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Hereditary spastic paraplegia type 4 is characterized by gait 
impairments, progressive spasticity, and weakness of the lower 
limbs, resulting from degeneration of the corticospinal tracts. 
The disease is caused by mutations of the SPAST gene, which 
encodes a major isoform of spastin called M87 and a minor 
isoform called M1. Owing to its N-terminal hydrophobic 
domain not shared by M87, M1 is the isoform that becomes 
toxic when mutated. Loss of function of either M1 or M87 
or both may also play a role in the disease, sensitizing cortico-
spinal motor neurons to the toxicity of mutant M1. Here, we 
pursued silence-and-replace gene therapy, which addresses 
both gain-of-toxicity and loss-of-function components of the 
disease. We generated an adeno-associated serotype 9 viral 
vector containing microRNA to stop the expression from the 
endogenous SPAST gene and cDNA to express healthy human 
M1 and M87. The vector was introduced by intracerebroven-
tricular injections into newborn pups of SPAST-C448Y, a 
mouse model of the disease that expresses human mutant 
spastin and displays adult-onset corticospinal degeneration 
and gait defects. The treatment successfully replaced both iso-
forms of endogenous spastin with healthy spastin at physio-
logical levels, and prevented the onset and progression of cor-
ticospinal degeneration and gait defects.

INTRODUCTION

Hereditary spastic paraplegia (HSP) is a heterogeneous group of 
neurodegenerative disorders, resulting mainly in degeneration of 
the corticospinal tracts (CSTs), with other tracts also afflicted in 
some patients. 1–3 With a growing number of genes involved, more 
than 90 loci, all HSPs are characterized by progressive spasticity, 
muscle weakness of the lower limbs, and subsequent gait dysfunc-
tion. 4 Pathological mutations occurring in the SPAST gene result 
in HSP type 4, also called SPG4-HSP, which represents the most 
common form of the known HSPs, accounting for roughly 40% of 
the cases, either familial or sporadic. 1,5 More than 200 different path-
ogenic mutations have been identified in the SPAST gene, including 
truncating types and missense variants. To date, there are no

approved therapies for patients with SPG4-HSP beyond strategies 
to make the symptoms more tolerable. Management is limited 
mainly to physical therapy and, for some patients, Botox to reduce 
muscle spasticity.

Spastin presents as two main isoforms: a longer one called M1 
(68 kDa) and a slightly shorter one (61 kDa) called M87. In rodents, 
M87 is called M85 (due to minor sequence differences), but for 
simplicity we refer to it as M87, regardless of species. Over the 
past few years, studies from our laboratory have provided evidence 
for a gain-of-toxicity mechanism as necessary and sufficient for 
SPG4-HSP, with loss of function of M1, M87, or both as an exacer-
bating factor. 6,7 Our studies, conducted on various cellular and 
invertebrate models, show that M1 acquires toxic properties when 
mutated, while M87 does not. 8 Building on this work, we generated 
a mouse model, named SPAST-C448Y, in which SPAST cDNA with 
the missense C448Y mutation was inserted into the ROSA26 locus. 9 

This mouse displays adult-onset gait deficiencies and CST dieback 
degeneration, reminiscent of the human disease, and the symptoms 
are worsened in the offspring of this mouse crossed with a Spast 
knockout mouse. 10

In recent years, we have focused on how to mitigate the toxicity of the 
mutant M1, 6,9 which available evidence suggests accumulates in the 
CSTs, while other investigators have focused on how to compensate 
for lost spastin function. 11,12 Theoretically, a classic silence-and-
replace gene therapy approach would accomplish both, turning off
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expression from the endogenous SPAST genes and replacing their 
expression with that from a healthy SPAST gene.

Since gene therapy was conceptualized a few decades ago, 13–15 the 
technology has advanced, with positive indications of tolerability 
and effectiveness for various neurological disorders. 16–19 In partic-
ular, adeno-associated virus (AAV) vectors, especially AAV sero-
type 9, have proven effective in transducing a wide variety of tis-
sues, including central nervous system (CNS) tissues, 20 leading to 
stable transgene expression, 21–24 and presenting a favorable clinical 
safety profile. 25 Several strategies have been developed to access the 
CNS, including intraparenchymal injections, 26–28 injection of the 
vector into cerebroventricular space, 29–31 intrathecal administration 
into the cisterna magna or the lumbar area, 32–34 and intravenous 
injection. 35,36 Direct vector injection into the CNS is invasive but 
also more effective at transducing larger areas of the brain than 
other routes, especially when administered intracerebroventricu-
larly (ICV).

There are challenges associated with gene therapy for SPG4-HSP. M1 
is produced by expression from a weak/leaky start codon, presum-
ably evolved to ensure that protein levels remain extremely 
low. 37,38 An excess of wild-type (WT) M1 would likely be as patho-
genic as mutant M1. However, M87 is a strong microtubule-severing 
protein, 8,39,40 too much of which would destroy the microtubule 
array of the transduced cells and likely kill them. Mutant M1 be-
comes resistant to degradation, 8,12,41,42 so a patient with many years 
of accumulation of mutant M1 may continue to suffer its ill effects, 
despite the inhibition of expression of more. As with most diseases, 
gene therapy is best suited to prevent the symptoms from occurring 
if introduced pre-symptomatically or to prevent the symptoms from 

worsening if introduced symptomatically.

Here, in the first pre-clinical investigation of gene therapy for SPG4-
HSP, we evaluated the therapeutic efficacy of a dual AAV9 vector, 
named SPAST-AAV9, comprising a microRNA (miRNA or miR) 
and cDNA of WT human SPAST (modified to be unaffected by 
the miRNA). We administered the vector using ICV injections 
into neonatal SPAST-C448Y mice. Once the animals became adults, 
we ascertained the impact of the vector on the expression levels of 
WT M1 and M87, the health status of their CSTs, and their gait 
behavior, all relative to both WT and non-injected SPAST-C448Y 
mice. A safety profile based on a clinical chemistry panel was also 
generated.

