
Original Article
Efficacy and safety of a SOD1-targeting
artificial miRNA delivered by AAV9 in mice
are impacted by miRNA scaffold selection
Shukkwan K. Chen,1,3 Zachary C.E. Hawley,1,3 Maria I. Zavodszky,1 Sam Hana,1 Daniel Ferretti,1 Branka Grubor,1

Michael Hawes,2 Shanqin Xu,1 Stefan Hamann,1 Galina Marsh,1 Patrick Cullen,1 Ravi Challa,1 Thomas M. Carlile,1

Hang Zhang,1 Wan-Hung Lee,1 Andrea Peralta,1 Pete Clarner,1 Cong Wei,1 Kathryn Koszka,1 Feng Gao,1

and Shih-Ching Lo1

1Biogen, Cambridge, MA, USA; 2Charter Preclinical Services, Hudson, MA, USA
Received 27 September 2022; accepted 12 October 2023;
https://doi.org/10.1016/j.omtn.2023.102057.
3These authors contributed equally

Correspondence: Shih-Ching Lo, Biogen, 225 Binney Street, Cambridge, MA, USA.
E-mail: joyce.lo@biogen.com
Toxic gain-of-function mutations in superoxide dismutase 1
(SOD1) contribute to approximately 2%–3% of all amyotrophic
lateral sclerosis (ALS) cases. Artificial microRNAs (amiRs)
delivered by adeno-associated virus (AAV) have been proposed
as a potential treatment option to silence SOD1 expression and
mitigate disease progression. Primary microRNA (pri-miRNA)
scaffolds are used in amiRs to shuttle a hairpin RNA into
the endogenous miRNA pathway, but it is unclear whether
different primary miRNA (pri-miRNA) scaffolds impact the
potency and safety profile of the expressed amiR in vivo. In
our process to develop an AAV amiR targeting SOD1, we per-
formed a preclinical characterization of two pri-miRNA scaf-
folds, miR155 and miR30a, sharing the same guide strand
sequence. We report that, while the miR155-based vector,
compared with the miR30a-based vector, leads to a higher level
of the amiR and more robust suppression of SOD1 in vitro and
in vivo, it also presents significantly greater risks for CNS-
related toxicities in vivo. Despite miR30a-based vector showing
relatively lower potency, it can significantly delay the develop-
ment of ALS-like phenotypes in SOD1-G93Amice and increase
survival in a dose-dependent manner. These data highlight the
importance of scaffold selection in the pursuit of highly effica-
cious and safe amiRs for RNA interference gene therapy.

INTRODUCTION
Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s dis-
ease, is a chronic and progressive disease leading to deterioration of
the upper and lower motor neurons in the brain and spinal cord,
respectively.1 Approximately 18.9% of familial ALS and 1.2% of spo-
radic ALS cases contain mutations resulting in a toxic gain-of-func-
tion of superoxide dismutase 1 (SOD1).2,3 Several animal models
with SOD1 gain-of-functionmutations result in ALS-like phenotypes,
includingmitochondrial dysfunction, SOD1 protein aggregation, mo-
tor neuron death, and reduced motor function, and thereby provide a
causal link between mutant SOD1 and ALS.4–7 It has been shown that
suppressing SOD1 gene expression through RNA interference (RNAi)
can alleviate ALS-like pathology and improve survival in SOD1-ALS
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preclinical models.8–10 Thus, reducing levels of SOD1 is predicted to
be therapeutic and is being investigated in the clinic.11,12

Recombinant adeno-associated virus (AAV)-mediated delivery of
RNAi agents, including artificial microRNAs (amiRs), in the CNS
to achieve long-term SOD1 suppression and preservation of neuronal
function is an alluring clinical approach.12 Artificial miRNAs consist
of a short interfering RNA inserted into a primary miRNA (pri-
miRNA) scaffold, allowing it to utilize the endogenous miRNA
system (reviewed in Kotowska-Zimmer et al., 2021).13 Similar to
endogenous miRNAs, once expressed, amiRs are first processed by
Drosha ribonuclease III (DROSHA) in the nucleus and subsequently
by Dicer ribonuclease III (DICER) in the cytoplasm, creating a
miRNA duplex that contains a guide and passenger strand. The guide
strand is loaded into argonaute 2, activating the RNA-induced
silencing complex, leading to gene silencing, while the passenger
strand usually gets degraded.14 When stably expressed from a viral
vector, amiRs are continuously processed by the endogenous miRNA
pathway and provide long-lasting silencing of toxic genes, making it
an attractive therapeutic approach for patients with SOD1-ALS.12

However, there are growing reports of RNAi-associated toxicity
in vivo when delivered from AAV vectors as an intended gene ther-
apy. This toxicity could be due to processing competition between
amiRs and the endogenous miRNAs, resulting in oversaturation of
the endogenous miRNA biogenesis pathway.15-17 To achieve optimal
expression of an amiR while avoiding potential toxicities, multiple
components of the AAV construct, including scaffolds, serotypes,
promoters, cis-regulatory elements, and dosage, can be fine tuned.17

For example, when an amiR targeting the humanHTT gene, encoding
huntingtin, was expressed with a polymerase III (Pol III) promoter
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Figure 1. AAV9-miR155-SOD1 shows greater artificial miRNA expression than AAV9-miR30a-SOD1 in vitro

(A–E) NGN2 neurons were transduced with an artificial miRNA targeting SOD1 that was inserted into either a miR155 or miR30a scaffold, and a non-targeting (NT) control into

the same scaffolds. Samples were analyzed 14 days post-transduction. (A) Illustration of artificial miRNA vectors and the complementary guide strand sequence targeting

SOD1 (exon 5) and PCR amplicon targeting SOD1 (exon 4). (B) Reads per million (RPM) of artificial miRNA guide and passenger strands when expressed in either a miR155

scaffold or a miR30a scaffold as calculated by small RNA-seq. Data presented as mean ± SD (n = 4). (C) Real-time PCR shows percent SOD1 expression compared with NT

control after artificial miRNA treatment. Expression levels were normalized to GAPDH prior to comparison. Data presented as mean ± SD (n = 4). Welch’s one-way ANOVA

followed by Holm-Sidak’s multiple comparison post hoc (*p < 0.05). (D) Heatmap of the top 30 expressing endogenous miRNAs in NGN2 neurons. Values in the heatmap

represent log2 (RPM) (n = 4). (E) Differential mRNA expression in NGN2 neurons after artificial miRNA treatment based on RNA-seq analysis (n = 4). Two-tailed Wald test and

p values were adjusted for multiple comparisons by implementing Benjamini-Hochberg false discovery rate. Blue dots indicate significant changes and gray dots highlight

non-significant changes in transcript expression compared with control.
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and delivered to the mouse striatum, it resulted in microglial activa-
tion, striatal damage, and behavioral abnormalities. These adverse
events were avoided when the same amiR was expressed from a
weaker polymerase II (Pol II) promoter.18 Therefore, a thorough un-
derstanding of the amiR safety profile is imperative to further RNAi
constructs.

