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LXR agonist rescues synaptic dysfunction @
and degeneration in SPG3A patient-specific
iPSC-derived neurons
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Abstract

Hereditary spastic paraplegias (HSPs) comprise a large, heterogeneous group of inherited disorders characterized by
length-dependent axonal degeneration of corticospinal motor neurons, leading to lower extremity spasticity and
gait impairment. Currently, there are no effective treatments for HSPs targeting axonal dysfunction. Our previous
study showed that lipid defects in glial cells result in degeneration of iPSC-derived cortical projection neurons (PNs)
in SPG3A, the most common early-onset form of HSP caused by autosomal dominant mutations in the ATLT gene
encoding atlastin-1. However, how cortical PNs degenerate and whether therapeutic compounds targeting lipid
defects can effectively mitigate degeneration in human ATLT neurons remain unclear. Here, by comparing SPG3A
patient iPSC-derived neurons with control cells using RNA-sequencing, we identified synaptic dysfunction as a top-
altered pathway in addition to lipid-related pathways. To examine the novel role of synaptic dysfunction in SPG3A,
we generated patient-specific iPSCs from two SPG3A patients with distinct missense mutations and differentiated
them into cortical PNs. We observed significant reductions of synaptic genes and proteins in cortical PNs from
both SPG3A-P342S and SPG3A-M408T patient iPSCs, emphasizing synaptic dysfunction in SPG3A neurons. Calcium
imaging revealed a significant reduction of activity in SPG3A cortical neurons compared to control neurons,
further supporting functional deficits in SPG3A neurons. To further examine the role of these processes in HSP
pathogenesis, we treated cells with LXR623, an orally bioavailable liver-X-receptor (LXR) agonist that can modulate
lipid metabolism and transfer. LXR623 significantly mitigated the reduction in synaptic proteins and calcium
activity and rescued axonal degeneration and apoptosis in SPG3A cortical PNs. Furthermore, analyses of lipid

and synaptic genes and proteins revealed that LXR623 treatment effectively restored mRNA expression patterns

for these pathways in SPG3A neurons. Taken together, our data demonstrate the role of synaptic dysfunction in
degeneration of SPG3A neurons and highlight the therapeutic potential of an LXR agonist in mitigating human
cortical neuron degeneration in HSP.
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Introduction
Hereditary spastic paraplegias (HSPs) are a large, het-
erogeneous group of inherited neurological disorders
characterized by length-dependent degeneration of cor-
ticospinal motor neuron axons, leading to spasticity of
the lower limbs and gait impairment [7, 16, 42]. A geneti-
cally diverse condition, HSP can result from mutations
of more than 90 distinct genes [6, 17, 19, 33]. SPG3A,
the most common early-onset form of HSP, results from
autosomal dominant, mostly missense mutations in the
ATLI gene that encodes the atlastin-1 protein [28, 30,
57]. The organization of the tubular endoplasmic reticu-
lum (ER) in cells is maintained by atlastin-1 [40, 56], and
atlastin-1 can regulate the size of lipid droplets both in
intestinal cells of zebrafish and in Drosophila fat bodies
[24]. This is related to atlastin’s role on ER membranes,
since ER is critical for lipid metabolism and trafficking.
Lipids are essential components of neuronal membranes
and have a variety of effects on brain function [9, 38].
Alterations in ER morphology have been implicated in
multiple distinct types of HSPs [34, 40], though detailed
mechanisms by which ER defects lead to dysfunction and
degeneration of cortical PNs remain largely unclear.

