNA in 25-mL reactions
using the KAPA2G robust PCR kit (Kapa Biosystems, Roche) with
cycling parameters recommended by the manufacturer. PCR products were visualized on a 2% agarose gel stained with ethidium bromide and visualized using a ChemiDoc-It2 (UVP).
Western Blot

Cells were lysed using NuPAGE LDS (lithium dodecyl sulfate) sample
buffer (1; Invitrogen) or by radioimmunoprecipitation assay
(RIPA) buffer (10 mM Tris-HCl, 140 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.1% SDS, and 0.5% sodium deoxycholate, pH 8.0),
and protein concentration was determined using the Pierce BCA
(bicinchoninic acid) protein assay kit (Thermo Fisher Scientiﬁc) according to the manufacturer’s instructions. 15 mg of protein was electrophoresed by SDS-PAGE and electrophoretically transferred onto a
polyvinylidene ﬂuoride (PVDF) or a nitrocellulose membrane in
transfer buffer (20 mM Tris-HCl, 150 mM glycine, and 20% [v/v]
methanol) for 1.5 h at 100 V. Membranes were blocked with 5% (v/
v) blotting-grade blocker (Bio-Rad) or 5% (w/v) nonfat dry milk in
Tris-buffered saline (TBS) (20 mM Tris-HCl, 150 mM NaCl, and
0.1%, pH 7.5) with 0.05% Tween 20 (TBS-T) for 1 h and then incubated with primary antibodies in blocking solution. The following
primary antibodies were used: rabbit anti-hSOD1 (1:2,000; Cell
Signaling Technology, 2770S), anti-HA (1:1,000; Cell Signaling Technology, 3724), anti-V5 (1:1,000; Cell Signaling Technology, 13202S),
anti-GAPDH (1:1,000; Cell Signaling Technology, 2118S), or rabbit
anti-b-actin (1:1,000; Cell Signaling Technology, 4970S). After the
overnight incubation, membranes were washed three times with
TBS-T and incubated with goat anti-rabbit horseradish peroxidase
conjugate (1:4,000, Thermo Fisher Scientiﬁc, 65-6120) or goat antirabbit horseradish peroxidase conjugate (1:2,000; Cell Signaling
Technology, 7074p2) in blocking solution for 1 h at room temperature. Membranes were washed three times with TBS-T and developed
using a SuperSignal West Dura Extended Duration Substrate
(Thermo Fisher Scientiﬁc) or a Clarity western enhanced chemiluminescence (ECL) substrate (Bio-Rad) and visualized by automated
chemiluminescence using the ChemiDoc XRS+ (Bio-Rad). Band intensity was quantitated using Image Lab software (Bio-Rad) or ImageJ
and normalized to control protein in each lane.
AAV Vector Production

AAV vector was manufactured according to our protocols.68
HEK293T cells were seeded onto 15-cm plates at a density of

2.5  107 cells per plate in DMEM supplemented with 10% (v/v)
FBS and 1% (v/v) Anti-Anti. After 16 h, cells were transfected with
15 mg of pAAV-CAG-N-int-CBE-U6-sgRNA or pAAV-CAG-Cint-CBE-U6-sgRNA, 15 mg of pAAV9, and 15 mg of pHelper using
135 mL of polyethylamine (1 mg/mL). XmaI digest was used to conﬁrm
the integrity of the pAAV plasmids. Cells were harvested at 48 h after
transfection by manual dissociation using a cell scraper and centrifuged at 4,000  g for 5 min at room temperature. Cells were then resuspended in lysis buffer (50 mM Tris-HCl and 150 mM NaCl, pH
8.0) and freeze-thawed three times using liquid nitrogen and a
37 C water bath. Cell lysate was incubated with 10 U of Benzonase
(Sigma-Aldrich) per 1 mL of cell lysate for 30 min at 37 C. We
then centrifuged the lysate at 20,000  g for 30 min at room temperature. The resulting supernatant was overlaid onto an iodixanol density gradient, and virus was isolated by ultracentrifugation. Following
extraction, AAV was washed three times with 15 mL of PBS with
0.001% Tween 20 using an Ultra-15 centrifugal ﬁlter unit (Amicon)
at 3,000  g and concentrated to 100–150 mL. Virus was stored at
4 C and the genomic titer was determined by quantitative real-time
PCR using SYBR Green (Sigma-Aldrich).
Injections