In part of our development to design an AAV amiR-targeting SOD1,
we examined how two pri-miRNA scaffolds (miR30a and miR155)
differed in the processing and production of an amiR that contained
the same SOD1-targeting sequence. The miR155-based vector
achieved higher guide strand production and SOD1 suppression in
human iPSC-derived NGN2 neurons, mouse brain, and mouse spinal
cord compared with the miR30a-based vector. However, the miR155
scaffold led to a notable increase in neurodegeneration events in mul-
tiple CNS regions in the wild-type mice. In contrast, the miR30a scaf-
fold resulted in only minimal to mild changes in the peripheral nerves
in vivo. Despite lower production of amiR from the miR30a scaffold,
we demonstrated that the miR30a-based vector can still effectively
delay the development of ALS-like phenotypes and prolong survival
in SOD1-G93A mice in a dose-dependent manner. These findings
address the potential toxic characteristics of specific pri-miRNA scaf-
2 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
folds and contribute to the knowledge of vector design and safety
profiling in using amiRs as an effective RNAi shuttle.

RESULTS
Effects of different pri-miRNA scaffold-based vectors on amiR

expression and function in vitro

First, we wanted to determine the impact of two pri-miRNA scaffolds
(miR155 and miR30a) on amiR expression and whether these
differences impact the potency of SOD1 suppression. AAV9 vectors
contained the same SOD1-targeting amiR inserted into either a
miR155 (AAV9-miR155-SOD1) or miR30a (AAV9-miR30a-SOD1)
pri-miRNA scaffold expressed through a Pol II CAGG promoter (Fig-
ure 1A). Both vectors showed comparable transduction efficiency and
viral load within human iPSC-derived NGN2 neurons (Figures S1
and S2). At 14 days post-transduction, AAV9-miR155-SOD1 resulted
in a 6-fold increase in guide strand production compared with AAV9-
miR30a-SOD1 as quantified by small RNA sequencing (RNA-seq).
Both vectors showed guide-to-passenger strand ratios of approxi-
mately 5 and approximately 7 for AAV9-miR155-SOD1 and
AAV9-miR30a-SOD1, respectively (Figure 1B). Since miRNAs can
produce alternative isoforms (isomiRs) due to shifts in DROSHA
and DICER cleavage or nucleotide additions at the 30 end,19 we



Figure 2. AAV9-miR155-SOD1 shows greater artificial miRNA expression than AAV9-miR30a-SOD1 in vivo

(A and B) Mice were given a P0 ICV injection of either AAV9-miR155-SOD1, AAV9-miR30a-SOD1, or a vehicle control. Each amiR was given at two different dose levels,

8E+10GC or 16E+10GC. Expression levels of the artificial miRNA were measured 10 weeks post-injection. (A) RPM of artificial miRNA guide and passenger strands when

expressed in either the miR155 or miR30a scaffold in the spinal cord and cortex using small RNA-seq. (B) qPCR shows percent SOD1 expression compared with control in

the spinal cord or cortex after artificial miRNA treatment. SOD1 levels were normalized to GAPDH levels prior to comparison. Data presented as mean ± SD (n = 3–4).

Generalized least squares test followed by a Tukey’s post hoc to adjust for multiple comparisons (NSp > 0.05, *p < 0.05, ***p < 0.001).
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examined whether the two different scaffolds impacted isomiRs for
the amiR. The predicted isoform of the guide strand is 21 nucleotides
in length, but 30 end extensions resulted in predominately 22 and 24
nucleotide isomiRs from the miR30a-based and miR155-based vec-
tor, respectively (Figure S3). IsomiRs with mismatch sequences in
the canonical region were infrequently observed for either vector
(Figure S4). These data indicate that pri-miRNA scaffolds can impact
isomiR formation, particularly with 30 extensions.

qPCR determined that AAV9-miR30a-SOD1 reduced SOD1 levels
by 58.9% as compared with the non-targeting control, but AAV9-
miR155-SOD1 had a slight yet significantly greater suppressive ef-
fect, reducing SOD1 levels by 63.3% (Figure 1C). Further, transduc-
tion of AAV9-miR30a-SOD1 or AAV9-miR155-SOD1 into primary
cortical neurons results in 70%–75% reduction of SOD1 protein in
miR30a- and miR155-scaffold, respectively (Figure S5). Expression
of these amiR vectors showed no evidence of saturation in endoge-
nous miRNA pathway as small RNA-seq showed no significant
changes in endogenous miRNA expression (data not shown).
Also, heatmaps highlighting the top 30 most abundant endogenous
miRNAs revealed limited and insignificant variations across treat-
ment groups (Figure 1D). Last, it is important to note that amiR-
mediated gene silencing is highly specific to human SOD1 in
iPSC-derived NGN2 cells, regardless of the pri-miRNA scaffold
used. The mRNA-seq analysis revealed no statistically significant
transcriptomic changes other than a robust knockdown of SOD1
(Figure 1E). These data suggest both miRNA-based vectors are
highly specific in silencing SOD1 expression and have no impact
on endogenous miRNA production.
Effects of different pri-miRNA scaffold-based vectors on amiR

expression and function in vivo

After determining the differences between the miR155 and miR30a
scaffolds in amiR expression and potency in vitro, we wanted to eval-
uate how these differences translated into an in vivo setting. Postnatal
day 0 (P0) ICV injections into mice were performed by administering
either vehicle control, AAV9-miR155-SOD1, or AAV9-miR30a-
SOD1 at two dose levels: 8E+10GC and 16E+10GC. At 10 weeks of
age, vectors showed comparable viral loads in the cortex and spinal
cord (Figure S6), and amiR expression correlated with viral load (Fig-
ure S7). The most abundant isomiR observed from each vector in
mouse CNS tissue is similar to that observed in vitro (Figures S3
and S4). Guide-to-passenger strand ratios were more than 10, inde-
pendent of the dose levels used. Strikingly, at both dose levels,
AAV9-miR155-SOD1 resulted in approximately 10-fold higher guide
strand production than the AAV9-miR30a-SOD1 in both the spinal
cord and cortex (Figure 2A). Examination of the different vector com-
ponents (mCherry and WPRE) revealed slightly higher expression of
these two components by approximately 2-fold in mice treated with
the miR30a-based vector compared with the miR155-based vector
in both cortex and spinal cord (Figure S8), suggesting the approxi-
mately 10-fold higher guide strand production seen with the
miR155 scaffold is unlikely caused by variation in overall cargo
expression or ICV injection.