Along with cortical PNs, non-neuronal glial cells are
also impacted by ATLI mutation [29]. Glia are essen-
tial for development of neurons, their migration to final
sites of residence, formation of synapses, regulation of
synaptic activity, and regulation of ion concentrations
along synapses [21]. They provide scaffolding for neu-
ronal migration and mediate axonal growth and synap-
tic development. The synaptic membrane contains high
concentrations of cholesterol and unsaturated fatty acids,
which are crucial factors in specifying various biologi-
cal processes. These processes include membrane fluid-
ity, vesicle formation and fusion, ion channel function,
and the creation of specialized microdomains that aid in
intercellular communication [3, 38]. Cholesterol plays a
significant role in lipid rafts and is thought to be neces-
sary both postsynaptically for the stability and cluster-
ing of neurotransmitter receptors and presynaptically
for the production of synaptic vesicles [48]. The ability
of neurons to synthesize lipids including cholesterol is
significantly reduced after birth, and neurons acquire
lipids generated by astrocytes to maintain the creation
and function of synapses [32, 37]. The transfer of lipids to
neurons is mediated by apolipoprotein E (ApoE)-contain-
ing lipoproteins, which are crucial for the development,
maturation, and maintenance of synapses in vitro [12, 18,
36]. Previously, studies have reported reduced ApoE and
lipid deficiency in HSP. However, whether lipid defects
lead to synaptic dysfunctions and how axons degenerate
in patients await further investigation.

Currently, there are no effective treatments to directly
mitigate nerve degeneration for HSP. The development

Page 2 of 17

of stem cell technology, especially the generation of
patient-specific induced pluripotent stem cells (iPSCs)
[13, 20, 47, 51], offers unique resources to generate dif-
ferent neural subtypes to study neurological diseases [15,
41, 45, 53]. By reprogramming fibroblast cells of a SPG3A
patient with a heterozygous, pathogenic missense vari-
ant in ATLI (NM_015915.5: ¢.1024C>T, p.P342S), we
generated patient iPSCs and differentiated these iPSCs
into cortical PNs, showing disease-specific axonal defects
[55]. We further identified impaired lipid metabolism
and trafficking in SPG3A iPSC-derived neural cells [29],
although how lipid deficiency leads to the dysfunction
and degeneration of SPG3A neurons and whether tar-
geting lipid defects can effectively mitigate neuronal
degeneration remain unclear. In the current study, we
identified synaptic dysfunction as a major pathological
change in SPG3A from unbiased genomics analyses of
patient iPSC-derived neural cells. We then established
iPSCs from another SPG3A patient with a distinct ATLI
mutation (NM_015915.5: ¢.1223T>C, p.M408T) and
severe clinical presentation [2] and identified aberrant
synaptogenesis in neurons with both mutations (p.P342S
and p.M408T). To further examine the role of synaptic
dysfunction and the interplay between lipid and synaptic
deficits in SPG3A, we tested the effects of a lipid-target-
ing compound, LXR623 which is an orally bioavailable
LXR agonist that can cross the blood brain barrier, pro-
viding a therapeutic candidate for SPG3A.

Materials and methods

SPG3A patient fibroblast cells and the reprogramming of
fibroblast cells into iPSCs

Skin punch biopsies were obtained following a clinical
research procedure (protocols #IRB-P00016199, #IRB-
P00033016) authorized by the Institutional Review Board
at Boston Children’s Hospital. Dermal fibroblasts from a
patient with SPG3A (p.M408T) were obtained and cul-
tured according to conventional protocols, which were
then used to generate iPSCs. The Institutional Biosafety
Committee of the University of Illinois approved all iPSC
research.

The Sendai virus method was used to generate iPSC
lines from human dermal fibroblasts using the CytoTune®
2.0 Sendai reprogramming Kit from Invitrogen (USA).
Fibroblasts with a passage number less than 5 were plated
onto a 6-well plate in fibroblast medium so that they
were 50—-80% confluent on the day of transduction (Day
0) using CytoTune® 2.0 Sendai reprogramming vectors
followed by overnight incubation. The next day (Day 1),
the medium was replaced with fresh complete fibroblast
medium to remove the reprogramming vectors. Spent
medium was replaced every other day until Day 6. After 1
week, transduced cells were plated on mouse embryonic
fibroblasts (MEFs) and then switched to iPSC medium.
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Until Day 28, spent medium was replaced every day,
and culture vessels were monitored for the emergence of
iPSC colonies. After 3 weeks, iPSC colonies were ready
for transfer, and undifferentiated iPSCs were picked and
plated onto fresh MEF culture dishes for expansion. To
further evaluate pluripotency, teratoma assays were con-
ducted to assess the capacity of iPSCs to differentiate into
all three embryonic germ layers in vivo [31, 52]. Briefly,
SCID-beige mice at about 6 weeks of age were injected
one time subcutaneously (s.c.) with 0.10 ml stem cell
suspension (about 1 million cells). After injection, mice
were monitored regularly for tumor formation. At about
8 weeks after injection, mice were euthanized using CO,
and the tumors were dissected, followed by fixation and
HE (hematoxylin and eosin) staining. The Institutional
Biological Research Committee at the University of Illi-
nois (IACU protocol # 1892409) approved the teratoma
assay.