RESULTS

Generation of M1-specific antibodies

M1 and M87 are produced by the same mRNA via separate start co-
dons. M87 is ubiquitously expressed in all tissues, while M1 is only 
detected in brain and spinal cord. 43 These two isoforms share all of 
the same domains except for the N-terminal domain that is specific 
to M1 (N-Term, Figure 1A). M87 and M1 are functionally distinct, 
with M87 serving as a microtubule-severing enzyme 8,39,40 and M1 
playing a role in shaping the internal membranes of cells. 12,44–47

M1 levels are extremely low compared to M87, with M1 barely (if 
at all) detectable in most tissues with available tools. This is mainly 
because M87 is expressed from a strong start codon, while M1 is ex-
pressed from a weak start codon that presumably evolved to ensure 
that M1 levels remain low in cells. 37,48,49 Other regulatory mecha-
nisms also contribute to the relative levels of the two isoforms. 49,50

When a mutation exists in the SPAST gene, both M1 and M87 bear 
the mutation, but only mutant M1 is cytotoxic and only mutant M1 
becomes resistant to degradation. 8,43,50 Mutant M87 is dysfunctional 
but not cytotoxic or resistant to degradation. In support of this, a 
prominent band corresponding to accumulated M1 was observed 
on the western blot (WB) of the spinal cord from a human patient 
with a truncating SPAST mutation yielding spastin proteins lower 
in molecular weight than their WT counterparts. 43 A confounding 
unknown is the role of haploinsufficiency in the disease and the de-
gree to which effective gene therapy must also restore physiological 
levels of M1, M87, or both, in addition to ridding the neurons of 
mutant M1. The critical importance of investigating both spastin iso-
forms has long been problematic because there are no tools to distin-
guish these two isoforms, and M1 is present at such vanishingly low 
levels. Recognizing the limitations of available commercial spastin 
antibodies, we generated new M1-specific polyclonal antibodies as 
a critical component of the present study, aiming to enable more ac-
curate and reliable detection of M1 alongside the development and 
testing of the gene therapy vector.

Commercially available spastin antibodies recognize both M1 and 
M87 and hence cannot distinguish them on immunocytochemical 
or immunohistochemical preparations. 51,52 On WB with these anti-
bodies, M87 appears as a prominent band, whereas M1 is undetect-
able in most tissues. M1 becomes apparent in the adult spinal cord as 
a minor band with slightly greater molecular weight than M87. 49 Us-
ing as antigen the first 28 amino acids (aa) specific to M1 to avoid its 
most hydrophobic region, we generated polyclonal antibodies in rab-
bit (Figure 1B). We found through a series of validation experiments 
that the antibodies are highly specific to M1 and sensitive enough to 
detect endogenous human and mouse M1 in our mouse model, thus 
serving our purposes.

The antibodies recognize human M1 ectopically expressed in neuro-
blastoma cells but not human M87 similarly ectopically expressed, 
with no prominent non-specific bands (Figure 1C). This was also 
the case for mouse and rat spastin proteins. In all cases, ectopically 
expressed M1 and M87 were both recognized by a general spastin 
antibody. Moreover, in the spinal cord, an M1 band is apparent in 
WT and SPAST-C448Y +/− mice that is not present in the spinal 
cord of the homozygous knockout mouse (Spast − /− ), confirming 
the antibody’s specificity (Figures 1D and 1E).

Generation of the SPAST-AAV9 dual vector

Because the SPAST-C448Y mouse expresses both WT mouse spastin 
and human mutant spastin, an miRNA for SPAST (miR SPAST ) was 
chosen to target both of them. The U6 promoter, standard for
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miRNA expression, was chosen to drive the miR SPAST . As for the 
cDNA component, alterations were introduced in the third nucleo-
tide (known as the wobble position) of codons overlapping the seed 
sequence to be resistant to the miRs, while keeping the fidelity of the 
sequence of the protein. The Mecp2 promoter was selected for its 
compact size, which allows for larger transgenes to be packaged in 
AAV vectors, and because it effectively drives gene expression, 
with specificity, in neurons within the CNS. 53 Additionally, the 
Mecp2 promoter has already been successfully documented in 
driving the DNA component for gene therapy vectors targeting 
brain cells. 54,55 Plasmids containing either the miRNA for SPAST 
(miR SPAST ) or the cDNA were transfected into HEK293T cells ectop-
ically expressing human or mouse M1 or M87. With satisfactory re-
sults obtained for both component parts (data not shown), we com-
bined them into a gene therapy AAV9 dual vector (with AAV9 
chosen as the viral vector for transduction for reasons outlined in 
the introduction) termed SPAST-AAV9 (shown schematically in 
Figure 2A). For the in vivo experiments, P0 (postnatal day 0)/P1 an-
imals were either non-injected or injected via ICV injections of the 
SPAST-AAV9 vector at a dose of 2.0 × 10 10 vg/mouse, with a total 
volume of 2 μL each ventricle. No signs of trauma or leakage were 
observed at the injection site, and general histological assessments 
of the surrounding tissue revealed no abnormalities indicative (vg, 
viral genomes) of injection-induced damage. No sham-injected 
group was included in our studies as control (Figure 2B).

ICV delivery of SPAST-AAV9 vector silences and replaces 

endogenous SPAST genes in SPAST-C448Y mice

SPG4-HSP primarily affects upper motor neurons and the long axons 
they extend to form the CST, but it also affects other tracts in many pa-

tients to varying degrees. Therefore, the more widespread the transduc-
tion of neurons, the better. Additionally relevant is the fact that over-
coming degeneration that has already occurred is a much greater 
challenge than preventing the degeneration from occurring. For these 
reasons, we chose for our first gene therapy studies to use ICV injection 
of P0/P1 pups, which permits a broad distribution of the vector across 
the CNS and theoretically enables the vector to duplicate the phenotype 
of the WT animal. P0/P1 mice were injected intracerebroventricularly 
with 2.0 × 10 10 vg/mouse of SPAST-AAV9 vector, for a total of 2 μL 
each ventricle, using stereotaxic coordinates: approximately 1 mm 

anterior-posterior to bregma (AP); +1 mm medial-lateral from midline 
(ML); and 2 mm depth from the skin surface (DV). This delivery 
method targets the cerebrospinal fluid, bypassing the blood-brain bar-
rier. 56,57 To verify that the spastin detected via WB resulted from the 
cDNA in the vector rather than representing endogenous protein 
not depleted by the miR SPAST , we conducted an additional experiment 
using homozygous spastin knockout mice (Spast − /− ), which do not 
show any spastin bands on WB. 58 WT and Spast − /− male and female 
mice were ICV injected at P0 with the SPAST-AAV9 vector.