In turn, AAV9-miR155-SOD1 resulted in a significantly greater
knockdown of SOD1 expression in CNS tissue than AAV9-
miR30a-SOD1. However, this difference in suppression was not
10-fold as expected, based on differences in guide strand production
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 3
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Figure 3. Suppression of SOD1 in spinal motor neurons after AAV9-amiR-SOD1 treatment

(A and B) Mice were given a P0 ICV injection of either AAV9-miR155-SOD1, AAV9-miR30a-SOD1, or vehicle control. Each amiR was given at two different dose levels,

8E+10GC or 16E+10GC. Expression of SOD1 was measured in motor neurons 10 weeks post-injection. (A) RNA scope showing ChAT+ (red) and SOD1+ (brown) cells.

Black boxes indicate regions shown at 40x optical magnification illustrating SOD1+ (brown) chromogen. (B) Percent SOD1 in ChAT+ cells after treatment. Percentage SOD1

in ChAT+ cells was normalized to the vehicle prior to comparison. Data presented as mean ± SD (n = 3–4). Generalized least squares test followed by a Tukey’s post hoc test

to adjust for multiple comparisons (NSp > 0.05, *p < 0.05).
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between the two vectors. Instead, AAV9-miR155-SOD1 showed a
approximately 47% and approximately 56% reductions of SOD1 in
the spinal cord and approximately 62% and approximately 68% re-
ductions of SOD1 in the cortex at a low (8E+10GC) and high
(16E+10GC) dose, respectively, whereas AAV9-miR30a-SOD1
showed approximately 25% and approximately 34% reductions of
SOD1 in the spinal cord and approximately 44% and approximately
54% reductions of SOD1 in the cortex at a low (8E+10GC) and high
(16E+10GC) dose, respectively (Figure 2B). RNA-seq confirmed
similar reductions of SOD1 within these bulk CNS tissue samples
(data not shown). Therefore, we observe modest yet significant im-
provements in SOD1 suppression in the CNS tissue of mice when
the amiR is inserted into a miR155 scaffold rather than a miR30a
scaffold.

Since motor neurons are primarily impacted within SOD1-ALS and
AAV9 has been shown to efficiently target motor neurons within
the CNS,20 we next investigated SOD1 suppression in mouse spinal
motor neurons using in situ hybridization techniques. There was
almost a complete knockdown of SOD1 mRNA (>98%) in spinal mo-
tor neurons after AAV9-miR155-SOD1 treatment, even at a low dose
(8E+10GC), while AAV9-miR30a-SOD1 achieved approximately
88% knockdown at the same dose. However, both vectors resulted
in a 94%–96% knockdown at a high dose (16+E10GC), showing no
significant difference in potency (Figure 3). These data indicate
that, despite yielding a 10-fold higher expression level of the guide
strand, the miR155-based vector only showed modest improvement
in potency when compared with the miR30a-based vector in vivo.
4 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
Effects of different pri-miRNA scaffolds on vector safety profile

in vivo

Next, we wanted to determine whether treatment with these vectors
resulted in adverse events. Histopathology revealed minimal to mod-
erate axonal degeneration within the dorsal funiculus of the spinal
cord and sciatic nerve when mice were treated with AAV9-
miR155-SOD1. However, animals treated with AAV9-miR30a-
SOD1 showed none to mild axonopathy. Most strikingly, high dose
(16E+10GC) levels of AAV9-miR155-SOD1 resulted in Purkinje
neuron loss in the cerebellar folia. This was not observed in mice
treated with AAV9-miR30a-SOD1 at the same dose level
(Figures 4A and 4B).

Measuring of serum neurofilament is an effective strategy to assess
potential neurotoxic events in rodents, as there is a direct correlation
between serum neurofilament levels and axonal injury.21 Therefore,
we decided to assess whether the more severe pathology observed
in AAV9-miR155-SOD1 treated animals corresponded with greater
increases in serum phosphorylated neurofilament heavy subunit
(pNF-H). In comparison with vehicle control-treated mice, serum
pNF-H concentrations were significantly elevated at 5 and 9 weeks af-
ter injection with AAV9-miR155-SOD1 treatment at either dose, but
not when mice were treated with AAV9-miR30a-SOD1 at the same
dose levels. This indicates that the miR155-based vector induced
more severe neurotoxic events, consistent with histopathology (Fig-
ure 4C). Furthermore, approximately 40%–50% of AAV9-miR155-
SOD1 treated mice showed a decreased life span before reaching
150 days of age. In contrast, similar to C57BL/6J mice reported in



Figure 4. A greater number of adverse events are associated with the miR155 scaffold than with the miR30a scaffold

(A–D) Mice were given a P0 ICV injection of either AAV9-miR155-SOD1, AAV9-miR30a-SOD1, or vehicle control. Each amiR was given at two different dose levels, 8E+10GC

or 16E+10GC. (A) H&E staining highlighting various pathologies associated with either AAV9-miR30a-SOD1 or AAV9-miR155-SOD1 treatment within the sciatic nerve,

spinal cord, or cerebellum. Scale bars represent 50 mm. (B) Scatterplot representing pathological severity related to AAV9-amiR-SOD1 treatment. (C) A longitudinal

measure of serum pNF-H levels in mice. Data presented as mean ± SD (n = 4–8). Significance versus vehicle was determined using a generalized estimating equation

(***p < 0.001). (D) Survival of mice after AAV-amiR treatment (n = 4–10). Log rank test was used to determine if there was evidence in favor of a different survival between

groups (p = 0.03).
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the literature,22 AAV9-miR30a-SOD1-treated mice displayed a
normal life span before the study was terminated at the 1-year
mark (Figure 4D). Therefore, by changing the pri-miRNA scaffold
from miR155 to miR30a without altering the guide strand sequence,
we were able to mitigate neurotoxicity and improve the safety profile
of the vector in mice.

AAV9-miR30a-SOD1 reduces ALS-like phenotypes in SOD1-

G93A mice

Since AAV9-miR30a-SOD1 exhibited a more favorable safety profile,
we sought to evaluate whether the treatment of AAV9-miR30a-SOD1
could alleviate disease progression in SOD1-G93A mice. AAV9-
miR30a-SOD1 was administered to SOD1-G93A mice through a P0
ICV injection at five different doses (0.5E+10GC, 1.5E+10GC,
4E+10GC, 8E+10GC, and 16E+10GC). Elevated serum neurofila-
ment, including pNF-H, is a known by-product of axonal damage.
It has been shown to be an effective serum and cerebrospinal fluid
biomarker for neurodegenerative diseases, including ALS.23,24 Addi-
tionally, preclinical models of ALS, such as SOD1-G93A mice, also
contain elevated serum neurofilament; thus, this biomarker can be
used as one measurement to assess the efficacy of a drug in preventing
neurodegeneration in a preclinical setting.25 In our study, SOD1-
G93A mice treated with AAV9-miR30a non-targeting control
showed mean serum pNF-H levels of 11169.86 pg/mL, which was
approximately 10-fold greater than the average pNF-H levels
observed in wild-type mice (1,032.49 pg/mL) (Figure 4C). We quan-
tified serum pNF-H in our treated animals and observed a dose-
dependent decrease in serum pNF-H levels in SOD1-G93A mice
treated with AAV9-miR30a-SOD1 compared with mice treated
with AAV9-miR30a non-targeting control at 21 week post-injection.
Furthermore, mice in the two highest dose groups (8E+10GC and
16E+10GC) who survived up to 57 weeks after injection did not
show an elevation in serum pNF-H levels for the duration of the
study as expected in SOD1-G93A mice with a life-time serum
pNF-H average of 1,871.47 pg/mL and 1,600.99 pg/mL, respec-
tively, highlighting the durability of this one-time treatment in
preventing progression of phenotypes associated with neurodegener-
ation (Figure 5A).