iPSC authentication and sendai virus clearance assessment
The iPSC cell lines were authenticated by Short Tandem
Repeats (STR) testing at the Sequencing Core at North-
western University. Donor fibroblast cell lines served as
identity controls and STR profiles of the generated iPSCs
were compared to these cell lines. Genomic DNA of
both iPSC lines and donor fibroblast cell lines was
extracted using a column-based extraction kit. Purified
DNA samples were prepared and sent to the Sequenc-
ing Core at Northwestern University for STR genotyp-
ing analysis. To assess Sendai virus clearance in iPSCs,
Sendai viral vectors were detected by primers that spe-
cifically target Sendai virus. Genomic DNA was isolated
from iPSCs and positive controls (fibroblast cells with
viral infection) and used as a template for genomic DNA
polymerase chain reaction (PCR). The presence of Sen-
dai viral sequences was measured by PCR using prim-
ers for SeV; KOS, Kif4, and c-Myc per the manufacturer’s
instructions (CytoTune-iPS 2.0 Sendai Reprogramming
Kit guide, Invitrogen). Primer sequences are listed in
Supplemental Table 1.

To further examine the role of ATLI mutations, we cor-
rected the ATL1-P342S mutation using CRISPR-Cas9-
mediated gene editing. The sequencing gRNA used to
target ATL1 was GCCCTTTTCAGTTACCCGC. The
corrected line was generated in the Waisman iPSC core
as previously reported [29]. The corrected iPSC clones
were expanded and sent for Sanger sequencing to con-
firm the correction of the ATLI mutations. To further
validate the corrected isogenic line, we examined the
expression of pluripotency proteins in these corrected
isogenic stem cells and performed karyotype analysis to
confirm normal chromosomal organization.
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Human iPSCs differentiation into cortical projection
neurons

Human iPSCs used in the study include SPG3A patient-
derived iPSCs (labeling as Patient 1=ATL1-P342S,
Patient 2=ATL1-M408T) and wild-type control (label-
ing as Control or WT). P342S iPSC and WT control cells
were generated previously [55]. All hPSCs were main-
tained on irradiated MEF (irMEF) feeder layers in 10
ng/ml FGF-2 (PeproTech)-supplemented hESC medium
containing DMEM/F12 (Gibco), 1 x non-essential amino
acids (NEAA, Gibco), 20% Knockout Serum Replace-
ment (Gibco), 0.5x GlutaMax (Gibco), and 0.1 mM
B-mercaptoethanol (Sigma-Aldrich).

As previously documented [8, 10, 27], cortical PNs
were generated by differentiation of iPSCs. Briefly, the
human iPSCs were detached and grown in suspension
for 4 days in hESC media without FGF-2 to produce
embryonic bodies (EBs). 1xN2 (Gemini Bio-Products),
2 pg/ml heparin (Sigma-Aldrich), and 1xNEAA were
added to DMEM/F12 medium to create neural induc-
tion medium (NIM). For the Day 4 EB culture, NIM
media supplemented with 2 pM SB431532 (Stemgent)
and 2 uM DMHI1 (Selleckchem) was utilized. Stem cell
aggregates (EBs) were attached to 6-well culture plates
and cultured in NIM to stimulate the differentiation into
neuroepithelial (NE) cells. Up to Day 17, the medium was
changed every other day. NE cells were then detached
and suspended in NIM with 1xB27 (Gemini Bio-Prod-
ucts), 1 uM cAMP (Sigma-Aldrich), and 10 ng/ml IGF-1
(Pepro-Tech) to form neurospheres. Following Day 42,
the neurospheres were plated onto coverslips coated with
Matrigel (Gibco) and poly-L-ornithine (Sigma-Aldrich).
After attaching the neurospheres to coverslips, half of
the neural differentiation medium (NDM) was changed
every other day to produce cortical PNs in regular neu-
ral cultures. Included in the NDM of standard brain cul-
tures were 1 xN2, 1xB27, 1 uM cAMP, 10 ng/ml IGF-1,
10 ng/ml hBDNF (PeproTech), and 10 ng/ml hGDNF
(PeproTech).