Given that SPG4-HSP primarily affects the long descending axons of 
the CSTs, which reside in the spinal cord, we focused our analysis of 
spastin expression in this region. Degeneration of these axons is a 
defining feature of the disease and is closely linked to the progressive 
motor symptoms observed in both patients and mouse models. As-
sessing spastin levels in the spinal cord therefore provides a direct 
and disease-relevant measure of the silencing and replacement effi-
cacy of the SPAST-AAV9 vector. Thus, at 3 months post-injection,
3 animals from each group (non-injected versus SPAST-AAV9 in-
jected) were sacrificed, and spastin levels were evaluated in spinal

Figure 1. Generation of M1-specific rabbit 

polyclonal antibodies

(A) Schematic illustration of spastin protein domains. M1 

and M85/M87 start codons are highlighted. N-Term, N-

terminal; MIT, microtubules interacting and trafficking 

domain; MTBD, microtubule binding domain; AAA, 

ATPase associated with various cellular activities. (B) The 

alignment of the N-Term domain among different species 

is conserved. The first 28 aa, which is the least 

hydrophobic region of the N-Term domain, were used 

to design the M1-specific antibody. (C) HEK293T cells 

ectopically expressing M87 or M1 are probed with M1-

specific antibody and general spastin antibody. The 

merge image shows overlapping of M1-spastin bands 

for M1 antibody and general spastin antibody. o.e., 

overexpression. (D) Spinal cord tissue lysates from WT, 

SPAST-C448Y +/− , and Spast − /− mice at 6 months of 

age, showing prominent band in the former but not the 

latter. No other bands of any prominence were 

observed anywhere along the full length of the blots 

(only a portion of which is shown here). (E) 

Quantifications of M1 levels were normalized to GAPDH 

relative to WT. Data are represented as mean ± SD, 

with WT values normalized to 1. For statistical tests, 

one-way ANOVA with Tukey post hoc analysis was 

conducted. *p = 0.04; **p = 0.003; ***p < 0.001.
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cord tissues (Figures 3A–3C). Levels of M1 and M87 were then deter-
mined in the CNS tissues (motor cortex and spinal cord) of WT and 
SPAST-C448Y +/− using the M1-specific polyclonal antibody and a 
general spastin antibody to detect M87 (Figures 3D and 3G, respec-
tively). WB results are consistent with effective silence-and-replace. 
The non-injected SPAST-C448Y +/− animals had higher levels of 
both M1 and M87 than WT in the motor cortex (Figures 3E and 
3F) and spinal cord tissues (Figures 3H and 3I). In both the motor 
cortex and spinal cord tissues of WT+SPAST-AAV9 animals, M87 
levels appear to be slightly elevated compared to WT non-injected 
animals, while M1 levels remained similar. This likely reflects the 
low endogenous expression of M1 in adult cortex and may indicate 
a limited dynamic range for detecting changes in M1. It is also 
possible that the expression of the SPAST cDNA favors M87 produc-
tion, contributing to the observed isoform-specific differences.

Spastin is not a neuron-specific protein and is normally also ex-
pressed in peripheral tissues. In our genetic mouse model, human 
mutant spastin is ubiquitously expressed in peripheral organs, such 
as the liver. 9 This provided an opportunity to validate the dual-func-
tion design of our vector, demonstrating that the miRNA effectively 
silences endogenous SPAST, while the replacement cDNA restores 
expression to control levels, but only in neurons. While the vector 
uses a neuron-selective Mecp2 promoter for the DNA, the possibility 
remains that spastin may be silenced in peripheral tissues without 
sufficient replacement, potentially leading to depletion-related ef-
fects. As shown in Figure 4, M87 in the liver was almost completely 
depleted, with no detectable replacement of the depleted protein, 
consistent with efficient miRNA-mediated silencing of the endoge-
nous SPAST genes but without expression of the cDNA via the

neuron-specific Mecp2 promoter (Figure 4B). While this is strong 
evidence that the vector is working as expected, potential conse-
quences of depleting organs such as the liver of their spastin but 
not replacing it will need further consideration.

SPAST-AAV9 produced no observable adverse effects in 

SPAST-C448Y mice

To test whether treatment with SPAST-AAV9 leads to organ toxicity 
in SPAST-C448Y +/− mice, mouse sera were collected, and a full 
blood chemistry panel was analyzed, including aspartate transami-
nase (AST), alanine transaminase (ALT), total bilirubin (T.Bil), albu-
min, total proteins (T.Pro), creatinine (CREA), and electrolytes (Na, 
K, Cl), as shown in Figure 5A. Animals receiving SPAST-AAV9 at 
2.0 × 10 10 vg/mouse had overall normal levels of these serum 

markers at 6 months post-injection, with no significant differences 
in liver function (Figures 5B–5E) or kidney function (Figure 5F), 
although we noticed elevated AST and T.Bil levels in the 
WT+SPAST-AAV9 group compared to the WT non-inj(WT non-in-
jected) group. Importantly, this slight elevation observed in both pa-
rameters appeared to be driven primarily by a single animal, and all 
values remained within reference ranges for healthy animals not 
typically associated with overt liver toxicity in mice.

Interestingly, CREA levels were significantly lower in the SPAST-
C448Y +/− , consistent with muscle deterioration, 59,60 with SPAST-
AAV9 treatment restoring CREA levels to WT (Figure 5G). No sig-
nificant differences were detected in electrolytes, as indicated for Na, 
K, and Cl graphs in Figures 5H–5J, which is important because the 
body depends on adequate intake of nutrients, proper absorption 
of nutrients by the intestines, and proper kidney and lung function. 
These results demonstrate that the SPAST-C448Y +/− mice tolerated 
the SPAST-AAV9 vector well.