Denervation of the neuromuscular junction in the hindlimbs is one
of the first signs of disease pathophysiology observed in SOD1-
G93A mice and can be measured as an electrophysiological decline
in compound muscle action potential (CMAP).26,27 Consistent with
the pNF-H data, there was dose-dependent prevention of CMAP de-
creases in SOD1-G93A mice treated with AAV9-miR30a-SOD1
compared with mice treated with the non-targeting control, in which
no CMAP decline was observed out to 57 weeks in the two highest
dosed groups (8E+11GC and 16E+11GC) (Figure 5B), similar to
what has been previously published for wild-type mice.27 Moreover,
mice treated with the non-targeting control showed a median life
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 5

http://www.moleculartherapy.org


Figure 5. AAV9-miR30a-SOD1 can increase survival and reverse ALS-like phenotypes in SOD1-G93A mice

(A–C) P0 SOD1-G93A mice were given a one-time ICV injection of AAV9-miR30a-SOD1 at one of five dose levels (0.5E+10GC, 1.5E+10GC, 4.0E+10GC, 8.0E+10GC, or

16.0E+10GC), or an NT-miR30a control. A longitudinal measure of (A) serum pNF-H and (B) CMAP signaling. Data expressed as mean ± SD (n = 6–13). Generalized

estimating equation was used to determine significance as compared with the NT-control (NSp > 0.05, ***p < 0.001). (C) Survival of SOD1-G93A mice after amiR treatment

(n = 6–13). Log rank test was used to determine significance as compared with the NT-control (***p < 0.001).
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span of 160 days, whereas mice treated with AAV9-miR30a-SOD1
had a significant increase in survival at a dose of either 0.5E+10GC,
1.5E+10GC, 4E+10GC, 8E+10GC, or 16E+10GC showing a median
life span of 181, 194, 238, 254, or 325 days, respectively (Figure 5C).
Overall, these data indicate that AAV9-miR30a-SOD1 can success-
fully reduce neurodegenerative events, maintain muscle strength
and improve median life span of SOD1-G93A mice in a dose-depen-
dent manner, suggesting it could be a viable treatment for SOD1-ALS
based on our preclinical data.

DISCUSSION
In this study, we evaluated two pri-miRNA scaffolds (miR155 and
miR30a) for their potential impact on the production and potency
of a SOD1-targeting amiR when viral delivered by AAV9 in both
in vitro and in vivomodels. Compared with the miR155-based vector,
an miR30a-based vector resulted in lower levels of guide strand pro-
duction, in turn, seemed to be less potent at mediating SOD1 suppres-
sion in vitro and in vivo. However, the miR30a-based vector was well
tolerated in mice and displayed only minimal to mild axonopathies in
the dorsal funiculus of the spinal cord and sciatic nerve. In contrast,
the miR155-based vector was less tolerated in mice, as evidenced by
mild to moderate axonopathies, Purkinje cell loss in the cerebellum,
and reduced life span observed after AAV9-miR155-SOD1 treatment.
Finally, while AAV9-miR30a-SOD1 had lower guide strand produc-
tion, it successfully prevented ALS-like phenotypes in SOD1-G93A
mice and provided a robust survival benefit. This observation indi-
6 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
cates that using the miR30a scaffold can minimize the risk of CNS-re-
lated toxicities compared with the miR155 scaffold while maintaining
the desired efficacy in a preclinical model.

It has been recognized that using shRNAs and amiRs driven by Pol III
promoters can result in various CNS-related toxicities, notably cere-
bellar Purkinje cell degeneration, and striatum abnormalities, after in-
traparenchymal injection of the AAV vectors.16–18 These toxicities are
thought to be caused by saturation of the miRNA machinery because
of the high production of shRNAs or amiRs expressed from Pol III
promoters.15,17,18 Neither vector showed evidence of saturating
the miRNA machinery in our study, as there was no detectable
change in endogenous miRNA expression and no significant off-
target transcriptional changes in the iPSC-derived NGN2 neurons
upon transduction of AAV9-miR30a-SOD1 or AAV9-miR155-
SOD1.14 Cross-packaging of an AAV vector has also been reported
as a source of toxicity in non-human primates.28 However, we did
not observe cross-packaging events with either of the vectors exam-
ined in this study (Figure S9).

One hypothesis is that the higher production of the amiR from the
miR155 scaffold may induce strong immune-based responses due
to the greater presence of foreign products. For example, the dou-
ble-stranded RNA-sensing innate immune response can be triggered
by the high amounts of a transgene from an AAV vector.29 IsomiRs
have also been shown to induce differentiating effects on the immune
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response and gene silencing30,31; therefore, differences in isomiR for-
mation observed between the miR155 and miR30a scaffolds could
explain the contrasts in SOD1 silencing and tolerability. Furthermore,
strong immune responses caused by unexpected expression from
stuffer DNA sequences in an AAV vector in the cerebellum can elicit
neurotoxic events in non-human primates, including Purkinje cell
degeneration.28 Similar Purkinje cell degeneration has been observed
in mice treated with a shRNA-based AAV vector by Boudreau et al.,
and the authors speculated that this phenomenon might be caused
by miRNA biogenesis pathway disruptions by highly expressed
shRNAs whose unprocessed precursors thereby posed a burden to
the cells.17,32 Regardless of the underlying mechanism, Purkinje cells
seem particularly susceptible to the unwanted by-products of RNAi
therapies and could explain the observation of Purkinje cell loss in
this study when mice were treated with the miR155-based vector
that yielded approximately 10-fold more abundant amiR expression
than the miR30a-based vector.

In addition, AAV9-miR155-SOD1 resulted in increased severity of
axonal degeneration in the dorsal funiculus of the spinal cord and
the sciatic nerve compared with mice treated with AAV9-miR30a-
SOD1. Interestingly, this axonal degeneration is comparable with
the pathology reported in non-human primates experiencing dorsal
root ganglion toxicity after treatment with an AAV vector.33–36

Therefore, we speculate these mice are experiencing similar AAV-
induced toxicity, as this phenomenon has been recently described
in rodents,21 and we further hypothesize that the miR155 scaffold
intensifies this pathology, relative to miR30a, because of its higher
production. However, further analysis is required to confirm this
hypothesis.

