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Inhibiting mitochondrial fission rescues
degeneration in hereditary spastic paraplegia
neurons

Zhenyu Chen,"? Eric Chai, Yongchao Mou,"? Ricardo H. Roda,** ®Craig Blackstone®>°
and ®Xue-Jun Li%?

Hereditary spastic paraplegias are characterized by lower limb spasticity resulting from degeneration of long corti-
cospinal axons. SPG11 is one of the most common autosomal recessive hereditary spastic paraplegias, and the
SPG11 protein spatacsin forms a complex with the SPG15 protein spastizin and heterotetrameric AP5 adaptor protein
complex, which includes the SPG48 protein AP5Z1. Using the integration-free episomal method, we established
SPG11 patient-specific induced pluripotent stem cells (iPSCs) from patient fibroblasts. We differentiated SPG11
iPSCs, as well as SPG48 iPSCs previously established, into cortical projection neurons and examined protective effects
by targeting mitochondrial dynamics using P110, a peptide that selectively inhibits mitochondrial fission GTPase
Drpl. P110 treatment mitigates mitochondrial fragmentation, improves mitochondrial motility, and restores mito-
chondrial health and ATP levels in SPG11 and SPG48 neurons. Neurofilament aggregations are increased in SPG11
and SPG48 axons, and these are also suppressed by P110. Similarly, P110 mitigates neurofilament disruption in
both SPG11 and SPG48 knockdown cortical projection neurons, confirming the contribution of hereditary spastic
paraplegia gene deficiency to subsequent neurofilament and mitochondrial defects. Strikingly, neurofilament aggre-
gations in SPG11 and SPG48 deficient neurons double stain with ubiquitin and autophagy related proteins, resembling
the pathological hallmark observed in SPG11 autopsy brain sections. To confirm the cause-effect relationship be-
tween the SPG11 mutations and disease phenotypes, we knocked-in SPG11 disease mutations to human embryonic
stem cells (hESCs) and differentiated these stem cells into cortical projection neurons. Reduced ATP levels and accu-
mulated neurofilament aggregations along axons are observed, and both are mitigated by P110. Furthermore, rescue
experiment with expression of wild-type SPG11 in cortical projection neurons derived from both SPG11 patient iPSCs
and SPG11 disease mutation knock-in hESCs leads to rescue of mitochondrial dysfunction and neurofilament aggre-
gations in these SPG11 neurons. Finally, in SPG11 and SPG48 long-term cultures, increased release of phosphoNF-H, a
biomarker for nerve degeneration, is significantly reduced by inhibiting mitochondrial fission pharmacologically
using P110 and genetically using Drp1 shRNA. Taken together, our results demonstrate that impaired mitochondrial
dynamics underlie both cytoskeletal disorganization and axonal degeneration in SPG11 and SPG48 neurons, high-
lighting the importance of targeting these pathologies therapeutically.

[uny

Department of Biomedical Sciences, University of Illinois College of Medicine Rockford, Rockford, IL 61107, USA
Department of Bioengineering, University of Illinois at Chicago, Chicago, IL 60607, USA

3 Cell Biology Section, Neurogenetics Branch, National Institute of Neurological Disorders and Stroke, National
Institutes of Health, Bethesda, MD 20892, USA

Department of Neurology, Johns Hopkins University of Medicine, Baltimore, MD 21205, USA

Movement Disorders Division, Department of Neurology, Massachusetts General Hospital, Boston, MA 02114, USA
MassGeneral Institute for Neurodegenerative Disease, Massachusetts General Hospital, Charlestown, MA 02129,
USA

N

o U1

Received April 20, 2021. Revised November 04, 2021. Accepted December 03, 2021
© The Author(s) 2022. Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved. For permissions, please e-mail:
journals.permissions@oup.com


https://orcid.org/0000-0003-1261-9655
https://orcid.org/0000-0003-1899-9134
https://doi.org/10.1093/brain/awab488

2 | BRAIN 2022: 00; 1-16

Z.Chen et al.

Correspondence to: Xue-Jun Li, PhD Department of Biomedical Sciences University of Illinois College of Medicine

Rockford Rockford, IL 61107, USA E-mail: xjli23@uic.edu

Correspondence may also be addressed to: Craig Blackstone, MD, PhD

MassGeneral Institute for Neurodegenerative Disease
Massachusetts General Hospital

Charlestown, MA 02129, USA

E-mail: cblackstone@mgh.harvard.edu

hereditary spastic paraplegias; axonal degeneration; cortical projection neuron; mitochondrial dynamics;

cytoskeletal organization

hESC =human embryonic stem cell; HSP = hereditary spastic paraplegia; iPSC=induced pluripotent

stem cell

Introduction

Hereditary spastic paraplegias (HSPs) are a large, diverse group of
inherited neurological diseases with the unifying feature of pro-
gressive lower limb spasticity, caused by length-dependent axono-
pathy of long corticospinal tract axons.’™ Over 80 genetic loci
haven been identified to be associated with spastic paraplegias
(SPG1-83, plus others).*® Based on genetic inheritance, HSPs are
classified into dominant, recessive, and X-linked forms; de novo
and mitochondrial DNA mutations have also been described.
SPG11 is a common autosomal recessive HSP caused by biallelic
loss-of-function mutations in the SPG11 gene that encodes the large
spatacsin protein.”® Spatacsin is part of a multiprotein complex
with the SPG15 protein spastizin and the AP5 adaptor complex
that includes the SPG48 protein AP5Z1.° SPG11 patients have a
number of other neurological findings in addition to lower extrem-
ity spasticity, such as cognitive impairment, early-onset parkinson-
ism, peripheral neuropathy, retinal degeneration, and cerebellar
ataxia. Plus, many patients have thin corpus callosum and white
matter changes described as ‘ears of the lynx’.”*°

Knockdown of spatacsin (spgl1) in zebrafish leads to impaired
axonal outgrowth and locomotor impairment, prefiguring involve-
ment in axonal development and maintenance.* Spgl1 knockout
mice develop early-onset motor impairment and cognitive deficits,
with loss of neurons in several brain regions and accumulation of
dystrophic axons in the corticospinal tract.’? At the cellular level,
loss of spatacsin leads to accumulation of lipids within lysosomes
as a result of defective clearance,'? and accumulations of granular
lysosome-like structures and neurofilament aggregations are ob-
served in post-mortem SPG11 brain sections.'® However, pathways
relevant for amelioration of SPG11 related phenotypes have re-
mained elusive.

Studies of neuronal defects in HSP reveal impairments in com-
mon cellular activities such as axonal transport, cytoskeletal dy-
namics, endoplasmic reticulum morphology and endolysosomal
and autophagic functions.’®*® In addition to roles of autophagy
and endolysosomal trafficking,®” recent studies have demon-
strated that loss of spastizin or AP5Z1 proteins impairs mitochon-
drial dynamics in cortical neurons derived from SPG15 and SPG48
induced pluripotent stem cells (iPSCs), respectively.'®*?
Imbalanced mitochondrial fission and fusion leads to abnormal
mitochondrial morphology, resulting in mitochondrial functional
defects and aberrant cellular homeostasis.?*?* By inhibiting the
mitochondrial fission GTPase dynamin-related protein 1
(Drp1),** fragmentation of mitochondria in SPG15 and SPG48

neurons can be suppressed and mitochondria health improved.?*
Moreover, axonal outgrowth defects in these neurons are rescued,
indicating a possible contribution of impaired mitochondrial dy-
namics to axonal outgrowth defects in HSP.>* Whether SPG11 mu-
tations lead to mitochondrial dysfunction and how impaired
mitochondrial dynamics results in axonal degeneration in long-
term HSP neuron cultures remain unclear.