All animal procedures were approved by the Illinois Institutional Animal Care and Use Committee (IACUC) at the University of Illinois
and conducted in accordance with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals. Eightweek-old G93A-SOD1 mice bred from male G93A-SOD1 mice
(B6SJL-Tg(SOD1*G93A)1Gur/J; Jackson Laboratory, 002726) and female B6SJLF1/J mice (Jackson Laboratory, 100012) were injected with
8  1010 vector genomes of AAV9-CAG-N-Int-CBE-U6-sgRNA and
AAV9-CAG-C-Int-CBE-U6-sgRNA in 10 mL of PBS with 0.001%
Tween 20 into the mouse lumbar subarachnoid space between L5
and L6 vertebrate using a Hamilton syringe with a 22s gauge 2-inch
needle. Animals were genotyped for the presence of the hSOD1G93A
transgene by PCR using genomic DNA puriﬁed from an ear clip using
the primers hSOD1 forward (50 -CATCAGCCCTAATCCATCTGA30 ) and hSOD1 reverse (50 -CGCGACTAACAATCAAAGTGA-30 ).
Treatment and control groups were sex balanced and litter matched.
Behavior

All measurements were performed by a blinded investigator. Starting
1 week after injections, mice were weighed biweekly and monitored
for changes in physical appearance. Disease onset and late disease
were retrospectively deﬁned as the days at which animals reached
peak weight and lost 10% of their peak weight, respectively. Motor
coordination was measured biweekly using a Rotamex-5 rotarod (Columbus Instruments). Animals were placed onto an apparatus programmed to accelerate from 4 to 40 rpm in 180 s, and the latency
to fall was recorded. Each session comprised three trials. Hindlimb
strength was measured biweekly using a grip strength meter (Harvard
Apparatus). Mice were scruffed to ﬁrmly latch onto a pull bar. Mice
were then gently pulled in the opposite direction and the maximum
force exerted prior to the release of the bar was recorded for each animal. Each session comprised three measurements. All data were
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normalized to the starting mouse weight at day 63 and the starting rotarod time and hindlimb grip strength at day 63. End stage was determined as the point when the animals could no longer turn themselves
over within 10 s of being placed on their back, lost more than 20% of
their peak weight, or had complete paralysis. Mice were provided with
wet mashed food in their cages at the ﬁrst sign of hindlimb paralysis
and were monitored daily thereafter.
Immunohistochemistry