Finally, we showed that, while the miR30a-based vector led to lower
amiR expression, it could still robustly increase survival, improve
CMAP output, and lower pNF-H serum levels in SOD1-G93A mice
in a dose-dependent manner. Considering the observed lower amiR
expression with the miR30a scaffold, near 90% or greater suppression
of SOD1 is achieved in mouse motor neurons. Therefore, the approx-
imately 10-fold increase in amiR production by the miR155 scaffold
would have a minimal impact on the target as the upper limit of sup-
pression is nearly reached with the miR30a scaffold. In general,
SOD1-targeting amiRs inserted into either a miR30a or miR155 scaf-
fold have previously been described to reverse ALS-like phenotypes in
SOD1-G93A mice.8–10 Our data reaffirm previous findings regarding
the benefits of using amiRs to potentially treat SOD1-ALS and further
implies that miR30a may be a more optimal scaffold as it decreases
the risk of adverse events compared with the miR155 scaffold while
maintaining high therapeutic benefit in ALS mouse models.

This study examined only two amiR scaffolds as a proof of principle to
show the impact scaffold selection can have on the efficacy and safety
of an AAV-based RNAi therapeutic. As these therapies go into the
clinic, it will be important to continually examine and optimize guide
strand and amiR scaffold design to improve these therapeutics. For
example, the miR33 scaffold has been recently shown to improve
AAV genomic integrity compared with other amiR scaffolds.15 Pri-
miR scaffolds can impact guide strand selectivity and isomiR forma-
tion, which can all be influenced by stem length, loop size, and the
presence of basal (CNNC and UG) and apical (UGU) sequences mo-
tifs.37–39 In addition, the difference in sequence lengths of miR155
and miR30a scaffolds (132 and 319 bases, respectively) may influence
amiR production and isomiR formation, which will need further
investigation. Last, we reported higher guide/passenger ratios in vivo-
than in vitro, which could be related to the contrast in miRNA pro-
cessing across species (i.e., mouse vs. human) and environments
(i.e., whole tissue vs. cell culture), which has been previously re-
ported.40,41 Apart from optimizing scaffolds, it has been demon-
strated that weaker promoters can reduce AAV-amiR-related toxic-
ities and that AAV genotoxicity is influenced by age of injection,
with older mice being less susceptible.18,42 Overall, further optimiza-
tion of pri-miRNA scaffolds, among other factors, is necessary for the
development of ideal AAV-amiR-SOD1 gene therapy in the clinic.

This study highlights the significant impact of pri-miRNA scaffolds
can have on amiR production and drug toxicity, even when the guide
strands are the same and exhibit high specificity with no off-target ef-
fects. In particular, the higher production of the amiR embedded in
the miR155 scaffold, compared with the miR30a scaffold, likely
increased the risks for CNS-related toxicities (i.e., Purkinje cell
loss). In conclusion, this work evaluated one aspect of RNAi gene
therapy constructs and emphasized the importance of continuous
assessment of different AAV construct components to optimize the
potency, efficacy, and safety of these therapies as we attempt to trans-
late them to the clinic for human use.

MATERIALS AND METHODS
AAV vector design, construction, and production

The designed single-stranded AAV9 vector contains a CAGG pro-
moter that drives the expression of a mCherry protein, followed by
an amiR targeting SOD1 in exon 5, the woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE), and a bovine hor-
mone growth poly-A (bGH polyA) signal. The amiR coding sequence
targeting both mouse and human SOD1 is based on the Invitrogen
BLOCK-iT algorithm for the murine miR155 scaffold, while the hu-
man miR30a scaffold is based on Transomic shERWOOD algo-
rithm.43 The oligonucleotide sequence of both artificial miRNAs is
listed as follows with the guide sequence underlined.miR155
construct: 50-CTGGAGGCTTGCTGAAGGCTGTATGCTGTACTT
TCTTCATTTCCACCTTGTTTTGGCCACTGACTGACAAGGTGG
ATGAAGAAAGTACAGGACACAAGGCCTGTTACTAGCACTCAC
ATGGAACAAATGGCC-30 miR30a construct: 50-TGTTTGAATGAGGC
TTCAGTACTTTACAGAATCGTTGCCTGCACATCTTGGAAACACT
TGCTGGGATTACTTCTTCAGGTTAACCCAACAGAAGGCTAAAG
AAGGTATATTGCTGTTGACAGTGAGCGTACTTTCTTCATTT
CCACCTTTTAGTGAAGCCACAGATGTAAAGGTGGATGAAGA
AAGTATGCCTACTGCCTCGGACTTCAAGGGGCTACTTTAGGA
GCAATTATCTTGTTTACTAAAACTGAATACCTTGCTATCTCTT
TGATACATTTTTACAAAGCTGAATTAAAATGGTATAAATTAAAT
CACTTTA-30 PackGene Biotech produced AAV9-amiR vectors using
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triple plasmid transfection protocol, as described previously.44 Transmission
electron microscopy and image analysis were conducted by Packgene to
confirm minimal number of empty AAV capsids for each vector produced
(Figure S10).AAVtiterswerequantifiedbyddPCRusing a custommCherry
primer/probe (forward: 50-TTGGACATCACCTCCCACAAC-30; reverse:
50-CCTCGGCGCGTTCGTA-30; probe: 50- 6FAM-ACTACACCATCGT
GGAAC-MGB/NFQ-30).

Intact genome analysis by 2D-ddPCR

AAV samples were treated with DNase I enzyme at 37�C for 30 min
to remove non-encapsidated DNA. After DNase treatment, a propri-
ety capsid lysis buffer was added to the samples, and they were treated
at 60�C for 10 min to release the encapsidated genomes. Extracted
genomes were combined with a duplex ddPCR master mix using
ddPCR Supermix for Probes (no dUTP). Reactions were prepared
with custom primer/probe sets targeting the CMV enhancer of the
CAGG promoter and the bGH polyA. Percentages of intact genomes
were determined by calculating the percentage of PCR-positive drop-
lets that were positive for both the CMV enhancer and bGH polyA
(Figure S11).

Animals

C57BL/6J (stock # 000664) mice and transgenic SOD1-G93A mice
[B6.Cg-Tg(SOD1*G93A)/1Gur/J] (stock # 004435) were obtained
from the Jackson Laboratories. Animals were randomized into treat-
ment groups in all studies without considering any other variable. Ex-
perimenters were blind to treatment. Mice were housed in a 12/12 h
light/dark cycle in a temperature-controlled room at 22�C–24�C, with
access to food pellets and water provided ad libitum. All animal pro-
cedures were performed following the Biogen Institution Animal
Care and Use Committee guidelines and the National Institute of
Health Guide for the Care and Use of Laboratory Animals.