Immunocytochemistry

After washing neural cultures on coverslips in ice-cold
PBS, they were incubated for 20 min in ice-cold 4% para-
formaldehyde (Sigma-Aldrich) in PBS. After washing
with PBS, cell cultures were incubated with 0.2% Triton
X-100 (Sigma-Aldrich) solution for 10 min to permeabi-
lize the cells, followed by several washes with PBS. Sam-
ples were blocked with 10% donkey serum in PBS for 1
h and then incubated with primary antibodies diluted in
the blocking solution (5% donkey serum and 0.1% Tri-
ton X-100 in PBS) overnight at 4 °C. Samples were then
washed and incubated with secondary antibodies conju-
gated with fluorescence for visualization. Coverslips were
rinsed with PBS, incubated with Hoechst to label nuclei,
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and then mounted using Fluoromount-G (Southern Bio-
tech). Primary antibodies used in this study were: anti-
SOX2 (goat IgG, R&D Systems, 1:500); anti-NANOG
(goat IgG, R&D Systems, 1:500); anti-SSEA4 (mouse
IgG3, DSHB, 1:100); anti-OCT4 (mouse IgG, Santa Cruz,
1:200); anti- Ctip2 (rat IgG, Abcam, 1:2000), anti-Tau
(rabbit IgG, Sigma, 1:200), and anti-synapsin (mouse
IgG, Calbiochem, 1:100). For immunostaining of LXR623
treated neural cultures, 1 uM of LXR623 or DMSO was
used for 7 days for measuring synapsin and axonal swell-
ings (Tau staining) in neuronal cultures. At least three
coverslips for each group were used for immunostaining,
and a minimum of 5 fields on each coverslip were imaged
using an Olympus confocal microscope or an Olympus
IX83 microscope.

mRNA sequencing analysis

We performed mRNA-Seq experiments on cortical PN
cultures derived from WT control and ATL1-P342S
iPSCs. Week 10 control and ATLI-mutated cortical PN
cultures were collected, and subjected to RNA isolation
using TRIzol reagent (Invitrogen) following the manufac-
turer’s instructions. Libraries were prepared using Illu-
mina’s specifications for polyA-plus stranded reactions.
Samples were analyzed using an Illumina HiSeq4000
sequencer. Reads were mapped to the human hgl9
genome. Metascape software was used for gene ontol-
ogy analysis [54]. All genes in the genome were used as
the enrichment background. Terms with a p-value <0.01,
a minimum count of 3, and an enrichment factor>1.5
(the enrichment factor is the ratio between the observed
counts and the counts expected by chance) were col-
lected and grouped into clusters based on their member-
ship similarities. Kappa scores were used as the similarity
metric when performing hierarchical clustering on the
enriched terms, and sub-trees with a similarity of>0.3
were considered a cluster. The most statistically signifi-
cant term within a cluster was chosen to represent the
cluster. To further capture the relationships between
the terms, a subset of enriched terms were selected and
rendered as a network plot, where terms with a similar-
ity>0.3 are connected by edges. We selected the terms
with the best p-values from each of the 20 clusters, with
the constraint that there were no more than 15 terms per
cluster and no more than 250 terms in total. The network
was visualized using Cytoscape, where each node repre-
sents an enriched term and is colored first by its cluster
ID.

Axonal swelling analysis

Cortical neuron cultures were labeled with the axonal
marker Tau in long-term cultured neurons to examine
axonal swellings. A diameter more than twice that of
the neighboring axon is considered an axonal swelling
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[11, 29]. Using Image] software, as previously described,
the swelling density in the chosen region was com-
puted by the swollen number over axon length. Each of
the three separate coverslips in each group had at least
five randomly chosen locations per coverslip that were
examined.