Akey barrier to studying neurological diseases is the difficulty in
obtaining high-quality patient neurons. With the development of
iPSC technology, patient-specific iPSCs provide a unique source to
generate various types of neural cells for the study of neurodegen-
erative diseases in which certain types of neurons are selectively
affected.?*® To investigate the role of mitochondrial dynamics in
SPG11 pathogenesis, we generated patient-specific SPG11 iPSCs
and differentiated SPG11 and control iPSCs into cortical projection
neuron. In complementary studies, we also generated SPG11 dis-
ease mutation knock-in hESCs using CRISPR/cas9-mediated gene
editing. We then examined the effects of P110, a peptide that select-
ively inhibits the mitochondrial fission GTPase Drp1, on mitochon-
drial dysfunction and axonal degeneration in SPG11 neurons.”
Treatment with P110 restores mitochondrial morphology, motility,
and membrane potential and, importantly, rescues axonal and
neuronal degeneration in long-term cultures of SPG11 neurons.
Similar protective effects of P110 are observed in SPG48 neurons,
further supporting the potential use of P110 against nerve degener-
ation in HSPs. Moreover, the impaired neurofilament organization
in these HSP neurons is rescued by restoring mitochondria function
using P110, indicating the promising role of mitochondrial fission
inhibition in rescuing nerve degeneration by mitigating mitochon-
drial and cytoskeletal defects in SPG11 and SPG48.

Material and methods

Clinical evaluation and collection of patient fibroblast cells were
performed under an Institutional Review Board-approved clinical
research protocol (NINDS protocol 00-N-0043) at the National
Institutes of Health Clinical Center. Skin fibroblasts were obtained
from a skin punch biopsy of a patient with SPG11 and cultured
using standard procedures.

The patient presented to the NIH Clinical Center at age 31. He
first noticed difficulty running at age 6, and by 15 he had a clearly ab-
normal gait. He was still able to play lacrosse early in college, but by
age 23 he required a cane to ambulate and had also developed
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dysarthria and dysphagia. Over the next several years he became
non-ambulatory. He received an intrathecal baclofen pump to con-
trol spasticity. On examination, he had very prominent weaknessin
the lower extremities and increased tone but normal power in the
upper extremities. There was no ataxia or rigidity, but pinprick
and vibratory sensation were diminished in the feet. Gene testing
revealed compound heterozygous, pathogenic frameshift muta-
tions in the SPG11 gene: c.3965delG and ¢.5769_5770dupT (Fig. 1A).

Human fibroblast cells were cultured in medium containing 90%
Dulbecco’s modified Eagle medium (DMEM), 10% foetal bovine ser-
um (FBS) and 1x non-essential amino acids (NEAAs). To generate
iPSC lines using an episomal protocol, about 2 x 10° fibroblast cells
were electroporated with episomal plasmids (Addgene) expressing
pluripotency factors (Oct3/4, Sox2, L-Myc, KlIf4 and Lin 28).>° One
week later, cells were passaged, and another week later, cells
were dissociated and plated on irradiated mouse embryonic fibro-
blasts (MEFs). Two weeks later, colonies with representative pluri-
potent morphology were picked up and expanded. After further
identification, established iPSCs lines were selected for experiment.
Teratoma testing for validating the pluripotency of iPSCs was per-
formed by injecting dissociated iPSCs into severe combined immu-
nodeficient (SCID) mice and then collecting teratomas for
histological analysis as described previously.>*

To generate SPG11 knock-in human embryonic stem cell (hESC)
lines, a c.118C>T (p.GIn40X) homozygous mutation was introduced
into H9 hESC lines using CRISPR/Cas9-mediated gene editing by the
iPSC core at the University of Connecticut Health Center. The nu-
cleotide at the 117 position was changed from G to C to facilitate
the gene editing process, and this change did not affect the amino
acid sequence. H9 cells were used as isogenic controls. By combin-
ing lentiviral infection and RNA interference, we also generated
SPG11-knockdown H9 cell lines. The SPG48-knockdown H9 cell
line was established in our previous study.?* Cell lines used in
this study are listed in Supplementary Table 1. All experiments in-
volving hESCs and iPSCs were approved by the University of Illinois
Embryonic Stem Cell Research Oversight Committee (ESCRO) and
IBC. The Institutional Animal Care and Use Committee at the
University of Illinois approved animal studies involving teratoma
formation.

Human iPSCs and hESCs were cultured on irradiated MEF with hu-
man embryonic stem cell (ESC) medium containing 10 ng/ml basic
fibroblast growth factor (b-FGF). IPSCs and ESCs were detached
from the feeder layer to form aggregates in ESC medium without
b-FGF for 2 days and in human neural induction medium (NIM) for
the following 5 days. Next, iPSC and ESC aggregates were plated
onto 6-well plates with 10% FBS in NIM for 12 h. NIM was added
for another 10 days, with medium changed every other day, in order
to generate neuroepithelial cells. Neuroepithelial cells were mech-
anically detached into suspension culture to form neurospheres,
supplemented with NIM with B27, cAMP and insulin-like growth
factor 1 (IGF-1) for 10 additional days. At about Day 28, neurospheres
were dissociated and plated on poly-ornithine-pretreated and
Matrigel-coated coverslips for terminal differentiation; they were
cultured in neural differentiation medium (NDM) containing N2,
B27, cAMP, IGF-1, brain-derived neurotrophic factor (BDNF) and
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glial-derived neurotrophic factor (GDNF).>>33 To test the effects of
P110, cells were cultured in medium supplemented with 1 uM P110.

Total RNA was isolated from cells using TRIzol™ reagent
(Invitrogen) following manufacturer’s instructions. A total of 1 pg
of RNA was used to synthesize cDNA using iScriptcDNA Synthesis
Kit (Bio-Rad) following manufacturer’s parameters. To examine
the mRNA expression, gPCR was performed in a 20 pl mixture con-
taining cDNA, primers and 1x SYBR Green PCR Master mix
(Applied Biosystems) using the QuantStudio 6 Flex Real-Time PCR
System (Applied Biosystems). Expression levels of the mRNA were
calculated using the comparative CT method. The following primers
were used: SPATACSIN, 5'-CTCCTAGTGTCCTGCCATCTGA-3’ (for-
ward) and 5-GGCTAGAGAAATGTGGGAGATG-3’' (reverse); DRPI,
5'-AAATCGTCGTAGTGGGAACG-3' (forward) and 5'-TGGACCAG
TTGCAGAATGAG-3' (reverse); SPATACSIN (C-terminal), 5'-ACACAG
ATGTTGCTGCTCAG-3' (forward) and 5'-ACGAGTTCAGCCACAG
TATC-3' (reverse); GAPDH, 5-ATGACATCAAGAAGGTGGTG-3’ (for-
ward) and 5'-CATACCAGGAAATGAGCTTG-3' (reverse). Primer set
for SPATACSIN C-terminal was used to examine the expression of
SPATACSIN in SPG11 iPSC- and knock-in hESC-derived neural
cultures.