SPAST-AAV9 vector prevents axons from degenerating when 

introduced into pre-symptomatic SPAST-C448Y mice

In mice, the CST is located mainly in the dorsal columns (>95%), 
with a very small fraction existing in the ventral column 61,62 

(Figure 6A). Quantitative evaluation of the extent of axonal degener-
ation was carried out in the dorsal column from the spinal cords of all
4 groups. Two different types of analysis were conducted, similar to 
our recently published articles, 9,10 with the ratio of axon numbers at 
the lumbar level versus those at the cervical level indicating the 
degree of axonal dieback degeneration. Axonal degeneration is also 
reflected as changes in the phosphorylation status of the neurofila-
ments in various neurodegenerative diseases. 63,64 The SPAST-
C448Y +/− mice display increased phospho-neurofilament compared 
to WT (Figures 6B and 6C) at the dorsal column of the lumbar level, 
using SMI312 as marker, suggesting that the CST is degenerating. Of 
note, SPAST-C448Y +/− + SPAST-AAV9 presented the same level of 
phospho-neurofilament as WT (Figure 6C). To determine whether 
the SPAST-AAV9 vector had an effect on axonal preservation, we 
quantified SMI311 + axons in both cervical and lumbar dorsal col-
umns of the spinal cord. The analysis using the total neurofilament 
staining SMI311 revealed reduced axonal count at the lumbar level

Figure 2. Generation of the SPAST-AAV9 vector

(A) A dual vector was generated to silence-and-replace endogenous M1 and M87 

mutated spastin with healthy spastin isoforms. The vector presents a miR SPAST 

under U6 promoter to efficiently knock down spastin, while SPAST-cDNA expres-

sion was achieved using a Mecp2 promoter. The target sequence in the SPAST-

cDNA has been altered at the third nucleotide of codons, known as the wobble 

position, so that SPAST-cDNA is miR resistant. (B) Schematic overview of the ICV 

injection. The SPAST-AAV9 was stereotactically injected into the cerebral ventricles 

of P0/P1 pups of WT and SPAST-C448Y +/− mice. Non-injected animals were used 

as the control group.
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compared to the cervical level in the SPAST-C448Y +/− mice relative 
to WT, further confirming degeneration via axonal dieback in the 
CST (Figure 6D). Importantly, SPAST-AAV9-treated mice showed 
a significant rescue of axonal density in the lumbar region 
(Figure 6D, green bars). These results indicate that treatment with

Figure 3. Evaluation of M1 and M87 spastin protein 

levels in the motor cortex and spinal cord

(A) Representative WB of the spinal cord lysates from WT 

and Spast − /− mice at 3 months either non-injected or 

SPAST-AAV9-injected probed for M1-specific and 

general spastin antibodies. (B and C) (B) Quantifications 

of M1 and (C) M87 levels in the spinal cord for WT non-

inj, Spast − /− non-inj, WT+SPAST-AAV9, and 

Spast − /− +SPAST-AAV9 mice. Quantifications of spastin 

intensity were normalized to GAPDH relative to WT. 

Data are represented as mean ± SD, with WT values 

normalized to 1. For each experimental group, lysates 

were collected from 3 mice, 2 males and 1 female. For 

statistical tests, one-way ANOVA with Tukey post hoc 

analysis was conducted. **p = 0.001; ***p < 0.001. (D) 

Representative WB of motor cortex from WT and 

SPAST-C448Y +/− mice collected at 6 months of age 

either non-injected or SPAST-AAV9 injected. (E and F) 

(E) Quantifications of M1 and (F) M87 levels in the motor 

cortex for WT non-inj, SPAST-C448Y +/− non-inj, 

WT+SPAST-AAV9, and SPAST-C448Y +/− +SPAST-

AAV9 mice. Quantifications of spastin intensity were 

normalized to GAPDH relative to WT. Data are 

represented as mean ± SD, with WT values normalized 

to 1. For statistical tests, one-way ANOVA with Tukey 

post hoc analysis was conducted. *p = 0.03; **p = 

0.008; ***p < 0.001. (G) Representative WB of spinal 

cord from WT and SPAST-C448Y +/− mice collected at 

6 months of age either non-injected or SPAST-AAV9 

injected. (H and I) (H) Quantifications of M1 and (I) M87 

levels in the spinal cord at 6 months of age for WT non-

inj, SPAST-C448Y +/− non-inj, WT+SPAST-AAV9, and 

SPAST-C448Y +/− +SPAST-AAV9 mice. Quantifications 

of spastin intensity were normalized to GAPDH relative 

to WT. Data are represented as mean ± SD, with WT 

values normalized to 1. For each experimental group, 

lysates were collected from 4 mice, 2 males and 2 

females. For statistical tests, one-way ANOVA with 

Tukey post hoc analysis was conducted. *p = 0.01; 

**p = 0.002; ***p < 0.001.

SPAST-AAV9 prevents the axonal dieback 
degeneration in the SPAST-C448Y +/− mouse 
model for up to 6 months after a single injec-
tion of the vector at the pre-symptomatic age.

SPAST-AAV9 prevents gait alterations from 

occurring when introduced into pre-

symptomatic SPAST-C448Y mice

Motor and coordination dysfunction, inclu-
ding gait abnormalities, are the main diag-
nostic criteria for many neurodegenerative dis-

orders. Therefore, various behavioral experiments to assess motor 
deficits are used in rodent models 65,66 and provide a reliable and 
quantifiable readout of the effectiveness of therapeutic strategies. 
SPAST-C448Y +/− mice displayed gait abnormalities in the beam 

walk assay, hindlimb clasping, and CatWalk assay, and these

www.moleculartherapy.org

Molecular Therapy Vol. 34 No 3 March 2026 5

Please cite this article in press as: Piermarini et al., Intracerebroventricular SPAST-AAV9 gene therapy prevents manifestation of symptoms in a mouse model 
of SPG4 hereditary spastic paraplegia, Molecular Therapy (2025), https://doi.org/10.1016/j.ymthe.2025.11.029



abnormalities are consistent with CST degeneration in SPG4-HSP 
patients. 9,10

To test whether the SPAST-AAV9 gene therapy improves behavioral 
defects in SPAST-C448Y +/− mice, a mouse cohorts of 8–12 animals 
per group, with equal numbers of males and females, underwent a 
battery of behavioral tests using CatWalk. The CatWalk apparatus 
is an automated system that provides user-independent quantitative 
assessments of multiple spatiotemporal parameters. 67 It is one of the 
most detailed and sensitive assays for detecting gait defects and loco-
motor functions, with over 90 different gait parameters that can be 
assessed. This test was originally selected based on the neurological 
phenotypes in SPAST-C448Y +/− mice and because it can be repeated 
longitudinally. 10 Mice are filmed by a high-speed camera from un-
derneath while traversing through a walkway. When the animal’s 
paws contact the glass, the light is scattered, and digital images of 
the paws are produced by the software that labels paw prints so 
that gait parameters can be assessed. We primarily focused on stand 
duration, swing duration, cadence, and print width, based on their 
correlation with the parameters used to assess gait alterations in hu-
man SPG4-HSP patients. 68 These studies were performed on all the 
mice, WT and SPAST-C448Y +/− , either non-injected or SPAST-
AAV9 injected, and gait analyses were recorded at 3 and 6 months 
of age to assess disease progression and to evaluate the therapeutic 
effects of the SPAST-AAV9 vector (Figure 7A). The 3-months time

point corresponds to the onset of gait deficits in the SPAST-
C448Y +/− mice, allowing analysis of early-stage pathology, while 
the 6-month time point represents a more advanced disease stage, 
with pronounced functional impairments and axonal degeneration. 
This design enabled evaluation of both short- and mid-term efficacy 
of the SPAST-AAV9 gene therapy approach and provided a broader 
understanding of treatment response over time in the disease model.