Mice were transcardially perfused with PBS, and spinal cords and TA
muscles were post-ﬁxed overnight with 4% paraformaldehyde in PBS
at 4 C. Spinal cords and muscles were cut into 40-mm coronal and
sagittal sections, respectively, using a Leica CM3050 S cryostat. The
sections were then transferred to a 48-well plate and stored in cryoprotectant at 20 C. Spinal cord and muscle sections were washed
three times with PBS and incubated with blocking solution (PBS
with 10% [v/v] donkey serum [Abcam] and 1% Triton X-100) for
2 h at room temperature and stained with primary antibodies in
blocking solution for 72 h at 4 C. Spinal cord sections were then
washed three times with PBS and incubated with secondary antibodies for 2 h at room temperature and washed three times with
PBS. The same steps were carried out with the muscle sections, but
they were instead incubated with Alexa Fluor 647-conjugated a-bungarotoxin with secondary antibodies. Stained sections were then
mounted onto slides using VectaShield Hardset antifade mounting
medium (Vector Laboratories) and visualized using a Leica TCS
SP8 confocal microscope and Zeiss Observer Z1 microscope (Beckman Institute Imaging Technology Microscopy Suite, University of Illinois, Urbana, IL, USA). All image analyses were performed using
ImageJ software.
The following primary antibodies were used: rabbit anti-hSOD1
(1:200; Cell Signaling Technology, 2770S), goat anti-ChAT (1:25;
EMD Millipore, AB144P), goat anti-HA (1:250; GenScript,
A00168), rabbit anti-HA (1:500; Cell Signaling Technology, 3724S),
chicken anti-HA (1:500; Abcam, ab9111), rabbit anti-FLAG (1:500;
Cell Signaling Technology, 14793S), rabbit anti-NeuN (1:500; Abcam,
ab177487), rabbit anti-IbaI (1:500; Wako Pure Chemicals Industries,
019-19741), rat anti-Mac2 (1:500; Cedarlane, CL8942AP), mouse
anti-b3-tubulin (1:1,000; Sigma-Aldrich, T8578), chicken antiGFAP (1:1,000; Abcam, ab4674), and rabbit anti-synaptophysin 1
(1:500; Synaptic Systems, 101 002).
The following secondary antibodies were used: donkey anti-rabbit
Cy3 (Jackson ImmunoResearch, 711-165-152), donkey anti-rabbit
Alexa Fluor 488 (Jackson ImmunoResearch, 711-545-152), donkey
anti-goat Cy3 (Jackson ImmunoResearch, 705-165-147), donkey
anti-goat Alexa Fluor 488 (Thermo Fisher Scientiﬁc, A-11055),
donkey anti-goat Alexa Fluor 647 (Jackson ImmunoResearch, 705605-147), donkey anti-mouse Alexa Fluor 488 (Jackson ImmunoResearch, 715-545-150), donkey anti-chicken Alexa Fluor 647 (Jackson
ImmunoResearch, 703-605-155), donkey anti-chicken Cy3 (Jackson
ImmunoResearch, 703-165-155), donkey anti-rat Cy3 (Jackson ImmunoResearch, 712-165-153), and donkey anti-mouse Alexa Fluor
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488 (Jackson ImmunoResearch, 715-545-150). Postsynaptic AChRs
were detected using Alexa Fluor 647-conjugated a-bungarotoxin
(1:500; Thermo Fisher Scientiﬁc, B35450).
To quantify the area occupied by SOD1 immunoreactive inclusions in
spinal cord sections, an area within the ventral horn or the anterior
white matter was highlighted in ImageJ and a pixel intensity threshold
was applied to the region to quantify the area occupied by SOD1 immunoreactive inclusions. The total surface area occupied by the inclusions
was normalized to the total area analyzed. Our analyses were performed exclusively in the anterior horn and the region of the white
matter ventral to the anterior horn, and not throughout the entire coronal section. On average, 50 hemisections per mouse were analyzed. All
measurements were performed by a blinded investigator.
Deep Sequencing