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
with PMSF and proteinase inhibitor cocktails. Samples (20 pg pro-
tein) were run on 8% or 10% SDS-PAGE gels, then incubated with
primary antibodies in 3% bovine serum albumin (BSA) overnight
at 4°C followed by the incubation with secondary antibodies.
After adding enhanced chemiluminescence (ECL) substrate, immu-
noreactivity was revealed using the Bio-Rad ChemiDoc™ MP
Imaging System. Primary antibodies included anti-SPG11 (rabbit
IgG, Sigma-Aldrich, HPA040412, 1:1000) and anti-p-actin (mouse
IgG, Sigma-Aldrich, A5316, 1:5000). Secondary antibodies were
HRP-conjugated IgG from Jackson ImmunoResearch, 1:10 000.

Cells on glass coverslips were fixed with 4% paraformaldehyde for
15 min, followed by several washes with phosphate-buffered saline
(PBS). A 0.2% Triton-X solution in PBS was used for permeabilization
for 10 min, and 10% donkey serum solution in PBS was used for
blocking for 1 h. Cells were incubated with primary antibodies over-
night and secondary antibodies for 1 h. Antibodies used included:
anti-TRA-1-60 (mouse IgM, Santa Cruz, 1:50); anti-NANOG (goat
IgG, R&D Systems, 1:500); anti-SSEA4 (mouse 1gG3, DSHB, 1:100);
anti-OCT4 (mouse IgG, Santa Cruz, 1:200); anti-CTIP2 (rat IgG,
Abcam, 1:2000); anti-NEUN (rabbit IgG, Abcam, 1:500); anti-NF200
(rabbit IgG, Sigma-Aldrich, 1:1000), anti-p-NFH (mouse IgG,
Millipore, 1:1000); anti-Tom20 (mouse IgG, Proteintech, 1:500);
anti-UCHL1 (Rabbit IgG, Proteintech, 1:500).

For axon outgrowth experiments, neurospheres were disso-
ciated into single cells and plated on Matrigel-coated coverslips.
After treatment with or without P110 for 2 days, neurons were fixed
and stained with anti-Tau antibody. Axons are defined as the long-
est neurite which also stains the strongest for Tau as we previously
described.?® Primary neurites are defined as neurites directly com-
ing out of the cell bodies. The number of branches is the total num-
ber of primary neurites of the cell. At least 70 cells from three
coverslips were selected blindly per group and was quantified using
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Figure 1 Morphological characterization of SPG11 and SPG48 cortical projection neurons and effects of mitochondrial fission inhibitor P110. (A) DNA
sequencing electropherograms confirm the presence of biallelic mutations of SPG11, ¢.3965delG and c.5769_5770dupT, in iPSCs (B) derived from the
SPG11 patient. (C) Immunostaining showing the generation of CTIP2* cortical projection neurons from wild-type (WT) control, SPG11, and SPG48
iPSCs. Blue indicates Hoechst-stained nuclei. Scale bar = 100 yum. (D) To analyse neurite outgrowth of these cortical projection neurons, Tau immunos-
taining was performed. Axons were strongly stained for Tau. Using Image]J, axon length (E), primary neurite length (F), and number of branches (G) were
analysed and compared between groups treated with vehicle or P110. Data are presented using box and whisker plots, with all elements (median, inter-
quartile interval, minimum, maximum) shown. At least 70 cells from three coverslips were analysed per group. Scale bars = 200 (B) and 100 pm (C and
D). Dunnett’s test after ANOVA was used to compare multiple groups with the wild-type group. Two-sided t-tests were used to examine differences
between vehicle- and P110-treated groups. *P < 0.05; n.s. = not significant.
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Image] software.”® To quantify the proportion of CTIP2 and
NEUN-expressing cells, a Keyence BZ-X800 fluorescence micro-
scope with x40 objective was used to capture images after immu-
nostaining of coverslips. At least three fields of each coverslip
were chosen and counted (three coverslips each group) using
Image] software by an observer blinded to the experimental
conditions.

Neurospheres were plated onto glass bottom 35 mm dishes. Before
imaging, cells were treated with 25 nM MitoTracker Red CMXRos
(Invitrogen). Then, cells were washed three times with imaging me-
dium, and the dish was placed into a live-cell imaging chamber at
37°C and 5% CO,. Axons were identified using morphological char-
acteristics (i.e. constant thin diameter, long neurites, no proximal
branching, and direct emergence from the cell body), followed by
live-cell imaging as previously described.>**> Briefly, images of
mitochondria along axons were acquired every 5 s for a total of
5 min. Quantitation of the movement of each mitochondrion was
performed using Image] software by an analyser who was blind to
experimental conditions. After tracing each mitochondrion, kymo-
graphs of mitochondrial movement were generated (x-axis repre-
sents position along axons and y-axis represents time). A
minimum of 120 mitochondria from three independent experi-
ments were analysed per group. The velocity of mitochondria show-
ing any movement at the anterograde or retrograde direction®® was
examined. Since mitochondria move more frequently in the antero-
grade direction in our cultures, the number of anterograde mito-
chondria is more than that in the retrograde direction. Motile
mitochondria are defined as moving more than ~5 pm forward or
backward from the origin during the recording period (>0.016 pm/
s).%>*” Multiple transport parameters including average velocity of
mitochondria, the percentage of motile mitochondria, and the fre-
quency of motile mitochondria in both anterograde and retrograde
directions were calculated and compared between groups.

Mitochondrial membrane potential measurements were based on
the fluorescent dye tetramethylrhodamine methyl ester (TMRM,
Invitrogen), as previously reported.?* Cells growing on 35 mm glass
bottom dishes were washed three times with imaging medium
(136 mM NaCl, 25 mM KCl, 2mM CaCl,, 1.3 mM MgCl,, 10 mM
HEPES, 10 mM glucose, pH7.4), then incubated with 10 nM TMRM
in imaging medium for 45 min at room temperature in the dark.
Live-cell imaging was performed as previously described.*
Randomly selected fields were imaged every 15 s for a total of 300
s. After TMRM imaging, mitochondrial uncoupler FCCP was added
at a final concentration of 1 pM, and images were taken every 15 s
for a total of 180 s. Images were analysed using MetaMorph, and
fluorescence intensities were calculated by subtracting background
intensities from initial read-outs.

ATP levels were measured using the Luminescent ATP Detection
Assay Kit (Abcam, ab113849), according to the manufacturer’s
protocol. Cultures were dissociated and about 5x10* neurons
were harvested to perform the assay. After lysis of the cells and
addition of luciferase enzyme and substrate, luminescence was
measured using a BioTek Synergy2 Multi-Mode Microplate Reader.
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Caspase 3/7 activities were measured using the Caspase-Glo 3/7
Assay’s (Promega) protocol. About 5000 cells were dissociated into
single cells and mixed with 50 pl caspase 3/7 reagent in one well
of a 96-well plate. After 1 h at room temperature, luminescence
was measured using a BioTek Synergy2 Multi-Mode Microplate
Reader.

Medium from neurons at 12 weeks of culture was collected and
concentrated to 100ul with 100KD Centrifugal Filter Units
(Millipore). Samples were then assessed using pNF-H ELISA
Version 1 kit (EnCor). Final absorbance was read at 450 nm with a
BioTek Synergy2 Multi-Mode Microplate Reader.