The SPAST-C448Y +/− non-injected group shows significant gait de-
ficiencies in stand and swing duration at 3 months of age when 
compared to WT (Figures 7B and 7C), while no significant differ-
ences were detected for cadence (Figure 7D) or print width 
(Figure 7E). At 6 months of age, the behavioral phenotype pro-
gresses, with all the parameters worsening in the SPAST-C448Y +/− 

non-inj (Figures 7F–7I). Of note, SPAST-C448Y +/− mice injected 
at pre-symptomatic age with the SPAST-AAV9 were indistinguish-
able from WT at 3 and 6 months post-injection regarding all param-
eters. Thus, the SPAST-AAV9 vector entirely prevented the degener-
ative phenotype otherwise displayed by the SPAST-C448Y +/− mice at 
both 3 and 6 months of age.

DISCUSSION

There has been controversy in the field as to whether SPG4-HSP is 
caused mainly by a loss-of-function or a gain-of-toxicity disease 
pathway, 7,9–11,41–43,69–71 but the strength of a classic gene therapy 
approach is that both possibilities are addressed. Theoretically, if 
all cells relevant to the disease can be transduced prior to the onset 
of the pathology, the nerve degeneration and associated symptoms 
should be completely avoided. Our present study demonstrate suc-
cess in achieving that outcome by introducing into newborn mice 
an AAV9-driven silence-and-replace vector. In achieving such an 
outcome, not only must the miRNA be highly effective but, especially 
in the case of spastin (compared with many other HSP-related pro-
teins), the levels of replacement protein must be sufficient but not too 
high. M87 is a potent microtubule-severing enzyme that would 
destroy the microtubule array of the transduced cells if expressed 
at levels too high to be appropriately regulated. In the case of M1, 
whose mutant form is the primary cause of the disease as indicated 
by several studies, 7,9 the normal levels are vanishingly small, prob-
ably because any higher levels would have adverse effects, presum-
ably similar to the mutant versions. While a shortcoming of WB an-
alyses is that they combine transduced and un-transduced cells, the 
results, taken collectively, suggest that the miR SPAST is effective and 
that the cDNA expresses physiological levels of M1 and M87. This 
would seem to be ideal, as reflected in the positive outcome of the 
histology and behavioral analyses of the animals as they age. In addi-
tion, there are no indications of significant toxicity of the vector from 

blood chemistry panels.

One limitation of the present study is that blood samples for serum 

chemistry were collected only at the 6-month time point, with the 
goal of assessing long-term safety and tolerability of SPAST-AAV9 
treatment. While this approach captures chronic effects, it may over-
look transient elevations in toxicity markers that could occur shortly

Figure 4. Evaluation of M87 spastin protein levels in the liver

(A) Representative WB of liver lysates from WT and SPAST-C448Y +/− mice at

6 months either non-injected or SPAST-AAV9 injected probed with the general 

spastin antibodies to detect M87. (B) Quantifications of M87 levels in the liver for WT 

non-inj, SPAST-C448Y +/− non-inj, WT+SPAST-AAV9, and SPAST-C448Y +/− - 

+SPAST-AAV9 mice. Quantifications of spastin intensity were normalized to 

GAPDH relative to WT. Data are represented as mean ± SD, with WT values 

normalized to 1. For each experimental group, lysates were collected from 3 mice, 2 

males and 1 female. For statistical tests, one-way ANOVA with Tukey post hoc 

analysis was conducted. ***p < 0.001.
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Figure 5. Serum chemistry panel indicates no significant adverse effects of ICV SPAST-AAV9

(A) Non-injected or 2.0 × 10 10 vg/mouse of SPAST-AAV9 vector was administered intracerebroventricularly (ICV) at P0/P1 to an equal number of males and females from WT 

and SPAST-C448Y +/− mice. At 6 months, animals were assessed for behavioral tests and sacrificed for postmortem studies, including serum chemistry panel and histo-

logical analyses. (B–J) No significant differences were observed, with the exception of the CREA parameter (G). (E) For statistical tests, one-way ANOVA with Tukey post hoc 

analysis was conducted. *p = 0.02; **p = 0.007. (G) For statistical tests, one-way ANOVA with Tukey post hoc analysis was conducted. *p = 0.03; **p = 0.008. (I) For statistical 

tests, one-way ANOVA with Tukey post hoc analysis was conducted. *p = 0.02; **p = 0.002. AAV9, adeno-associated virus 9; ALB, albumin; ALT, alanine transaminase; AST, 

aspartate transaminase; Cl, chloride; CREA, creatinine; K, potassium; Na, sodium; T.Bil, total bilirubin; T.Pro, total proteins. The reference values of each parameter are 

reported above the corresponding graph. Each data point represents a measurement from an individual animal, with bars representing the mean ± SD. WT non-inj n = 5, 

SPAST-C448Y +/− non-inj n = 4, WT+SPAST-AAV9 n = 4, and SPAST-C448Y +/− +SPAST-AAV9 n = 5.
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after vector administration. We acknowledge that acute or subacute 
hepatic responses may have been missed, and future studies will 
include earlier and later time points to provide a more comprehen-
sive safety profile. Incorporating such analyses will be particularly 
important for identifying any short-term effects related to vector de-
livery or SPAST silencing without replacement.

Based on the present results, it is unknown whether the silence or the 
replace component of the gene therapy is more crucial, or if they are 
both crucial. If the replace component is crucial, then it is unknown 
whether replacing M1 or replacing M87 is more important or if they 
are both important. While the strength of the present approach is 
that the therapy covers all of these possibilities, it may be that a better 
version of the therapy can be developed with more knowledge. For 
example, if replenishing the spastin levels beyond those provided 
by the healthy SPAST gene in the patients is not necessary, 
then the AAV9-based approach could be replaced with allele-specific 
antisense oligonucleotides that only curtail expression of the 
mutant gene.