Neonatal intra-cerebroventricular injection

The intra-cerebroventricular (ICV) procedure was adapted from Tor-
regrosa et al.44 On P0, neonatal mice were anesthetized via hypother-
mia and injected with 4 mL AAV-RNAi vectors diluted in PBS with
0.25% Fast Green by a 33G needle, 10 mL, 45 beveled syringes (Ham-
ilton). The injection site targets the lateral ventricle located laterally
from the sagittal suture, midway between lambda and bregma, to a
depth of 2 mm. Pups were recovered on a warm pad post-injection
and returned to home cage until weaning at 4 weeks of age. P0 ICV
injections were randomized and staggered for all treatment groups
to minimize variation because of the timing of injection. Mice were
only injected if they were within 24 h of age. Mice spinal cord and cor-
tex were collected at ten weeks of age for bioanalytical and histological
analysis.

iPSC-NGN2 cell culture

iPSC-NGN2 is a CRISPR-engineered wild-type iPSC line (ND07189)
carrying a homozygous tet-inducible NGN2 expression cassette at the
AAVS1 locus.45 This stable iPSC line expressing NGN2 was induced
by doxycycline for three days and frozen downonday 3 (D3) for future
use. When D3 NGN2 neurons are plated, the day of seeding is called
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DIV 0 (days in vitro). The iPSC-NGN2 cells were plated on PDL-
coated tissue culture plates (Corning 354470) and maintained in
N2/B27 differentiation media (Life Technologies) with 200 mMascor-
bic acid (Sigma), 1 mM dbcAMP (Sigma), 1 mg/mL doxycycline
(Sigma), 10mMCultureOne (ThermoFisher), 10 ng/mLbrain-derived
neurotrophic factor (BDNF) (Tocris), and 10 ng/mL glial cell line-
derived neurotrophic factor (GDNF) (R&D Systems) from DIV 0 to
DIV 7. Cells were transduced with AAV-amiR vectors at 100,000mul-
tiplicity of infection (MOI) on DIV 7 and were maintained in N2/B27
growth media with 200 mM ascorbic acid, 1 mM dbcAMP, 20 ng/mL
BDNF, and 20 ng/mL GDNF from DIV 8 to DIV 21 in 37�C 5%
CO2 cell culture incubator. The growth medium was changed with
one-half volume exchange on DIV 14. Cells were harvested on DIV
21 in QIAzol (Qiagen #79306) for RNA extraction using miRNeasy
mini kit (Qiagen #217004).

Transduction efficiency in vitro

Immunofluorescence analysis of AAV-infected cells was performed
on DIV 19, 16 days after infection. The number of mCherry positive
cells were counted over the total number of Hoechst 33342-positive
cells. Cells were fixed with 10% neutral buffer formalin (NBF) in
PBS for 30 min at room temperature (RT), washed two times with
DPBS, and incubated with 1% Triton X-100 (Invitrogen, catalog
HFH10) in DPBS for 15 min at RT for permeabilization. Cells were
blocked using Superblock T20 (Thermo Scientific, catalog 37536)
for 1 h at RT. Plates were then stained with Hoechst 33342 (Invitro-
gen, catalog H3570) and incubated for 1 h at RT in the dark. After
washing two times with PBS, confocal images were taken using an
Opera Phenix High-Content Screening system (PerkinElmer) equip-
ped with Harmony software (version 4.9) at 40� objective and
analyzed by Columbus software (version 2.9.1).

Mouse cortical neuron culture transduction and immunoblotting

Primary cortical neurons were isolated from embryonic day 16
Cas9�/+; SOD1-G93A�/+ mouse embryos. Cells were dissociated
by using 20 U/mL papain (Worthington) and seeded at a density of
9 E4 cells per well in 24-well plate coated with 0.5 mg/mL poly-D-
lysine (P7886, Sigma) and 2.5 g/mL laminin (Invitrogen). Dissociated
cells were cultured overnight in DMEM with 10% FBS, 1% penicillin-
streptomycin (pen-strep) for recovery, and subsequently maintained
in neurobasal medium (Invitrogen) supplemented with 2% B27 (In-
vitrogen), 1% pen-strep, and 1% GlutaMAX (Invitrogen). On DIV
5, dissociated cortical neuron cultures were transduced with AAV-
miR155 and AAV-miR30a at 1E5GC MOI and harvested on DIV
15 for SDS-PAGE and Western blot analysis. Cells were lyzed in No-
vex Tris-Glycine SDS sample buffer with NuPAGE sample reducing
agent (Invitrogen). Cell lysates were separated on Novex Tris-
Glycine gels, transferred to nitrocellulose membrane, and probed
with primary antibodies, against b-actin (926-42210, LI-COR Biosci-
ences) and SOD1 (ADI-SOD1-100, Enzo) at 4�C overnight. The
IRDye 800CW-conjugated and IRDye 680-conjugated secondary an-
tibodies (LI-COR Biosciences) were used and detected by the Odyssey
CLx infrared imaging system. Immunoblot band intensities were
analyzed by ODYSSEY application software (LI-COR Biosciences).
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RNA-seq and next-generation sequencing analysis

Small RNA-seq libraries were prepared from 100ng of total RNA using
the forward strand-specific QIAseqmiRNA Library Kit (#331505) with
QIAseq miRNA 96 Index IL kit (#331565) according to the manufac-
turer’s protocol. Libraries were pooled and sequenced on a HiSeq
2500 (Illumina) SR flowcell to generate 75-bp single-end reads. A total
of 6–13million reads were generated per sample. The miRNA-seq data
were analyzedwith theQuickMIRSeq pipeline.46 Briefly, the reads from
multiple lanes weremerged, then trimmed on both ends using cutadapt
version 1.11.47 A reference database was created by merging the miR-
Base Sequence Database Release 22.1 with manually created entries
for the artificial miRNAs.48 Reference sequences of different RNA spe-
cies were used to quantify the relative amounts of miRNA versus other
types of transcripts in the samples. References for spliced mRNA and
non-coding RNA types were downloaded from ENSEMBL, while
transfer RNA (tRNA) reference sequences were obtained from the
tRNAscan-SE Genomic tRNA Database.49,50 The alignment against
these references was done with bowtie version 0.12.7.51 Custom shell,
R, and Perl scripts were used to compute metrics for artificial miRNAs:
guide-to-passenger ratio, percentages relative to total endogenous
miRNA amounts, fraction of accurately expressed sequences, and the
number of unprocessed hairpin loops. Total guide and passenger
strands were calculated to include the total pool of isomiRs. Differential
expression analysis performed with DESeq2 version 1.30.0.52