To express wild-type SPG11 for the rescue experiments, lentiviral
plasmid containing the wild-type (WT) full-length SPG11 (E3411,
pReceiver-Lv165-EF1a-SPG11-IRES-GFP) was constructed
(GeneCopoeia™). To generate lentiviral particles, the Lenti-SPG11
plasmid (or Lenti-GFP plasmid, as control) together with lentivirus
packaging plasmids (i.e. pMD2.G and psPAX2) were co-transfected
into HEK293T cells using calcium-phosphate precipitation protocol.
Viral particles were concentrated through ultracentrifugation at
20 000g for 3 h. Viral particles were then resuspended, aliquoted,
and utilized to infect neurons for further analysis.

Statistical significance of mean values among multiple sample
groups was analysed using ANOVA. Dunnett’s test was then used
to compare multiple groups with the control group. Two-sided
t-tests were used to examine the statistical significance between
two sample groups. Continuously distributed data were displayed
by using box and whisker plots, with all elements (median, inter-
quartile interval, minimum, maximum) presented in the figure, or
by showing the data-points. The significance level was defined as
P <0.05, and significance tests were conducted using SAS 9.1 (SAS
Institute).

Data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Results

In order to study the effects of perturbed spatacsin function on cor-
tical neurons, we generated iPSCs from SPG11 patient-derived
fibroblast cells. The episomal method, a non-integrating method,*
was utilized to generate iPSCs by transducing fibroblast cells with
episomal vectors containing pluripotent factors. Single clones
were selected, and clones with typical pluripotent stem cell morph-
ology were expanded for further characterization. These clones
were positive for pluripotency markers OCT4, TRA-1-60, NANOG,
and SSEA4 (Supplementary Fig. 1A and B). Normal karyotype was
maintained following multiple passages (Supplementary Fig. 2).
After these cells were injected into SCID mice, teratomas with
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Figure 2 Mitochondrial fission inhibitor P110 restores mitochondrial morphology in SPG11 and SPG48 neurons. (A) Immunofluorescence images of
mitochondria stained with MitoTracker within axons of wild-type (WT), SPG11 and SPG48 neurons, with or without P110 treatment. Scale bar =
10 pm. (B) Quantification of average mitochondrial length in wild-type, SPG11 and SPG48 neurons. A significant reduction of mitochondrial length
in SPG11 and SPG48 neuron axons was mitigated with P110 treatment. (C) Average aspect ratio of mitochondria in wild-type, SPG11 and SPG48 neurons
with or without P110 treatment. Data are presented using box and whisker plots (with median, interquartile interval, minimum, maximum) from a
minimum of 110 mitochondria per group from three independent experiments. (D) Average linear mitochondrial density of wild-type, SPG11 and
SPG48 neurons, with or without P110 treatment. A minimum of 15 axon segments were analysed per group in three independent experiments.
Dunnett’s test after ANOVA was used to compare multiple groups with the wild-type group. Two-sided t-tests were used to examine the statistical
significance between vehicle- and P110-treated groups. *P <0.05; n.s. = not significant.

typical three germ layer structures were formed, confirming the
pluripotency of the iPSCs (Supplementary Fig. 1C). To validate the
SPG11 mutations in these patient-specific iPSCs, we performed
genomic DNA PCR and sequenced the relevant areas, confirming
pathogenic compound heterozygous mutations of SPG11,
¢.3965delG and ¢.5769_5770dupT (Fig. 1A and B).

SPG11 iPSCs were differentiated into telencephalic glutama-
tergic neurons using protocols we have previously published.?**
Briefly, human iPSCs were detached from MEF feeder cells and
formed aggregates in suspension to initiate spontaneous differ-
entiation. These stem cell aggregates were then cultured in neural
induction medium and formed adherent neuroepithelial cells.
Next, SPG11 iPSCs were differentiated into neuroepithelial cells
with uniform and characteristic columnar cell morphologies, sug-
gesting efficient neural induction. These neural progenitor cells
were isolated, expanded and plated for terminal differentiation
of cortical projection neurons (Fig. 1C). Identities of cortical pro-
jection neurons were determined using the subcerebral neuron
marker CTIP2*® (Fig. 1C) and neuronal marker NeuN*’
(Supplementary Fig. 3A). SPG11 iPSCs differentiated into neural
lineage and CTIP2* cortical projection neuron efficiently, similar
to control wild-type iPSCs (Supplementary Fig. 3B and C). The re-
duced expression of spatacsin at both mRNA and protein levels
was confirmed in SPG11 iPSC-derived neural
(Supplementary Fig. 3D and E). Thus, spatacsin loss-of-function
does not appear to affect the specification of cortical projection
neuron. Interestingly, the axonal length of tau* axons was signifi-
cantly reduced in SPG11 compared to wild-type control neurons
(Fig. 1D and E; vehicle-treated wild-type versus vehicle-treated
SPG11 cells). The primary neurite length and number of branches

cultures

were also significantly reduced in SPG11 cortical neurons (Fig. 1F
and G). Similar changes were observed in cortical neurons derived
from SPG48 iPSCs (Fig. 1E-G); SPG48 is a rare, recessive HSP caused
by loss-of-function of AP5Z1, a subunit of the heterotetrameric
APS adaptor protein thatis in complex with the SPG11 protein spa-
tacsin and SPG15 protein spastizin. These data suggest that loss of
spatacsin or AP5Z1 does not alter the neural lineage specification,
but instead impairs axonal development at an early stage of
differentiation.

Our previous results demonstrated that Mdivi-1, an inhibitor of the
Drp1 GTPase that mediates mitochondrial fission, can rescue axon-
al outgrowth defects in SPG15 and SPG48 neurons.?* Here, we fur-
ther examined whether mitochondrial defects underlie reduced
axonal outgrowth in SPG11 cortical neurons and, more importantly,
whether the dynamic process of axonal degeneration in these neu-
rons can be rescued by targeting mitochondrial dynamics. We trea-
ted wild-type control and SPG11 neurons with P110, a potent and
specific inhibitor for Drp1,” for 2 days, and then compared axon
outgrowth with vehicle-treated cell groups (Fig. 1D-G). Our data
show that axon length in SPG11 neurons is significantly increased
after treatment with P110 as compared to the vehicle-treated
SPG11 group (Fig. 1D and E). Similarly, the reduced primary neurite
length in SPG11 cortical neuron axons was ameliorated after P110
treatment (Fig. 1F). Interestingly, P110 has no effect on the number
of branches, suggesting that neurite branching and axonal elong-
ation (length) are differentially regulated.
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Figure 3 Mitochondrial fission inhibitor P110 improves mitochondrial motility in SPG11 and SPG48 neurons. (A) Representative distance (x-axis) versus
time (y-axis) kymographs of motile mitochondria in axons of wild-type (WT), SPG11 and SPG48 neurons, with or without P110 treatment. Bottom images
show relative Straighten results. Scale bar = 10 pm. (B and C) The velocity of mitochondria (at least 120 mitochondria per group from 15 axons) moving at
anterograde or retrograde directions was examined. Quantifications of average anterograde velocities of mitochondria [means + standard error of the
mean (SEM)] show a significant reduction in SPG11 and SPG48 neurons as compared with wild-type neurons (B). This reduction is mitigated by P110
treatment. (C) Average mitochondrial retrograde velocities for wild-type, SPG11 and SPG48 neurons, with or without P110 treatment.
(D) Quantification of total mitochondria number within 100 pm neurites of wild-type, SPG11 and SPG48 neurons. At least 15 axon segments
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In order to examine the protective effects of P110 in other closely
related recessive forms of HSP, we also treated SPG48 cortical neu-
rons with P110 and tested whether their axonal outgrowth and later
nerve degeneration can be modulated by P110. Though Mdivi-1 has
been reported to affect mitochondrial respiration in addition to its
Drpl-inhibiting effect,*® P110 is a specific inhibitor for mitochon-
drial fission mediator, Drpl. SPG48 cortical neurons were treated
with P110 for 2 days, the same treatment as for SPG11 cortical neu-
rons (Fig. 1D-G). Similarly, P110 treatment significantly restores
axon length (Fig. 1E) and neurite number (Fig. 1F) in SPG48 cortical
neurons as compared to vehicle-treated groups. Together, these
data suggest that P110 can effectively rescue early axonal out-
growth deficits in SPG11 and SPG48 cortical neurons.