Amplicons for deep sequencing were generated by PCR using a KAPA2G robust PCR kit, as described above. Following validation of the
quality of PCR products by gel electrophoresis, the PCR products
were isolated using Agencourt AMPure XP PCR puriﬁcation beads
(Beckman Coulter). Indexed amplicon libraries for all samples were
prepared using the KAPA HyperPrep kit (Kapa Biosystems, Roche)
without shearing. Indexed HTS amplicons were then generated using
a Nextera XT DNA library prep kit (Illumina) and quantitated by
qPCR. Libraries were sequenced with a MiSeq nano ﬂow cell for
251 cycles from each end of the fragment using a MiSeq reagent kit
v2 (500 cycles). FASTQ ﬁles were created and demultiplexed using
bcl2fastq v2.17.1.14 conversion software (Illumina). Deep sequencing
was performed by the W.M. Keck Center for Comparative and Functional Genomics at the University of Illinois, Urbana, IL, USA.
DNA sequencing reads were demultiplexed by PCR primer
sequences. Reads with Phred scores below 26 were then removed.
Reads were then aligned to the human (GRCh38) or mouse
(GRCm38) genome using Bowtie2 (with “-local” setting).69 SAMtools70 was used to sort and index aligned reads, and the Integrative
Genomics Viewer (IGV)71 was used to for per-base variant calling using igvtools count function with window size set to 1, minimum mapping quality set to 30, and the “-bases” setting on.
Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8. SOD1
mRNA and protein were compared using an unpaired two-way t
test. Disease onset, late disease onset, and survival Kaplan-Meier analyses were analyzed using the log-rank Mantel-Cox test. Rotarod and
grip strength were compared using a two-way ANOVA followed by a
Bonferroni post hoc test. Weight loss was analyzed using a linear
regression analysis. SOD1 reactive inclusions, motor neuron survival,
neuromuscular junction survival, and deep sequencing data were
compared using a one-tailed unpaired t test.
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Figure S1. CBE target sites in the human SOD1 gene. Schematic of the candidate CBE target
sites in exon 1 of the human SOD1 locus and the five sgRNAs designed for these sites. Blue bases
indicate the target cytosines and blue bars indicate the sgRNA binding sites.

Figure S2. CBEs can induce C > T edits in the human SOD1 gene. Plots illustrating the mean
frequency of editing in the SOD1 gene by deep sequencing in HEK293T cells six days after
transfection with CBE 4 (n = 3). NTG indicates a non-targeted control (n = 3).

2

Figure S3. Analysis of the off-target mutations introduced by the SOD1-targeting CBE. (A)
DNA sequences and chromosomal locations of the top 10 potential off-target sites identified using
an algorithm described Hsu et al.(1) Base mismatches compared to the SOD1 target sequence are
highlighted red. (B) Graphs indicating the C > T editing frequency at potential target cytosines
for each off-target site, as measured by deep sequencing in HEK293T cells six days after
transfection (n = 3). Protospacers are underlined.

3

Figure S4. Split-intein CBEs did not induce increased non-T edits at cytosines within the
editing-window of the SOD1 target sequence. (A) Plots showing the mean frequency changes at
the target cytosine of the bystander cytosine in the SOD1 target sequence by deep sequencing in
HEK293T cells six days after transfection. Values are means (n = 3). (B) Proportion plot
illustrating how editing outcomes corresponded to changes in amino acid sequence (R = A or G).

4

Figure S5. Split-intein CBEs induce more efficient exon skipping than the full-length singlebase editor. (Left) Representative DNA agarose gel and (right) RT-PCR quantitation of exon
skipping induced by the full-length CBE or split-intein CBE at (top) PIK3CA exon 5, (middle)
RELA exon 7 and (bottom) JAG1 exon 9 in HEK293T cells six days after transfection.

5

Figure S6. Base editing by split-intein CBEs results in similar product purity as the fulllength single-base editor. Plots showing the mean frequency change of cytosines within the
EMX1 gene by deep sequencing in HEK293T cells five days after transfection with the full-length
CBE or the split-intein at various cytosines (n = 3). **P < 0.01; *P < 0.05; two-tailed unpaired ttest.

6

Figure S7. Quantitation of the percentage of GFAP+ cells that were HA+ in the anterior horn
of the spinal cord. Percentage of GFAP+ cells that were HA+ in the lumbar, thoracic and cervical
spinal cord four weeks after G93A-SOD1 mice were injected with 8 x 1010 particles each of dual
AAV encoding either the hSOD1- (n = 3) or mRosa26- targeting (n = 3) N- and C-terminal splitintein CBE. 264, 289 and 240 cells were counted in the lumbar, thoracic and cervical spinal cord
sections, respectively in the hSOD1 group, and 231, 270, and 211 cells were counted in the lumbar,
thoracic and cervical spinal cord sections, respectively in the mRosa26 group. Values are means
and error bars indicate S.D.