RNA-seq libraries were generated from 500 ng total RNA using the
KAPA mRNA HyperPrep Kit (Roche) according to manufacturer’s
instructions. NGN2 libraries were sequenced on a NextSeq 550
1 � 50 bp to an average depth of 16m fragments per sample. Mouse
tissue libraries were sequenced on a HiSeq 2500 1 � 50 bp, with an
average depth of 25m fragments per sample. DESeq2 pipeline was
used to find differentially expressed transcripts for samples with
sequencing depth from 20 to 30 million reads were generated per
sample. The fastq files were generated from the bcl files using
bcl2fastq v2.20 (Illumina). The RNA-seq analysis pipeline consisted
of alignment with STAR version 2.5.2a against human genome
version GRCh38 and Gencode gene model release 27 for NGN2 data-
set, and the mouse genome version GRCm38, Genecode model
release M25, for mouse dataset.53,54 After alignment, quantification
of gene expression was carried out with RSEM v1.2.26.55 Differential
expression analysis was performed with DESeq2 version 1.30.0.52

RNA isolation and two-step RT-qPCR

Mouse spinal cord and cortex were pulverized using one 6 mm steel
bead in a cryogenic Genogrinder (Spex Sample Prep) at a speed of
1,000–1,200 strokes/min for 30–40 s and subsequently homogenized
in QIAzol (Qiagen #79306) using Bead Ruptor (Omni #19-050A) for
two cycles at a speed of 5.62 m/s, 30 s per cycle. The cultured iPSC-
NGN2 cells were pipetted up and down and fully lysed in QIAzol.
RNAwas isolated usingmiRNeasymini kit (Qiagen #217004) following
the manufacturer’s protocol, including on-column DNase digestion.

Total RNA concentration was fluorescently measured using the Quant-
IT RNA assay kit (Thermo Fisher Scientific #Q33140). The integrity of
RNA was assessed by measuring the RNA integrity number using the
HT RNA Reagent kit, HT Lab Chip kit, and GXII Touch Instrument
(PerkinElmer #CLS153530 and #760435, respectively). The cDNA
was synthesized using a High-Capacity cDNA reverse transcription
kit (Applied Biosystems #4368814). qPCR was performed on Quant-
studio 12K Flex PCR system using 20 ng cDNA per reaction well
combined with TaqMan Fast Advanced Master Mix (Thermo Fisher
Scientific #4444556) and the Taqman probes (Applied Biosystems)
for housekeeping genes (VIC/MGB) and target genes (FAM/MGB)
listed below. For iPSC-NGN2 cells, human GAPDH (Hs99999905_
m1) and custom probes targeting human SOD1 exon 4 (forward
50-TGGTGTGGCCGATGTGTCTA-30, reverse 50-ATGATGCAATG
GTCTCCTGAGA-30, probe 50-6FAM-TGAAGATTCTGTGATCTCA-
MGB/NFQ-30) were used in Figure 1C. For wild-type spinal cord
and cortex, mouse GAPDH (Mm99999915_g1) and mouse SOD1
(Mm01344233_g1) probes were used in Figure 2B. Expression of
SOD1 was normalized to vehicle-treated control (for mouse tissue) or
non-targeting control (for iPSC-NGN2) and analyzed relative to mouse
or human GAPDH using the comparative 2–DDCT method, as described
previously.56

DNA isolation and biodistribution by ddPCR for iPSC-NGN2

DIV19 iPSC-NGN2 7189 L cells were rinsed with 1� PBS before
DNA extraction. MagMax Multi-sample DNA extraction kit
(Thermo Fisher Scientific) was adapted to KingFisher Flex System
for DNA extraction following the manufacturer’s instructions. Cells
were lyzed by DNA lysis buffer and proteinase K mixture and incu-
bated at 60�C overnight with shaking at 300 RPM. Cell homogenate
was transferred to a 96-well deep-well plate. We added 300 mL of
100% isopropanol and 40 mL of DNA Binding Bead Mix to the
homogenate sequentially. DNA was eluted in Elution Buffer after
subsequent wash and RNase mixture incubation steps. Total DNA
concentration was determined with NanoDrop 8000 (Thermo Fisher
Scientific).

We analyzed 5 mL of the eluted DNA or 1:5 dilution of the eluted
DNA for viral DNA and gDNA quantifications by ddPCR as
duplex. Custom primers and probes targeting human RPP30 were
from Integrated DNA Technology (Coralville, Iowa). Primers and
probe for analyzing human RPP30 (ribonuclease P protein subunit
p30) are as follows: forward 50-CTGAGAAGGGACTACCCTA
GAA-30, reverse 50-CTGCTTGACCACACAGGTAT-30, and probe
50-/5HEX/ACCCTGCTG/ZEN/ACCTTTCATTCCTCC/3IABkFQ/-
30. Custom primers and probe targeting WPRE (Woodchuck Hepati-
tis Virus) were obtained from Thermo Fisher Scientific (forward
50-TGTTGCTCCTTTTACGCTATGTG-30, reverse 50-CGGGAAGC
AATAGCATGATACA-3’, and probe 50-6FAM-ATACGCTGCTTT
AATGC-MGB/NFQ-30) The 25 mL ddPCR reaction mixture was
composed of 12.5 mL of 2� ddPCR Supermix for probes (No
dUTP) (Bio-Rad), 0.75 mL WPRE-FAM, 0.75 mL hRPP30-HEX
probes (900 nM primers and 250 nM probe at final concentration),
6 mL nuclease-free water, and 5 mLDNA sample. Droplets were gener-
ated with the automated droplet generator and temperature cycling
with conditions of 10 min at 95�C and 40 cycles of 30 s at 94�C
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and 1 min at 60�C and 1 final cycle of 10 min at 98�C. Droplets were
read by the QX200 droplet reader (Bio-Rad). Data was analyzed using
QX Manager software, version 1.2 standard edition (Bio-Rad). The
copy numbers of the viral DNA were the absolute copy number
derived from ddPCR. The unit reported from ddPCR assay for viral
DNA quantification was viral genome (vg)/diploid genome of human
RPP30 (dg), which is vg copy number/0.5 * haploid hRPP30 copy
number. The reported vg/dg values are under the assumption that
the DNA extraction efficiency between viral DNA and gDNA is
similar, and between two scaffolds is similar as well.