Fast axonal transport of mitochondria is critical for maintaining
normal axon functions, and itis regulated by mitochondrial dynam-
ics.**™** Previous studies have shown that abnormalities in mito-
chondrial fission and fusion can lead to dysfunction in HSP
neurons.”* To examine defects in mitochondrial dynamics in
SPG11 and SPG48, we treated these cortical projection neurons
with mitochondrial fission inhibitor P110, a more specific mitochon-
drial fission inhibitor than Mdivi-1.2%*>¢ We first examined the ef-
fect of P110 on mitochondrial morphology in axons using live-cell
imaging after MitoTracker dye staining, as previously described.*
Average mitochondrial lengths in SPG11 and SPG48 axons are short-
er than in wild-type neurons (Fig. 2A and B). Moreover, average
mitochondrial lengths in SPG11 and SPG48 neurites treated with
P110are significantly increased as compared to thatin vehicle group
(Fig. 2A and B). P110 also significantly increases the mitochondria
aspect ratio (length/width ratio) as well as mitochondrial densities
in SPG11 and SPG48 axons (Fig. 2C and D). Similar protective effects
are seen in SPG48 neurons upon treatment with P110, indicating
that P110 is able to inhibit mitochondrial fission and rescue mito-
chondrial morphology abnormalities in SPG11 and SPG48 neurites.

We next asked whether P110 can improve mitochondrial motil-
ity in SPG11 and SPG48 axons. Wild-type, SPG11 and SPG48 cortical
projection neurons were treated with P110 and then stained with
MitoTracker™. Fluorescent images of axons in each group were ta-
ken every 5 s for a total of 5 min, and trajectories of individual mito-
chondria were acquired for representative kymograph analyses.
Decreased mitochondrial movement is observed in SPG11 and
SPG48 vehicle groups as compared with the wild-type group, and
treatment with P110 increases mitochondrial movement events in
all groups (Fig. 3A and Supplementary Videos 1-6). Statistical ana-
lyses of trajectories from each mitochondrion reveals a significant
reduction of anterograde mitochondrial moving velocity in axons
of SPG11 and SPG48 vehicle groups compared with the wild-type
group, and treatment with P110 restores mitochondrial motilities
in SPG11 and SPG48 axons (Fig. 3B). The mitochondrial velocity in
the retrograde direction shows a trend toward reduction, though
no significant differences are observed between wild-type control

Figure 3 Continued
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and SPG11 and SPG48 neurons (Fig. 3C), suggesting that anterograde
transport is more affected, as reported in another study.*® Although
total mitochondria number per 100 pm has no significant differ-
ences across all groups (Fig. 3D), motile mitochondrial events are
significantly reduced in SPG11 and SPG48 neurons compared to
those in wild-type control neurons (Fig. 3E and F). Treatment with
P110 significantly increases the mitochondrial frequencies and per-
centages in SPG11 neurons compared to vehicle-treated SPG11 neu-
rons (Fig. 3E and F). Moreover, P110 ameliorates mitochondrial
moving defects in SPG11 and SPG48 axons to levels similar to wild-
type (Fig. 3E and F). These results indicate the mitochondrial moving
ability and axonal transport of mitochondria in SPG11 and SPG48 ax-
ons are decreased and that applying P110 rescues these defects.

To examine the effects of P110 on mitochondrial health, we exam-
ined mitochondrial membrane potential in SPG11 and SPG48 neu-
rons by incubating cells with TMRM, a fluorescent dye that binds
mitochondria based on their membrane potentials.*” After acquir-
ing images of TMRM staining, the mitochondrial uncoupler FCCP
(carbonylcyanide-p-trifluoromethoxyphenylhydrazone) was added
to abolish TMRM staining, confirming the specificity of TMRM label-
ling.*’ A significant reduction of TMRM fluorescent intensity, which
indicates decreased mitochondrial membrane potential, was ob-
served in SPG11 and SPG48 neurons compared with wild-type neu-
rons (Fig. 4A and B). Treatment with P110 increases TMRM
fluorescence in both SPG11 and SPG48 neurons, indicating restor-
ation of mitochondrial membrane potential and mitochondrial
health (Fig. 4A and B). Addition of FCCP significantly reduced the
fluorescent intensity, confirming that TMRM staining is dependent
on mitochondrial membrane potential (Fig. 4C). To further investi-
gate mitochondrial function, ATP levels within cells were measured
using a luminescent ATP assay. Luminescence levels are signifi-
cantly decreased in SPG11 and SPG48 neurons compared to wild-
type control neurons, and this is partially restored after the treat-
ment of P110 (Fig. 4D). Together, these data demonstrate that treat-
ment with P110 rescues the reduced mitochondrial membrane
potentials and ATP levels in SPG11 and SPG48 neurons, improving
mitochondrial health and function.*®

Mitochondrial membrane potential regulates the interaction
between mitochondrial and neurofilaments, a type of intermedi-
ate filament important for axonal and neuronal function.*® We ex-
amined whether the organization of neurofilaments is altered in
HSP neurons and whether P110 has a role in this process.
Cortical projection neurons derived from wild-type control,
SPG11 and SPG48 iPSCs were stained with NFH200 antibody to
examine the expression of neurofilament heavy chain (NFH) in
neurons. In axons of both SPG11 and SPG48 neurons, we observed
aggregations of NFH (Fig. 5A and B) and cell bodies (Fig. 5C).
Interestingly, treatment with P110 dramatically reduced these ag-
gregations (Fig. 5A-C). Quantifications reveal that numbers of NFH