What do our gene therapy results portend for the SPG4-HSP patient 
community? While the results with the mouse model are impressive, 
there are several challenges for human patients, not the least of which 
is being able to transduce enough neurons in the much larger human 
brain compared to the mouse brain. Another is the fact that a human 
patient may have a great deal of mutant M1 already accumulated in 
their CST, and this would not likely diminish very quickly just

because the synthesis of more is halted. Finally, the CST may already 
be degenerated, even if the patient has not yet suffered serious symp-
toms, and silencing and replacing the mutant protein would not 
likely reverse that degeneration. These challenges are even more pro-
found for patients who are already suffering from severe symptoms. 
Children may have better potential for restoration of function 
because their nervous system is still developing, but for most pa-
tients, the gene therapy approach on its own may be limited to pre-
venting the symptoms from worsening rather than reversing them. 
In future studies, M1-specific protein degraders, such as intrabod-
ies 72 derived from recombinant M1 antibodies, may offer a combina-
torial or alternative approach to silencing SPAST gene expression, 
particularly in cases in which M1 mutant protein has already 
accumulated.

The best treatment for patients at all stages of the disease is probably 
combinatorial therapy, in which gene therapy is combined with 
other therapies to mitigate the toxicity of the mutant M1 already 
accumulated and therapies to stimulate the sprouting of healthy 
nerves to take the place of the lost connections. While the present 
study focuses on early pre-symptomatic intervention, we recognize 
that translating gene therapy into a feasible treatment for SPG4-
HSP requires efficacy across various stages of disease progression. 
Given the absence of robust prenatal screening methods and vali-
dated early biomarkers, pre-symptomatic treatment may not be 
practical for many patients. Therefore, evaluating this therapeutic 
approach at symptomatic stages will be a critical next step. Our

Figure 6. ICV of SPAST-AAV9 prevents axonal 

degeneration in SPAST-C448Y +/– 

(A) Mice from all experimental groups were perfused in 

4% PFA at 6 months of age, and brain and spinal cord 

were dissected. (B) Representative enlarged cross-sec-

tions of the dorsal column at the lumbar level of the spinal 

cord, stained with SMI312 to assess changes in neuro-

filament phosphorylation status in the CST within the re-

gion of interest (ROI). (C) Quantification shows increased 

SMI312 fluorescence intensity in SPAST-C448Y +/− non-

inj compared to WT non-inj, while the presymptomatic 

injection of the SPAST-AAV9 prevents the degeneration 

from occurring. Data are represented as mean ± SD. 

Each data point is an average of 5–12 randomly 

selected sections from 1 animal. For SMI312 staining, 

WT non-inj n = 8, SPAST-C448Y +/− non-inj n = 6, 

WT+SPAST-AAV9 n = 6, and SPAST-

C448Y +/− +SPAST-AAV9 n = 8. For statistical tests, 

one-way ANOVA with Tukey post hoc analysis was 

conducted. *p = 0.01 for SPAST-C448Y +/− non-inj: WT 

non-inj; **p = 0.001 for SPAST-C448Y +/− non-inj: 

WT+SPAST-AAV9; ***p < 0.001 for SPAST-

C448Y +/− +SPAST-AAV9: SPAST-C448Y +/− non-inj. (D) 

Cross-sections of cervical and lumbar levels were used 

to investigate axonal degeneration of the dorsal column. 

The total axon number per ROI is quantified in the 

dorsal column of SPAST-C448Y +/− relative to WT. The 

quantifications show a reduced number of axon in SPAST-C448Y +/− non-inj. Each data point is an average of 8–12 randomly selected sections from 1 animal. For 

SMI311 staining, animal number n = 4, for all experimental groups. For statistical tests, one-way ANOVA with Tukey post hoc analysis was conducted. *p = 0.02 for 

SPAST-C448Y +/− non-inj: WT non-inj and for SPAST-C448Y +/− non-inj: WT+SPAST-AAV9. Scale bar, 50 μm.
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Figure 7. The SPAST-AAV9 treatment improves the gait impairment in SPAST-C448Y +/– mice

(A) Non-injected or 2.0 × 10 10 vg/mouse of SPAST-AAV9 vector were administered ICV at P0/P1 to an equal number of males and females from WT and SPAST-C448Y +/− 

mice. At 3 and 6 months post-injection, mice were subjected to behavioral tests using CatWalk. (B–E) Parameters assessed at 3 months post-injection; where (B) stand and 

(C) swing durations are significantly increased in SPAST-C448Y +/− non-inj compared to WT non-inj, while no changes are detected among the groups for (D) cadence and

(E) print width. Each data point represents a measurement from an individual animal, n = 12. Data are represented as mean ± SD. For statistical tests, one-way ANOVA with 

Tukey post hoc analysis was conducted. *p = 0.03 and **p = 0.002 in (B); *p = 0.02 in (C). (F–I) Gait parameters were also assessed at 6 months post-injection; (F) stand 

(legend continued on next page)
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long-term goal is to develop gene therapy not only as a preventive 
strategy but also as part of a comprehensive, multi-tiered therapeutic 
regimen that can restore lost function and provide benefit to patients 
regardless of when during disease progression the treatment is initi-
ated. Providing effective therapeutics for all members of the SPG4-
HSP patient community, regardless of disease progression status, is 
the larger goal of our research.

MATERIALS AND METHODS

Animals

All of the animal experiments were performed in compliance with 
the NIH’s Guide for the Care and Use of Laboratory Animals and 
were reviewed and approved by the Institutional Animal Care and 
Use Committee (IACUC) at Drexel University. The animal work 
for this study was carried out under the project license 1045165, pro-
tocol number LA-23-004.

Colony generation, breeding strategy, and housing

The transgenic SPAST-C448Y mouse carries a point mutation in 
exon 11 of human full-length SPAST (SPAST c.1343g>a [p.Cys448-
Tyr], NM_014946.3, CCDS_1778.1) inserted into the Gt26Sor locus 
to allow the expression of human SPAST to be dependent upon Cre 
recombinase. SPAST-C448Y +/− mice (human SPAST-C448Y hetero-
zygous mice) were generated by mating a ubiquitous Cre mouse 
strain with the locked SPAST-C448Y mice as described by Qiang 
et al. 9 Next, we used a Het × Het paradigm to generate all of the 
mice used in this study, both WT and SPAST-C448Y +/− . This 
breeding strategy allows us to collect all of the genotypes needed 
for the study from the litters. Mice (males or females) were group 
housed as 5 per cage under a 12-h light/dark cycle and divided 
into experimental groups: as non-injected or SPAST-AAV9 injected. 
Temperature and humidity were kept constant, and mice had free ac-
cess to drinking water and food.