Caspase 3/7 activity assay

Caspase 3 and 7 activities were measured using the Cas-
pase-Glo 3/7 Assay kit (Promega) in accordance with the
manufacturer's instructions. These activities are strongly
correlated with the levels of apoptosis in cells. In short,
neurons were dissociated into single cell suspension
using Accutase. Following the manufacturer's procedure
(Promega), cells were seeded into 96-well plates at a den-
sity of 5000 cells/well in 50 pl, lysed, and then treated
with illuminance substrate by adding 50 ul of caspase-3/7
reagents. Using a Gen5 microplate reader (BioTek), the
luminescence from each well was measured after 60 min
of incubation at 37°C.

Calcium imaging

ATL1-mutated (ATL-P342S) and isogenic control iPSC
lines were differentiated into cortical projection neurons
using the protocol described above. To evaluate synap-
tic function, calcium imaging was performed on both
patient and isogenic control neurons. Specifically, cells
were loaded with the calcium-sensitive X-Rhod-1, AM,
cell permeant dye (Invitrogen). A working solution con-
taining 5 uM X-Rhod-1 is prepared immediately before
use, and cells were incubated with this solution in an
incubator for 1 h. After incubation, cells were washed
twice with artificial cerebrospinal fluid (ACSF), allowed
to normalize for 30 min, and then subjected to live-cell
imaging using a Keyence microscope. Cells were stimu-
lated by the application of 50 uM glutamic acid, and
calcium levels were measured before (which reflects
the basic activities) and after the addition of 50 uM glu-
tamic acid. To investigate the impact of LXR623 on syn-
aptic activity, patient-derived neurons were treated with
LXR623 or vehicle control (DMSO) for 1 week, followed
by calcium imaging. Multiple cellular regions were ana-
lyzed across at least three independent coverslips for
each group using Image] software.

Cholesterol efflux measurement

SPG3A (ATL1-P342S) and isogenic control iPSC
lines were differentiated into astrocytes as previously
described [25, 29]. Briefly, the differentiation protocol for
astroglial cells was the same as that used for cortical PNs
until Day 21, when cortical neurospheres were cultured
and expanded in NIM with 10 ng/ml hEGF and FGF2,
with medium changes every 2-3 days. After 6 months
of differentiation, cortical-glial spheres were dissociated
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using Accutase, plated on laminin-coated 12-well Costar
plates, and cultured in NIM supplemented with 10 ng/
ml CNTF (PeproTech). After culturing cells for a week,
cholesterol efflux measurements from both patient and
isogenic control astrocyte cultures were conducted using
the Cholesterol Efflux Assay Kit (Cell-based) (ab196985,
Abcam). To evaluate cholesterol efflux, samples under-
went the following treatment: SPG3A and control astro-
cyte cultures were subjected to 5 uM LXR623 or DMSO
(vehicle) for three days.

The cholesterol efflux assessment was performed
using the manufacturer’s guidelines. Briefly, cells were
labeled using a combination of 50 ul DMEM/F12 media
and 50 pl Labeling Reagent per well, incubated for one
hour at 37 °C in a CO, incubator. After labeling, the
cells were allowed to incubate with 100 pl of Equilibra-
tion medium per well for 14 h under the same conditions.
Upon completion of the incubation, the supernatant
(medium) from each well was transferred to a 96-well
plate. To solubilize adherent cells, 100 pl of lysis buffer
was added, and the mixture was incubated for 30 min
on an orbital shaker at room temperature. The lysate was
then placed in a 96-well plate. Fluorescence of both the
medium and lysates was quantified at Ex/Em =485/523
nm using a BioTek FLX800 microplate reader. The calcu-
lation for cholesterol efflux used the formula: cholesterol
efflux = fluorescence intensity of the medium / (fluores-
cence intensity of the cell lysate+medium), with each
group analyzed in triplicate.