were measured in each group. (E) Frequency of motile mitochondria (left), anterograde motile (middle) and retrograde motile (right) mitochondria per
100 pm in axons of wild-type, SPG11 and SPG48 neurons, with or without P110. (F) Quantifications showing percentages of motile (left), anterograde
motile (middle) and retrograde motile (right) mitochondria among total mitochondria in axons of wild-type, SPG11 and SPG48 neurons, with or without
P110 treatment. (D-F) Data are presented using box and whisker plots from a minimum of 15 axon segments analysed in three independent experi-
ments. Dunnett’s test after ANOVA was used to compare multiple groups with the wild-type group. Two-sided t-tests were used to examine statistical
significance between vehicle- and P110-treated groups. *P <0.05; n.s. = not significant.
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Figure 4 P110 rescues mitochondrial membrane potential in SPG11 and SPG48. (A) Images showing TMRM fluorescence before FCCP (left) and after
FCCP treatment (middle). Bright field images from wild-type (WT), SPG11 and SPG48 neurons treated with vehicle or P110 are at the right. Scale bar =
50 pm. (B) Quantifications of TMRM fluorescence intensities for wild-type, SPG11 and SPG48 neurons, with or without P110 treatment. Data are pre-
sented as means + SEM evaluating at least 100 neurons in three independent experiments. (C) Relative TMRM fluorescence intensities before and after
FCCP treatment for wild-type, SPG11 and SPG48 neurons, with or without P110. n=6-9 from three independent experiments. (D) ATP levels of wild-type,
SPG11 and SPG48 neurons with or without P110 (n =4) were measured using an ATP luminescence kit. Dunnett’s test after ANOVA was used to compare
multiple groups with wild-type group. Two-sided t-tests were used to examine the statistical significance between vehicle- and P110-treated groups
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aggregations are significantly reduced after P110 treatment
(Fig. 5B). Taken together, these data suggest that restoring normal
mitochondrial dynamics can partially mitigate neurofilament ag-
gregations, contributing to the protective effects of P110 in SPG11
and SPG48 neurons.

A common question in modelling disease-using iPSCs is whether
the phenotypes observed are common across cells from different
patients. HSP is a rare disease, and our previous study has shown
that knockdown of the SPG48 protein AP5Z1 results in similar axon-
al defects.?® Loss of gene function is a common mechanism under-
lying recessive forms of HSP. To confirm that axonal defects
including aberrant neurofilament organization in SPG11 neurons
are directly caused by loss of spatacsin function, we established
SPG11 knockdown hESCs by combining lentivirus infection and
RNA interference (Fig. 6A), a strategy we have used previously for

knocking down other genes in hESCs.>® Two distinct shRNA se-
quences were utilized to knock down expression of SPG11 mRNA.

After establishing clonal SPG11 knockdown hESC lines, these
SPG11-shRNA hESCs together with Luciferase-shRNA hESCs (as
control) were differentiated into cortical projection neurons.
CTIP2" neurons were efficiently generated from SPG11 knockdown
hESCs (GFP*) (Fig. 6B), suggesting that knockdown of SPG11 does not
affect the initial specification of cortical projection neuron. The
mRNA expression of spatacsin is significantly decreased in both
SPG11-shRNA#1 and SPG11-shRNA#2 groups at multiple stages
during neural differentiation (Fig. 6C), confirming knockdown effi-
ciency. Interestingly, in SPG11 knockdown cortical projection neu-
ron, there is a significant increase in the neurofilament
aggregations in both axons (Fig. 6D and E) and cell bodies (Fig. 6F
and G), confirming that perturbed spatacsin causes neurofilament
dysfunction. In SPG11 knockdown neuronal cell bodies,
Tom?20-labelled mitochondria are observed in neurofilament aggre-
gations, suggesting both abnormal mitochondria and neurofila-
ment organization in these neurons (Fig. 6F and G). Interestingly,
the increased number of neurofilament aggregations in SPG11-



10 | BRAIN 2022: 00; 1-16 Z. Chen et al.

Veh

>

B NFH Aggregations

WT

SPG11 | |

NFH Aggregations/100pm

=)

<

g Veh P110 Veh P110 Veh P110
7 WT  SPG11 SPG48
C

3

>

=)

-

-

o

Figure 5 Effects of P110 on neurofilament aggregations in SPG11 and SPG48 neurons. (A) Immunostaining for NFH200 in wild-type (WT), SPG11 and
SPG48 neurons, with or without P110 treatment. NFH aggregations (arrowheads) were observed in axons of SPG11 and SPG48 vehicle-treated neurons;
enlargements at the bottom of the panels highlight neurofilament aggregations. (B) Quantifications of neurofilament aggregations in wild-type, SPG11
and SPG48 neurites, with or without P110 treatment. Data are presented as means + SEM from at least 80 axon segments in three independent experi-
ments. (C) Immunostaining of NFH200 in wild-type, SPG11 and SPG48 neurons shows aggregations (arrowheads) in cell bodies of SPG11 and SPG48 neu-
rons. Enlarged areas highlight the neurofilament aggregations in these cell groups. Scale bars = 50 pum. Dunnett’s test after ANOVA was used to
compare multiple groups with wild-type group. Two-sided t-tests were used to examine the statistical significance between vehicle- and

P110-treated groups. *P <0.05.

motor neuron disease. Using post-mortem brain sections from
targeting mitochondrial dynamics via P110 treatment (Fig. 6D-G). SPG11 patients, a recent study reported the abnormal accumulation

Accumulation of neurofilament and protein aggregations is a of granular lysosome-like structures and neurofilament aggregations
pathological feature for amyotrophic lateral sclerosis,”*? a severe as a hallmark pathology for SPG11.'® Here, in SPG11 knockdown

knockdown cortical neuron axons and cell bodies is mitigated by
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Figure 6 Knocking down SPG11 and AP5Z1 in cortical projection neurons increases neurofilament aggregation. (A) Schematic map of pLKO lentiviral vec-
tor containing shRNAs that target SPG11 (SPG11) or luciferase (as control). (B) Immunostaining images showing the generation of CTIP2* cortical projection
neurons from SPG11-RNAi hESCs. Scale bar = 20 ym. (C) Quantitative PCR showing mRNA expression of SPG11 in cultures at different stages derived from
SPG11- or Luciferase-shRNA hESCs (n=3). (D) Immunostaining of NFH200 in shRNA-knockdown and control (Luciferase-shRNA) neurons treated with or
without P110. NF-H aggregations (arrowheads) are observed in axons of SPG11 knockdown neurons, as highlighted in enlargements. Scale bar = 20 pm.
(E) Quantifications of neurofilament aggregations in SPG11 shRNA and Luc shRNA neuron axons, with or without P110 treatment. Atleast 40 axon segments
were measured in each group from three independent experiments. (F) Immunostaining of NFH200 and Tom20 showing the neurofilament and mito-
chondrial organization in cell bodies of cortical neurons derived from Luciferase-shRNA and SPG11-shRNA hESCs. Scale bar = 50 pm.
(G) Quantifications reveal a significant increase in neurofilament aggregations in SPG11-knockdown neurons, which is mitigated by P110 treatment.
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human cortical neurons, neurofilament aggregations also stain for
ubiquitin C-terminal hydrolase L1 (UCHL1) (Fig. 6H), a ubiquitin and
autophagy-related protein.>*** Double staining of neurofilament ag-
gregation and UCHL1 (Fig. 6H) is also observed in cortical projection
neuron derived from AP5Z1-knockdown hESCs that we previously es-
tablished,?* implying the involvement of neurofilament disorganiza-
tion and protein degradation defects in both SPG11 and SPG48. Next,
we examined the effects of P110 on SPG48 (AP5Z1)-knockdown cor-
tical projection neuron. Similarly, as seen in SPG11 knockdown neu-
rons, P110 significantly reduced neurofilament aggregations in
AP5Z1knockdown neurons (Fig. 61 and J). These data together suggest
that SPG11 and SPG48 deficiencies result in neurofilament dysfunc-
tion and cytoskeletal disorganization in HSP, which can be rescued,
at least partially, by applying P110 to inhibit mitochondrial fission.