DNA isolation and biodistribution by qPCR for mouse tissues

Pulverized mouse spinal cord and cortex samples were subjected to
tissue lysis, digestion, and DNA extraction procedures using DNeasy
96 Blood & Tissue Kit from Qiagen. ATL and proteinase K buffer
were added to the wells and homogenates were incubated at 56�C
with shaking at 225 RPM with ThermoMixer C overnight. We added
4 mL 100 mg/mL RNAse A (Qiagen) to each well before proceeding to
subsequent DNA extraction procedures following manufacturer’s in-
struction. All the centrifugation steps were performed with Sigma
4-16KS centrifuge at 6,000�g (Qiagen). DNA was eluted in AE buffer
and total DNA concentration was determined with NanoDrop 8000
(Thermo Fisher Scientific). Each eluted DNA sample was normalized
to 20 ng/mL with nuclease-free water for qPCR analysis. Sample DNA
(20 ng/reaction) and pre-validated linearized plasmid standards con-
taining WPRE and mouse RPP30 sequence (0, 1, 5, 10, 50, 100, 1E3,
1E4, 1E5, 1E6, 1E7, or 1E8 copies/reaction) was analyzed by qPCR
(10 mL/reaction) in a 384-well optical plate using custom TaqMan
primer/probe sets specific for both vector DNA and mouse genomic
DNA at final concentration of 890 nM for primers and 247.5 nM for
probes in triplicates with TaqMan Universal PCR Master Mix, no
AmpErase UNG (Applied Biosystems, NJ) on CFX384 system (Bio-
Rad). Viral vector DNA detection was obtained via detecting
WPRE-FAM and mouse gDNA quantification was obtained by de-
tecting RPP30-HEX. Measurements of viral vector DNA and gDNA
were performed as a duplex assay. PRC cycling conditions were
10 min at 95�C, 40 cycles of 15 s at 95�C, and 1 min at 60�C. The
quantity of the viral DNA and the genomic DNA were interpolated
from the standard curve prepared. Amplification efficiency (E) was
calculated with the following equation: E = �1 + 10 (�1/S), in which
S is the slope of the standard curve. The unit reported from this
qPCR assay for viral DNA quantification was vg/diploid genome of
RPP30 (dg), which is vg copy number/0.5 * haploid RPP30 copy
number.

RNAscope in situ hybridization

The lumbar spinal cord was fixed in 10% neutral buffered formalin
(NBF) for 72 h, processed and embedded in paraffin. Two 5-mm-thick
sections were collected from three different levels of lumbar spinal
cord, separated by more than 75 mm apart. Chromogenic dual
RNAScope (Advanced Cell Diagnostics [ACD]) in situ hybridization
was performed according to manufacturer’s instruction using
Leica BondRX automated staining platform. Probes against target
MmSOD1 (Cat. #812968-C1) and a motor neuron marker
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MmChAT (Cat. #408738-C2) were obtained from ACD. RNAscope
2.5 LS Duplex Red/Brown Reagent Kit was used (ACD, Cat. No.
322440). Slides were scanned on a Panoramic P250 scanner using a
40� objective. The ventral horn area was hand annotated on each spi-
nal cord section and validated by comparison with an anatomical
atlas. Motor neurons were segmented with an AI-based algorithm us-
ing Visiopharm software. Quantification of SOD1 RNAscope signal
was achieved by using color deconvolution filters to separate red
and brown chromogens.

Hematoxylin and eosin staining and pathology scoring

Mouse brain, spinal cord, and sciatic nerve tissues were fixed in 10%
NBF. Whole brain tissue was trimmed at four different levels ([1] ce-
rebrum at the level of lateral ventricles, [2] cerebrum at the level of the
hippocampus and thalamus, [3] brainstem, and [4] cerebellum). Once
trimmed, trimmed sections were paraffin embedded together and
sectioned on one slide in a coronal plane. One brain region (medulla)
and three spinal cord regions ([1] cervical, [2] thoracic, and [3] lum-
bar) were trimmed. Trimmed sections of medulla and spinal cord
were paraffin embedded together and sectioned onto one slide in a
transverse plane. Sciatic nerve was paraffin embedded and sectioned
on a single slide in a sagittal plane. We stained 5-mm-thick sections
with H&E. Samples were stained in different batches which could
cause batch-to-batch variability in stain intensity. H&E slides were
evaluated visually and assessed for severity of histopathological
changes on a scale of 0–5 (0 = no change, 1 = minimal change, 2 =
mild change, 3 = moderate change, 4 = marked change, 5 = severe
change). Severity scores were based on one slide containing either
four different regions of the brain or spinal cord, or the length of
the sciatic nerve. Description of histopathologic scoring criteria is
provided in the Tables S1—S3. Samples were either imaged at Charter
Preclinical Services or Biogen.

Survival study guideline

Daily body weight and paralysis were monitored for the SOD1-G93A
mice after 130–140 days of age or as soon as onset of the disease
phenotype was observed. Dietgel, Hydrogel, and dry food pellets
were supplemented daily. Subcutaneous fluids (1 mL) were provided
if dehydration was observed. The parameters measured for a humane
endpoint for animal euthanization included a loss of more than 20%
of peak body weight and the inability to return to a quadruple position
within 15 s after being placed on the side.

CMAP

Experimenters were blind to genotype and treatment conditions.
CMAP recordings were performed at the indicated time points
(weeks 5–57 in Figure 5B) under isoflurane (1.5%–2.5%) anesthesia
and with body temperature maintained at 37�C. Adequate anesthesia
was confirmed in the absence of a pain withdrawal reflex upon mild
pressure on the hindlimb. Disposable monopolar 28G needle elec-
trodes (Teca 25 mm, 28G electrodes, Natus Medical Inc.) were used
for stimulation and recording. The sciatic nerve was stimulated
near the sciatic notch with constant-current monophasic square-
wave pulses started at 1.0 mA and increased at 0.5 mA increment.
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Each stimulation was 0.1 ms in duration and delivered every 2 s. For
CMAP recordings, the recording electrode was placed intramuscu-
larly 1 mm deep in the tibialis anterior. Stimulation current was
increased until the amplitude of CMAP had reached a maximum,
known as supramaximal stimulus (1.5–3.5mA). Recordings were per-
formed using a current level of 0.5 mA above this value. The ampli-
tude of maximum peak to minimum peak of the biphasic CMAP
waveform was recorded after 0.8 ms of stimulation to exclude the la-
tency from the initiation of stimulus to the initiation of the response.
For each animal, right and left leg amplitudes were averaged for the
CMAP value.
Serum neurofilament assessment

Approximately 100 mL whole blood was sampled every 4 weeks at the
indicated time point (weeks 5 and 9 in Figure 4A; weeks 21–57 in Fig-
ure 5A) by facial vein puncture and stored in BDMicrotainer SST Clog
Activator/Gel tubes (Becton Dickinson). The collected blood was cen-
trifugated at 2000RCF (4,600 RPM) for 10 min to isolate serum for
measurement of pNF-H. Levels of pNF-H in serum were quantified
by pNF-H kit (Protein Simple, SPCKB-PS-000519) and the ELLA mi-
crofluidic ELISA platform following the manufacturer’s protocol.
Statistical analysis

Welch’s one-way ANOVA was performed to compare means be-
tween multiple groups, followed by post hoc pairwise t-tests using
Holm’s method for adjusting multiple comparisons. Longitudinal
data were analyzed using generalized estimating equation to assess
group differences while controlling for time. Log rank tests were
used to determine statistical significance of mouse survival data. All
analyses were run in R version 4.1.2 and GraphPad Prism version
9.2.0. Statistical significance was called at the 0.05 level.
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