Western blotting

Cell pellets were collected and resuspended in lysis buffer
with protease and phosphatase inhibitor cocktail (Pro-
tease inhibitor, PMSF, Phosphatase inhibitor reagent A
and B) and lysed overnight. The cell debris was removed
by centrifugation at 12,000 x g for 10 min at 4°C. Pro-
tein concentrations were determined using the Pierce™
BCA Protein Assay Kit (Thermo Scientific). Twenty ug of
protein extracts was diluted in Laemmli buffer (Sigma-
Aldrich) and heated at 70 °C for 15 min, then resolved
by 10% SDS-PAGE at 80-110 V for 120 min (or until
dye front reached the bottom), allowing size-based pro-
tein separation. A molecular weight marker precision
plus protein dual color standards was included for size
determination (BioRad). Following SDS-PAGE, separated
proteins were transferred to a nitrocellulose membrane
using a wet transfer system (45 V for 2.5 h or 200-400
mA for a similar time). The membrane was then blocked
with 5% BSA in TBST (Tris-buffered saline Tween-20
buffer) for 1 h. Both blocking and antibody incubations
were carried out in TBST containing 5% BSA. Primary
antibodies used were mouse monoclonal anti B-actin
antibody (Sigma-Aldrich, 1:1000) and rabbit monoclo-
nal anti-synapsin antibody (Cell Signaling Technology,

(2025) 13:236

Page 5 of 17

1:1000). Horseradish peroxidase-conjugated secondary
antibodies were detected with SuperSignal™ West Pico
PLUS Chemiluminescent Substrate (Thermo Fisher Sci-
entific). The quantification of Western blotting was per-
formed using Image] and normalized against B-actin as a
loading control.

Synapsin ELISA

Control and SPG3A neurons were treated with DMSO
(vehicle control) or 1 uM LXR623 for 1 week. After treat-
ment, cells were lysed with RIPA buffer, and the protein
concentrations were measured using the BCA protein
assay kit. The Synapsin-1 level in the lysates was deter-
mined by the Human Synapsin-1 ELISA Kit (EK713826,
AFG Scientific) according to the manufacturer's rec-
ommendations. Briefly, cell lysates and Synapsin-1
standards were added to pre-coated wells of a micro-
plate, incubated for 90 min at 37 °C, washed four times
with wash solution, and incubated with HRP-conjugate
reagent for 60 min at 37°C. Following another wash, the
wells were incubated with 50 pl of Chromogen Solutions
A and B for 15 min at 37 °C in the dark, and the reac-
tion was stopped with Stop Solution. The absorbance was
measured at 450 nm producing a standard curve, and the
concentration of synapsin-1 in the cell lysate samples was
calculated by interpolation and the concentration was
normalized by protein concentration.

Real-time quantitative PCR

Using TRIzol (Invitrogen), total RNA samples were
extracted from cortical neuronal cells. The High-Capac-
ity cDNA Reverse Transcription Kit (Applied Biosys-
tems) was utilized to produce cDNA from 1 pg of RNA.
The PowerUp SYBR Green Master Mix (Applied Bio-
systems) was used in the QuantStudio 6 Flex Real-Time
PCR System (Applied Biosystems) for real-time PCR. The
settings for the PCR cycling were 50 °C for two min, 95
°C for three min, 45 two-step cycles at 95 °C for 15 s and
60 °C for 60 s, and a melt-curve stage at 95 °C for 15 s,
60 °C for 60 s, and 95 °C for 15 s. qRT-PCR primers are
described in Supplemental Table 1. Cortical neural cul-
tures were treated with LXR agonist or DMSO (control)
for 1 week to ascertain the effects of the LXR agonist
on gene expression related to cholesterol metabolism in
wild-type control and patient specific iPSC-derived neu-
ral cultures.

Statistical analysis

All data are presented as mean*SD. Statistical param-
eters including statistical value, statistical significance (p
value), SD are detailed in the figures and figure legends.
For statistical significance in mean values between two
groups, we performed Student’s ¢ test. The statistical sig-
nificance of mean values among multiple sample groups



Thakur et al. Acta Neuropathologica Communications

was analyzed using ANOVA. p<0.05 was considered
significant.