Phosphorylated neurofilament heavy chain protein (pNF-H) can accu-
mulate along axons and be released from cells in neurodegenerative
diseases, and thus can be used as a marker of neuronal degener-
ation.”**® To examine the nerve degeneration in long-term cultures,
we first performed immunofluorescence staining of pNF-H in wild-
type, SPG11 and SPG48 neurons at around 3 months after differenti-
ation. We observed a significant increase in the number of pNF-H*
swellings in SPG11 and SPG48 axons compared to wild-type control
group (Fig. 7A). Interestingly, after treatment with P110, the
neurofilament-H aggregations are significant reduced in P110-treated
neurons compared to those in vehicle-treated neurons (Fig. 7A and
B). These data suggest that P110 can rescue axonal degeneration in
long-term cultures of SPG11 and SPG48 cortical projection neuron.
Next, we measured the release of pNF-H in wild-type, SPG11 and
SPG48 neurons after long-term culture (~3 months). The pNF-H re-
leased from degenerating neurons into the culture medium was
measured with a pNF-H ELISA kit. Absorbance data show a signifi-
cant reduction of pNF-H levels in P110-treated groups as compared
with vehicle groups in SPG11 and SPG48 neurons (Fig. 7C). The correl-
ation between the pNF-H in the media and cells suggests the useful-
ness of pNF-H release as a biomarker to monitor nerve degeneration
in HSP. Furthermore, directly downregulating Drpl by knocking
down Drpl expression with Drpl shRNA (Fig. 7E) significantly re-
duces pNF-H levels in both SPG11 and SPG48 long-term cultures
(Fig. 7F), confirming the rescue of nerve degeneration in these HSPs
by targeting the mitochondrial fission mediator, Drpl. To examine
whether neurons undergo apoptosis, we assessed levels of apoptosis
in wild-type, SPG11 and SPG48 cells in long-term cultures (~15 weeks)
using a caspase3/7 luminescence kit. Relative luminescence read-
outs showed that caspase3/7 levels in the SPG11 and SPG48 vehicle
groups were significantly higher than in the wild-type vehicle group;
treatment with P110 reduces levels of apoptosis in the SPG11 and
SPGA48 cells (Fig. 7D). These results indicate that P110 treatment de-
creases axonal swellings, release of pNF-H, and cell apoptosis in
SPG11 and SPG48 neurons, effectively mitigating the axonal and
neuronal degeneration of these neurons in long-term cultures.

Figure 6 Continued
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To confirm that the HSP gene mutations directly cause the observed
mitochondrial and neurofilament phenotypes, and to further
examine the effects of P110, we generated SPG11 gene mutation
(c.118C>T) knock-in hESC lines using CRISPR/cas9-mediated gene
editing. Homozygous mutant clones were selected and confirmed
by DNA Sanger sequencing (Supplementary Fig. 4A). This mutation
leads to a premature stop codon at the 40th amino acid (p.GIn40X;
the other base change from G to C at the 117 position facilitates
gene editing and does not alter the amino acid sequence), which
was reported in a SPG11 patient previously.>” The reduced expres-
sion of spatacsin at both mRNA and protein levels was confirmed
in the p.Gln40X hESC-derived neural cultures (Supplementary Fig.
4B and C). These p.Gln40X hESCs were then differentiated into
CTIP2" cortical projection neuron (Supplementary Fig. 4D). The pro-
portion of CTIP2" neurons was 79.5 + 7.3%, comparable to H9 isogen-
ic controls (77.8 +5.3%). Similarly, as seen in SPG11 iPSC-derived
neurons, neurofilament-H aggregations are observed in p.Gln40X
axons at 8 weeks (Supplementary Fig. 4E and F). ATP levels are also
decreased in SPG11 p.GIn40X neurons as compared with H9 control
neurons, revealing mitochondrial and neurofilament dysfunction
caused by perturbed SPG11 (Supplementary Fig. 4G). Interestingly,
after the treatment of P110, mitochondrial dysfunction and neurofi-
lament aggregations in SPG11 p.Gln40X neurons are significantly
mitigated (Supplementary Fig. 4H-]), further supporting the protect-
ive effects of P110 in SPG11 neurons.

Next, we performed rescue experiments by expressing wild-type
spatacsininboth SPG11 patientiPSC- and p.Gln40X hESC-derived cor-
tical neurons. Lentiviruses expressing SPG11-GFP (Lenti-SPG11) and
GFP alone (Lenti-GFP, as a control) were generated and used to infect
SPG11iPSC- and SPG11 p.GIln40X hESC-derived neurons at 6 weeks. At
3 weeks after infection, cells were fixed for immunostaining or col-
lected for measuring ATP levels. Successful viral infection was indi-
cated by GFP fluorescence in these cells (Fig. 8A). Moreover, in the
Lenti-SPG11 infected group, the expression of SPG11 is significantly
increased compared to Lenti-GFP control group (Fig. 8B). After expres-
sing wild-type spatacsin in these SPG11-deficient neurons, we found
that the number of neurofilament-H aggregations is significantly de-
creased in both SPG11 iPSC and SPG11 p.GIn40X axons (Fig. 8C-F).
Moreover, ATP levels in both SPG11iPSC and SPG11 p.GIn40X neurons
are significantly increased after expressing wild-type SPG11
(Lenti-SPG11) (Fig. 8G and H). The successful rescue of mitochondrial
dysfunction and neurofilament aggregations in SPG11 neurons by ex-
pressing wild-type spatacsin supports a loss-of-function mechanism
for SPG11 and demonstrates the cause-effect relationship between
HSP mutations and disease phenotypes.

Discussion

How axons degenerate in HSP and how this dynamic process can be
effectively targeted therapeutically to prevent or rescue the degen-
eration remain elusive. Here, we have examined the protective ef-
fects of targeting mitochondrial dynamics on axonal degeneration

Atleast 140 neurons were analysed in each group from three independent experiments. (H) Staining of pNF-H aggregations with UCHL1 in both SPG11
and SPG48 neurons. Scale bar =50 pm. (I and J) In SPG48 (AP5Z1)-knockdown cortical projection neurons, P110 treatment significantly reduces the num-
ber of NFH aggregations along axons. A minimum of 40 axon segments were measured in each group from three independent experiments. Data are
presented as means + SEM. Scale bar = 20 pm. Dunnett’s test after ANOVA was used to compare multiple groups with Luc-shRNA group (C), or compare
with SPG11-shRNA Veh group (E and G). Two-sided t-tests were used to examine the statistical significance between vehicle- and P110-treated groups