7

Figure S8. GFAP+ and HA+ cells were also positive for the V5 epitope tag. Representative
immunofluorescent staining of spinal cord section four weeks after G93A-SOD1 mice were
injected with 8 x 1010 particles of dual AAV encoding the N- and C-terminal split-intein CBE.
Arrowheads point to GFAP+, FLAG+ and HA+ cells. Scale bar; 20 µm.

Figure S9. Percentage of HA+ cells in the spinal cord. Dissociated spinal cord tissue sections of
G93A-SOD1 mice injected with 8 x 1010 particles each of dual AAV encoding the N and Cterminal split-intein CBE quantified was analyzed by flow cytometry four weeks after injection.
Unstained dissociated spinal cord tissue sections from uninjected animals was used as a negative
control for gating. Value is a mean and error bars indicate S.D. (n = 3).

8

Figure S10. Intrathecal injection of G93A-SOD1 mice with AAV9 led to limited expression
in neurons and microglia in the spinal cord. Representative immunofluorescent staining of
spinal cord sections four weeks after G93A-SOD1 mice were injected with 8 x 1010 particles of
dual AAV encoding the N- and C-terminal split-intein CBE. Scale bars; 15 µm, left; 30 µm, right.
Microglia marker: Iba1, ionized calcium binding adaptor molecule. Pan-neuronal markers: Tuj1,
a marker for the cytoplasm and processes of differentiated neurons, and NeuN, a marker for
neuronal nuclei. Motor neuron marker, ChAT.

Figure S11. Base editing increased the duration of late disease in G93A-SOD1 mice. (A) Late
disease onset and (B) late disease duration (defined as the length between late disease onset and
end-stage) of G93A-SOD1 mice injected with AAV9-CBE-hSOD1 (n = 15) or AAV9-CBEmRosa26 (n = 15). Error bars represent S.D. **P < 0.01; (A) Log-rank-Mantel-Cox test and (B)
one-tailed unpaired t-test.

9

Figure S12. No difference in therapeutic effect observed between treated male and female
G93A-SOD1 mice. (A) (top) Percent before disease onset, (middle) percent survival, and (bottom)
disease duration of male and female G93A-SOD1 mice injected with 8 x 1010 particles of dual
AAV encoding the hSOD1- or mRosa26-targeting N- and C-terminal split-intein CBE. (B)
Comparison of disease duration of male and female G93A-SOD1 mice injected with 8 x 1010
particles of dual AAV encoding the hSOD1-N- and C-terminal split-intein CBE. hSOD1 (n = 15)
and mRosa26 (n = 15). Values indicate means and error bars indicate S.D. *P < 0.05, one-tailed
unpaired t-test.

10

Figure S13. Base editing improved hindlimb strength in G93A-SOD1 mice. Hindlimb grip
strength of G93A-SOD1 mice injected with AAV9-CBE-hSOD1 (n = 10) or AAV9-CBEmRosa26 (n = 10). Values for each mouse were normalized to day 63 values for the same mice.
Grey box indicates the late phase of disease. Error bars depict S.E.M. *P < 0.05; two-way ANOVA
followed by a Bonferroni post-hoc test.

Figure S14. Animals treated by base editing had reduced rate of weight loss during late
disease. Weight of G93A-SOD1 mice injected with AAV9-CBE-hSOD1 (n = 15) or AAV9-CBEmRosa26 (n = 15). Weights for each mouse were normalized to day 63 values for the same animal.
Grey boxes indicate the late disease phase. Error bars indicate S.E.M. Linear regression analysis
was performed using Prism. ***P < 0.001.