Results

mRNA sequencing of patient specific cortical neural cells
identified synaptic dysfunction in SPG3A

We previously generated iPSCs from a SPG3A patient
(ATL1-P342S) and identified axonal degeneration and
lipid defects [29, 55]. While the previous study estab-
lished the link between lipid defects and neuron degen-
eration, how cortical PNs degenerate in SPG3A and
whether therapeutic compounds targeting these lipid
defects can effectively mitigate the impairment of human
SPG3A neurons has remained unclear. The current study
investigates the molecular underpinnings of neurodegen-
eration, utilizing unbiased mRNA sequencing analysis of
SPG3A patient-derived iPSC-generated neural cells com-
pared to healthy controls. About 8- to 10-week-old neu-
ral cells were selected because neural cells at this stage in
culture SPG3A PNs start to show degeneration as indi-
cated by impaired axonal transport; astrocytes are pres-
ent at this stage (about 15%), and aberrant lipid transfer
and trafficking are also observed in these cultures [29].
Our goal was to identify the molecular pathways under-
lying the degeneration of cortical neural cells by detailed
analysis of their gene expression patterns.

(@)

Z Scores of Normalized Counts
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We first identified all statistically enriched terms (based
on the default choices under Express Analysis). Accu-
mulative hypergeometric p-values and enrichment fac-
tors were calculated and used for filtering. Differentially
expressed genes in patients as compared to the control
were described by the heatmap (Fig. 1a), the color bar
represents a downregulated (blue) or upregulated (red)
mRNA. Analysis of mRNA expression in SPG3A cortical
PN cultures pinpointed dysregulation of 20 top critical
neurodevelopment-related pathways, prominently featur-
ing impaired synaptic transmission, disrupted synaptic
signalling, and compromised synapse structure (Fig. 1b).
In agreement with our previous study [29], a significant
reduction of lipid metabolism and lipid transfer pathways
were observed in SPG3A cortical cells (Supplemental
Table 2). We also observed changes in pathways critical
for neuronal function including cell projections, neuronal
system and brain development. Thus, the pathway analy-
sis identified top altered pathways in SPG3A which are
related to synapse structure and synaptic signalling.

Next, we performed network cluster analysis to identify
the interactions between the clusters. The significantly
altered terms were hierarchically clustered into a tree
based on kappa-statistical similarities among their gene
memberships (like what is used in the NCI DAVID site).
Then, a 0.3 kappa score was applied as the threshold to
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Fig. 1 mRNA sequencing reveals transcriptional dysregulation of important neurodevelopment related pathways in SPG3A cortical PN cultures. a Heat-
map showing the top enriched terms across input gene lists. b Metascape bar graph of common downregulated pathways. SPG3A neurons exhibit major
downregulation of pathways critical for neuronal development, including projection, synapse, and structure, colored by p-values. ¢ Network analysis
of enriched terms colored by cluster ID. Pathway and cluster network analyses revealed significant reduction of trans-synaptic signaling and chemical

synaptic transmission in SPG3A neural cells
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cast the tree into term clusters, and the representative
terms from the full cluster were converted into a net-
work layout (Fig. 1c). The network was visualized with
Cytoscape, using a “force-directed” layout and with edge
bundled for clarity. This comprehensive analysis revealed
interactions between synaptic dysfunction and critical
neuronal pathways including regulation of vesicle-medi-
ated transport, regulation of membrane potential, and
neuron projection development (Supplemental Tables 2
and 3). These data prefigure synaptic dysfunction in the
pathogenesis in SPG3A, which is examined in detail in
this study.