Genotyping PCR

Genomic DNA (gDNA) was isolated using the EZ Tissue DNA Isola-
tion Kit (catalog no. M1003, EZ Bioresearch). At 21 days of age, mice 
were weened, and ear clipping (no larger than 2 mm) was used to 
mark them and to collect ear tissue for genotyping analysis. To deter-
mine zygosity in SPAST-C448Y mice, 40 ng gDNA was used to run a 
quantitative real-time PCR, using iTaq Universal SYBR Green Super-
mix (catalog no. 1725120, Bio-Rad). Quantitative real-time PCR is 
carried out with a pair of primers that are specific for the human spas-
tin (forward: 5 ′ -AGCACAACTTGCTAGAATGACTG-3 ′ ; reverse:
5 ′ -AAGTTTGAGGGCTGACGCTG-3 ′ ), and mouse interleukin-2 
(forward: 5 ′ -CTAGGCCACAGAATTGAAAGATCT-3 ′ ; reverse:
5 ′ -GTAGGTGGAAATTCTAGCATCATCC-3 ′ ) is used as a control 
gene to identify genotypes based on relative DNA content. The 
PCR reaction is carried out using the StepOne Real-Time PCR System

(catalog no. 4376357, Applied Biosystems). Genotypes were detected 
using LinRegPCR software version 5.1.1.

ICV injections of the SPAST-AAV9 vector

All surgical procedures were performed under hypothermia in 
neonatal mice. P0/P1 littermates were temporarily separated from 

their mother and transported to the surgical suite for the injection 
of the SPAST-AAV9. Pups were deeply anesthetized by hypothermia 
on ice for 10–12 min, with no direct contact of the skin with the ice to 
avoid complications such as tissue damage. Following anesthesia, 
mice were positioned using stereotaxic coordinates to manually 
perform the ICV injection of the SPAST-AAV9 at a dosage of 
2.0 × 10 10 vg/mouse, for a total of 2 μL each ventricle using a 10-
μL Hamilton RN (removable needle) syringe (catalog no. 80330, 
Hamilton) with a 32G needle (catalog no. 7803-04, Hamilton). We 
selected a 2 μL injection volume based on published neonatal ICV 
protocols in P0 mouse pups. 73–75 The needle was held perpendicular 
to the skull during the insertion, and the SPAST-AAV9 was admin-
istered slowly over 1 min per hemisphere into the lateral ventricle at 
approximately 1 mm lateral and 1 mm posterior to bregma at a depth 
of 2 mm. Manual ICV injections were carried out under a stereomi-
croscope, with the pups positioned in a custom neonatal mold and 
gently restrained by hand, while maintained under hypothermia-
induced anesthesia on ice. Following the injection, pups were placed 
on a warming pad until fully recovered before being returned to the 
dam. At P21, animals were weaned and separated according to their 
sex until they were of the appropriate age to assess gait alterations.

M1-specific antibody generation

Standard procedures were applied by GeneScript for the production 
and affinity purification of rabbit polyclonal antibodies to M1, using 
the first 28 aa of M1 as the antigen.

WB analysis of spastin isoform expression in mouse tissues

Four animals per group (2 males and 2 females) were used for the 
analyses. CNS (brain and spinal cord) and peripheral tissues (liver, 
2 males and 1 females) from WT and SPAST-C448Y +/− were 
collected at 6 months of age and via euthanasia by intraperitoneal 
injection of pentobarbital sodium and phenytoin sodium solution 
(Euthasol 150 mg/kg; catalog no. 50989056912, VEDCO). Dissected 
tissues were homogenized in ice-cold 1× radioimmunoprecipitation 
assay buffer (1X RIPA buffer, catalog no. 89901, Thermo Fisher) in 
the presence of a phosphatase/protease inhibitor cocktail (catalog 
nos. A32953 and A32957 for protease and phosphatase inhibitors, 
respectively, Pierce). Tissue lysates, 50 μg, were electrophoresed on 
12% Bis/Tris gels (catalog no. 456-1084, Bio-Rad) to perform SDS-
PAGE. Proteins were then transferred to a polyvinylidene fluoride 
membrane (PVDF, catalog no. 1620177, Bio-Rad), blocked with 
Intercept TBS Blocking Buffer (catalog no. 927-60001, Li-Cor) for

duration, (G) swing duration, (H) cadence, and (I) print widths are worsened in SPAST-C448Y +/− non-inj compared to WT non-inj. Each data point represents a measurement 

from an individual animal, n = 8. Data are represented as mean ± SD. For statistical tests, one-way ANOVA with Tukey post hoc analysis was conducted. ***p < 0.001 in (F); 

**p = 0.002 and ***p < 0.001 in (G); *p = 0.02 and **p = 0.002 for SPAST-C448Y +/− non-inj: WT non-inj, **p = 0.004 for SPAST-C448Y +/− non-inj: WT+SPAST-AAV9 in (H); 

**p = 0.002 and ***p < 0.001 in (I).
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2 h at room temperature (RT). Primary antibodies for M1-specific 
(1:200), general spastin (1:200, Abcam catalog no. ab77144), and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:10,000, 
Abcam, catalog no. AB8245) were diluted in TBS (Tris-buffered sa-
line) Blocking Buffer and incubated overnight at 4 ◦ C. After rinsing 
with TBS 1× + 0.25% Tween 20 (TBS-T 1×) 3 times per 10 min at 
RT, membranes were incubated with IRDye Infrared Dye secondary 
antibodies 1:5,000 (Li-Cor) at RT for 2 h protected from light, and 
proteins were visualized using the Odyssey CLx Imaging System 

(Li-Cor).

Analyses were performed by evaluating the band intensities using 
Image Studio software version 5.2.5 provided by Li-Cor. The levels 
of M1 and M87 were calculated as ratios to the level of GAPDH in 
the same sample. Ratios in WT animals were taken as 1, and the ra-
tios in SPAST-C448Y +/− were presented relative to those in the WT 
animals ± SD.