(). *P<0.05.
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Figure 7 P110 treatment rescues axonal and neuronal degeneration in SPG11 and SPG48 cortical projection neurons. (A) Immunostaining of pNF-Hin
wild-type (WT), SPG11 and SPG48 neurites, with or without P110. Enlarged images show representative pNF-H aggregations. Arrowheads indicate swel-
lings in axons. (B) Quantifications of pNF-H swellings in wild-type, SPG11 and SPG48 neurites, with or without P110. At least 70 neurites were measured
in each group from three independent experiments. (C) Axonal injury levels revealed by pNF-H ELISA absorbance read-outs in SPG11 and SPG48 neu-
rons with or without P110 treatment. (D) Apoptosis levels are indicated by caspase 3/7 activity, with luminescence read-outs in wild-type, SPG11 and
SPG48 neurons with or without P110. (E) Drp1 shRNA knockdown efficiency was measured by qPCR. (F) To examine effects of Drp1 on release of pNF-H,
SPG11 and SPG48 neurons were infected with lentiviruses containing Drp1 shRNA or Luciferase shRNA (Luc shRNA, as control), and media of these
cultures were collected at one week after infection to analyse pNF-H. Data are presented as means + SEM, n=3. Dunnett’s test after ANOVA was
used to compare multiple groups with wild-type group. Two-sided t-tests were used to examine the statistical significance between vehicle- and
P110-treated groups, and also between Luc-shRNA and Drp1-shRNA groups. *P < 0.05; n.s. = not significant.

in HSP subtypes SPG11 and SPG48. SPG11 and SPG48 patient-specific
iPSC-derived cortical projection neurons recapitulate disease-
specific axonal defects including reduced axonal outgrowth at an
early-stage, reduced axonal transport, increased aggregation of
neurofilament-H along axons, and upregulated release of
phosphor-NFH in long-term cultures. Moreover, these patient
iPSC-derived neurons exhibit mitochondrial defects including ab-
normal morphology (reduced length and aspect ratio), reduced mo-
tility, and decreased membrane potential. Treatment with P110 is
able to restore normal mitochondrial morphology, increase mito-
chondrial mobility, improve mitochondrial health, and rescue
axonal and neuronal degeneration in both SPG11 and SPG48 neu-
rons. Directly targeting Drp1 by knocking down Drpl expression
using shRNA mitigated the increased release of pNF-H, a biomarker
for axonal degeneration,*®>° in long-term cultures. Thus, our study
identifies protective effects of P110 against degeneration of human
cortical neurons in SPG11 and SPG48, providing a therapeutic target

for SPG11 and SPG48 through modulating mitochondrial dynamics
and cytoskeletal organization.

Neurons, especially long projection neurons, are highly energy
demanding and depend on mitochondria to maintain normal func-
tion. Mitochondria are highly dynamic and undergo constant fission
and fusion, which in turn regulates their morphology.?**° Abnormal
mitochondrial morphology and dysregulated mitochondrial func-
tions have been observed in several neurodegenerative dis-
eases.®™%? Using stem cell-based HSP models, we have identified
reduced mitochondrial length in HSP cortical neurons,® which
canbe caused by increased mitochondrial fission, suggestingimbal-
anced mitochondrial fission/fusion in HSP. Indeed, the application
of Mdivi-1, an inhibitor of Drp1, can restore mitochondrial morph-
ology and rescue axonal outgrowth deficit.?* Here, we have utilized
P110, a specific inhibitor of Drp1, to examine the role of targeting
mitochondrial dynamics in axonal degeneration at multiple stages
during disease progression. P110 blocks the interaction between
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Figure 8 Expression of wild-type SPG11 rescues mitochondrial defects in SPG11 iPSC and SPG11 p.GIn40X hESC. (A) Expression of GFP in SPG11 neu-
rons indicates the successful infection of Lenti-GFP and Lenti-SPG11-GFP. Scale bars = 100 pm. (B) Quantitative PCR showing mRNA overexpression
levels of SPG11 in Lenti-GFP and Lenti-SPG11 neurons after 2-week infection (n=3). (C and D) Immunostaining of NF-H in GFP positive neurites in
SPG11 iPSC-derived neurons (C) and SPG11 p.GIn40X hESC-derived neurons (D) that were infected with lenti-GFP and lenti-SPG11. NF-H aggregations
were indicated with arrowheads. Scale bars = 20 pm. (E) Quantifications of NF-H aggregations in GFP positive neurites in SPG11 iPSC-derived neurons.
Data are presented as means + SEM from ~30 axon segments per group in three independent experiments. (F) Quantifications of NF-H aggregations in
GFP positive neurites in neurons derived from p.Gln40X hESCs. At least 60 axon segments were measured in each group from three independent ex-
periments. (G) After infection with lentiviruses containing full-length SPG11 (Lenti-SPG11) or GFP (Lenti-GFP, as controls), ATP levels in SPG11
iPSC-derived neurons were measured by ATP luminescence kit (n=6). (H) Quantification of ATP levels in neurons derived from SPG11 p.GIn40X
hESCs after infection with Lenti-GFP or Lenti-SPG11 lentiviruses (n=3). Data are presented as means + SEM. *P <0.05 by two-sided t-test.

Drpl and Fis1, two critical fission mediators, but does not disturb
other Drp1 activity.?° Though P110 has been used to reduce neuron-
al loss,” the effects of P110 on axonal degeneration have not been
examined. Our data demonstrate that P110 can restore mitochon-
drial morphology, promote mitochondrial health, rescue impaired
axonal transport, and mitigate increased aggregation and release

of NFH in long-term cultures. These data reveal the protective ef-
fects of P110 against axonal degeneration in HSP, providing a poten-
tial therapeutic agent for HSP.

How impaired mitochondrial dynamics result in axonal degen-
eration in HSP remains unclear. Accumulated axonal swellings and
reduced mitochondrial transport are observed in SPG11 and SPG15
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neurons, similar to reports for the most common HSP form SPG4>%*,
Impaired axonal transport may cause accumulation of transported car-
gos and cytoskeleton proteins, leading to degeneration of axons. The de-
tailed mechanisms and alterations of the transport machinery in HSP
await further investigation. Specific changes in cortical projection neu-
rons can be monitored by generating reporter lines that specifically label
these neurons for testing axonal phenotypes. SPG11, SPG48, as well as
SPG15, are autosomal recessive forms of HSP associated with autophagy
and lysosomal defects, and they exist in a common multiprotein com-
plex.>3%* The reduced expression or absence of these HSP gene pro-
ducts combined with the rescue experiments from our previous®* and
current studies support a loss-of-function mechanism and suggest
that normal levels of these proteins are critical for mitochondrial and
axonal function. Endolysosomal and mitochondrial dysfunction can
also affect one other in several common neurodegenerative diseases in-
cluding Parkinson disease.®® Thus, impaired mitochondrial dynamics in
HSP may be secondary to endolysosomal and autophagy defects.

In addition to interacting with endolysosomes, mitochondria can
interact with neurofilaments,* an important intermediate cytoskel-
eton for neurons and axons. Our data reveal increased aggregations
of NFH in both cell bodies and axons of SPG11 and SPG48 neurons, im-
plying disorganized neurofilaments in these HSPs. Moreover, release of
PNF-H in long-term cultures in SPG11 and SPG48 neurons is significant-
ly increased, which is mitigated by the downregulation of Drp1 both
pharmacologically and genetically. The increased pNF-H provides a bio-
marker for monitoring axonal degeneration in HSP. Though the detailed
interplay between impaired mitochondrial dynamics and cytoskeleton
disorganization remains to be investigated, our study reveals that these
impairments underlie axonal degeneration of human cortical neurons
in SPG11 and SPG48, and they represent compelling targets for develop-
ing therapies to rescue axonal degeneration in these HSPs.
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