11

Figure S15. Split-intein CBE-mediated base editing reduced astrogliosis at end-stage.
Representative immunofluorescent staining of P90 and end-stage spinal cord sections from G93ASOD1 mice injected with 8 x 1010 particles each of dual AAV encoding the (top) mRosa26 or
(bottom) hSOD1-targeting N- and C-terminal split-intein CBEs. GFAP+ cells from treated animals
were markedly smaller and less abundant at end-stage, suggesting less severe astrogliosis and
hypertrophy. Scale bars; 100 μm.

12

Figure S16. CBE-mediated base editing did not affect microgliosis. Representative
immunofluorescent staining of P90 and end-stage spinal cord sections from G93A-SOD1 mice
injected with 8 x 1010 particles each of dual AAV encoding the (top) mRosa26- or (bottom)
hSOD1-targeting N- and C-terminal split-intein CBEs. Note, no difference in Iba1 or Mac2
expression was observed between groups. Scale bars; 100 μm. Iba1: ionized calcium binding
adaptor molecule, a microglia marker, Mac2: inflammatory β-galactosidase-binding lectin, a
microglial activation marker.

13

Figure S17. CBE-mediated base editing partially protects motor neurons. Representative
immunofluorescent staining of end-stage lumbar spinal cord sections from G93A-SOD1 mice
injected with 8 x 1010 particles each of dual AAV encoding the (left) mRosa26- or (right) hSOD1targeting N- and C-terminal split-intein CBEs. Arrowheads point to surviving ChAT+ motor
neurons within the ventral horn of a hemisection. A quantitative analysis is presented in Figure
4C (n = 7, ~50 hemisections per mouse). Scale bars; 40 μm.

Figure S18. CBE-mediated base editing partially protects neuromuscular junctions (NMJs).
Representative immunofluorescent staining of NMJs from tibialis anterior muscle sections of endstage G93A-SOD1 mice injected with 8 x 1010 particles of dual AAV encoding the (left) hSOD1or (right) mRosa26-targeting N- and C-terminal split-intein CBE. A quantitative analysis is
presented in Figure 4D (n = 7, ~40 NMJs per mouse). Scale bars; 15 μm. NMJ markers were
AChR, a postsynaptic receptor found at NMJs, and synaptophysin, an integral membrane protein
localized to synaptic vesicles.
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Figure S19. Quantitation of the percentage of GFAP+ cells from end-stage spinal cord
sections that were HA+. Percentage of GFAP+ cells within the anterior horn that were also HA+
from the lumbar, thoracic and cervical spinal cord sections of end-stage G93A-SOD1 mice injected
with 8 x 1010 particles of dual AAV encoding the hSOD1-targeting N- and C-terminal split-intein
CBE (n = 3). 231, 239 and 149 total GFAP+ cells were analyzed from the lumbar, thoracic and
cervical spinal cord sections, respectively, between all animals. Error bars indicate S.D.
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Figure S20. Analysis of off-target mutations in vivo. (A) DNA sequences and chromosomal
locations of the top 8 potential off-target sites identified using an algorithm described Hsu et al.(1)
Base mismatches compared to the SOD1 target sequence are highlighted red. (B) Tables indicating
the mutation frequency at each base of each off-target site, as measured by deep sequencing in
end-stage G93A-SOD1 mice transduced with dual AAV encoding hSOD1- or mRosa26-targeting
N- and C-terminal split-intein CBE. Frequency presented as percentages of reads, averaged across
four mice per group.
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VYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGG
FDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKK
DLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPED
NEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHL
FTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDSGGS
TNLSDIIEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAP
EYKPWALVIQDSNGENKIKMLSYPYDVPDYAYPYDVPDYAYPYDVPDYASGGSPKKK
RKV
Figure S21. Amino acid sequences of the split-intein CBEs used in this study. Gray, V5 Tag.
Blue, Nucleoplasmin NLS. Orange, Cytidine Deaminase Domain. Light Green, Linker Region.
Black, Cas9-D10A. Red, N-terminal Intein. Brown, C-terminal Intein. Purple, UGI Domain. Dark
Green. 3x HA Tag. Magenta, SV40 NLS.
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