Serum collection and preparation for blood chemistry panel

To collect the sera, animals were sacrificed using CO 2 for approxi-
mately 5 min, and the thoracic cavity was carefully opened to expose 
the heart. Heart puncture at the right atrium was then performed to 
collect the blood from the thoracic cavity using a 0.5-M EDTA, pH 8 
coated syringe into a BD Vacutainer serum tube (catalog no. 
BD366668). To separate the clot from serum, the tube was then 
spun at 3,000 × g for 10 min at 4 ◦ C in a swing basket centrifuge, 
and the serum (supernatant) was transferred into a new tube and 
stored at − 80 ◦ C until the analyses. The sera were shipped to the Uni-
versity of Michigan Unit for Laboratory Animal Medicine Pathology 
Core facility to run a full chemistry panel, which includes AST, ALT, 
T.Bil, albumin, CREA, T.Pro, and electrolytes (Na, K, Cl). Because 
the syringes were coated with EDTA, creatine kinase and blood 
urea nitrogen values were not considered, while the ALT results 
have been multiplied by a factor of 1.02 as suggested by the facility 
to reflect the serum levels of ALT.

Tissue collection and preparation for anatomical analyses

A total of 6–8 animals per group were considered for the anatomical 
analyses. WT and SPAST-C448Y +/− were collected at 6 months of 
age and sacrificed by intraperitoneal injection of Euthasol solution 
at a dose of 150 mg/kg. Transcardial perfusion was performed by us-
ing 0.9% NaCl (catalog no. BP358-212, Fisher Bioreagent) to rinse 
out blood, followed by 4% paraformaldehyde (PFA, catalog no. 
19202, Electron Microscopy Sciences) in 0.1 M phosphate buffer 
for tissue fixation. CNS tissues (brain and spinal cord) were dissected 
out and post-fixed overnight in 4% PFA, followed by sequential im-
mersion in 15% and 30% sucrose (catalog no. 1310, Fisher Bio-
reagent) before embedding into M1 embedding media (catalog no. 
1310, Thermo Scientific). We obtained 40-μm cross-sections from 

the cervical and lumbar levels of the spinal cord to assess axonal 
degeneration using antibodies SMI311 and SMI312 against total or 
phospho-neurofilaments, respectively. Sections were subjected to a 
quenching step for 2 h at RT to reduce the reaction of endogenous 
peroxidases, followed by a blocking step in 10% goat serum with

0.1% Triton X-100. Cross-sections of the spinal cord were then 
stained for the neurofilament markers.

SMI311 (1:500, BioLegend, catalog no. 837801) or SMI312 (1:500, 
BioLegend, catalog no. 837904) were diluted in PBS 1× overnight 
at 4 ◦ C, followed by incubation with Alexa Fluor 488-conjugated sec-
ondary antibody (1:1,000; catalog no. A11029, Life Technologies) for
2 h at RT. Glass coverslips were mounted on microscope slides with 
Fluoro-Gel (catalog no. 17985-10, Electron Microscopy Sciences) to 
reduce fading of fluorescence, and samples were examined by a Leica 
TCS SP8 confocal microscope using a 63× oil immersion objective. Z 
stacks were collected with a step size of 0.3 μm over a total depth of 
about 10 μm. Quantifications were performed on maximum inten-
sity projections generated from the entire z stack using ImageJ/Fiji. 
Acquisition parameters were kept constant across all samples. Specif-
ically, SMI311 quantification was performed by counting the number 
of SMI311 + axons in the dorsal column at both cervical and lumbar 
levels. For SMI312, fluorescence intensity was evaluated at the lum-
bar level in the dorsal column by measuring the corrected total fluo-
rescence intensity, calculated as the total fluorescent signal within a 
defined region of interest minus background fluorescence. Both an-
alyses were performed using ImageJ software version 2.9.0/1.53t.

Behavioral assay: CatWalk analyses

The CatWalk assay was used to measure gait abnormalities associated 
with CST degeneration. The Noldus CatWalk XT automated gait 
analysis system consists of a black glass platform of 1.3 m above a 
high-resolution video camera, and it is located in a dark and silent 
room. A green light-emitting diode fluorescent light is reflected 
through the glass platform, wherever the mouse makes contact along 
the platform, the green light is scattered, and the camera underneath 
acquires and transforms each scene into a digital image. The CatWalk 
station is also equipped with software that enables the analysis of the 
videos and produces a large amount of data related to more than 90 
different parameters of gait, such as speed, timing, and coordination. 
Mice were transported to an isolated behavior room 30 min before 
testing for acclimation. Each mouse enrolled in the project underwent
1 week of training and 1 week of recording for gait parameters anal-
ysis as previously described with modifications. 10 Before recording, 
animals were individually placed on the CatWalk and allowed to 
move freely in both directions. For detection of all parameters used 
in the experiments, the camera gain was set to 20 dB and the detection 
threshold to 0.10. All runs with a duration between 0.50 and 5.00 s to 
complete the walkway and a maximum speed variation of 60% were 
considered successful runs. A compliant run is described as a mouse 
walking across the runway without stopping, turning around, or 
changing direction. For each animal at each time point a minimum 

of three compliant runs was used for analyses. Compliant runs 
were classified for all limbs and statistically analyzed. Given that 
HSP patients display slow walking speed, 68 the gait analysis for all 
the groups was made by selecting only animals for which walking 
speed will range in the average speed ± SD of SPAST-C448Y +/− 

non-inj mice. WT and SPAST-C448Y +/− from all the experimental 
groups were subjected to behavioral testing at 3 and 6 months of age.
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In the present study, parameters that correlate with gait deficiencies 
of HSP patients were chosen for the analysis. 68 The gait of the ani-
mals was evaluated by the following 4 different parameters. The 
stand duration (or stand phase) is expressed in seconds and repre-
sents the time in which a paw is in contact with the glass plate; the 
swing duration is also expressed in seconds and represents the 
time in which the paw is not in contact with the walkway; the cadence 
represents the frequency of steps the mouse takes during the trial and 
it is measured in steps per second; and the step width or print width 
is the width (vertical direction) of the complete paw print.

Graphs and statistics

All of the statistical analyses were performed and graphs prepared 
using GraphPad Prism version 10.4.0. Group differences were as-
sessed using a one-way analysis of variance (ANOVA), followed by 
Tukey’s post hoc test. Significance was defined as *p < 0.05, using 
the following annotations: *p < 0.05, **p < 0.002, and ***p < 0.001 
were considered statistically significant. Statistical significance and 
the number of samples are noted in the figure legends where appro-
priate. Schematics were created in BioRender (https://BioRender. 
com) with modifications.
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