Characterization and neural differentiation of SPG3A iPSCs
To investigate the mechanisms and test the compounds
in ATL1-mutated human neurons, we established iPSCs
from a second patient with severe clinical phenotype
[2] and a distinct mutation (p.Met408Thr). After cul-
turing the patient fibroblast cells, reprogramming was
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induced by infecting these cells with Sendai virus con-
taining pluripotent genes Oct4, Sox2, L-Myc, and Kif4.
After infection, fibroblast cells changed their morphol-
ogy and started to form small clones (Fig. 2a), and at
around 3 weeks, distinct iPSC clones were observed.
These clones were then picked, passaged and expanded
to establish iPSC lines. To ensure the generated patient-
specific SPG3A iPSCs retained their stem cell identity, we
assessed their pluripotency potential at both the mRNA
and protein levels (Fig. 2b and c). Immunofluorescence
staining revealed robust expression of key pluripotency
markers: OCT4, NANOG, SOX2, and SSEA4 (Fig. 2c).
Real-time PCR (RT-PCR) further confirmed elevated
levels of pluripotency marker genes OCT4, SOX2, and
NANOG compared to the original patient fibroblasts.
Additionally, fibroblast-enriched markers FGF5, FGF8
and FGF9 were downregulated in iPSCs, indicative of
successful reprogramming towards a pluripotent state
(Fig. 2b). To further confirm the pluripotency in vivo, we
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Fig. 2 Generation and characterization of patient-specific iPSCs. a Cultured fibroblast cells from a SPG3A patient show typical elongated morphology.
Cells were then infected with Sendai virus, which started to form small colonies after about 2 weeks. b gRT-PCR showing the differential expression of
fibroblast- and stem cell-related genes in fibroblast cells and reprogrammed iPSCs. ¢ iPSCs colonies expressing ESC markers OCT4, NANOG, SSEA4, and
SOX2 were imaged by immunofluorescence microscopy. Scale bars, 50 um. d After injection into immune-deficiency mice, iPSCs formed teratomas with
3-germ layer structures on H&E staining, confirming pluripotency. e Validation of the mutation in SPG3A iPSCs; Sanger sequencing confirmed a hetero-
zygous mutation at ¢.1223 T>C (p.M408T). f Normal karyotype was observed in iPSCs after multiple passages. Data are presented as Mean+SD, n=3.

**p<0.01,***p<0.001 by two-sided t-test
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performed teratoma assay, a golden standard method for
testing the iPSCs. As seen in Fig. 2d, we observed that
SPG3A teratomas consisted of neural cells (ectoderm),
chondrocytes (mesoderm) and intestinal epithelium-like
structures (endoderm). These data reveal that the iPSCs
can generate structures of 3 germ layers in vivo, indicat-
ing the successful reprogramming of fibroblast cells into
iPSCs.

To ensure the authenticity and accuracy of the patient-
derived SPG3A iPSCs, we employed Sanger sequencing
to examine the mutations (Fig. 2e) and performed karyo-
type analysis of the SPG3A iPSCs (Fig. 2f). This allowed
us to confirm normal karyotype and the maintenance
of patient-specific SPG3A mutations (i.e. p.Met408Thr)
in the iPSCs. Further analysis of genomic DNA from
iPSC clones showed no expression of Sendai viral vec-
tor sequences, indicating successful clearance of the
virus (Supplemental Fig. 1). Finally, to confirm authen-
ticity of the patient-derived SPG3A iPSC, we performed
STR analysis and compared the reprogrammed iPSCs
and fibroblast cells. The STR analysis confirmed that the
iPSCs derived from both Patient 1 and Patient 2 retained
the characteristic STR profile of the original donor fibro-
blast cell lines (Supplemental Table 4), establishing their
suitability for studying the disease mechanisms in a con-
trolled cellular model.

ATL1 mutations result in impaired lipid trafficking and
aberrant synaptic organization in SPG3A
After successfully generating and characterizing patient-
specific SPG3A iPSCs, we differentiated them into cor-
tical projection neurons (PNs) to study the impact of
Atlastin-1 mutations on the degeneration of these neu-
rons. We employed established methods from previous
studies to guide the transformation of hiPSCs into cor-
tical PNs [8, 27] (Fig. 3a). Phase-contrast images were
captured at each stage of the differentiation process to
monitor the morphological changes and showed proper
progression toward mature cortical PNs (Fig. 3b). Fur-
ther, the differentiated cells were verified as cortical PNs
by observing positive immunostaining for Ctip2 and Tau
(Fig. 3c). Both control and SPG3A iPSCs efficiently differ-
entiated into CTIP2"* cortical PNs (Supplemental Fig. 2).
Following the differentiation of patient-specific cortical
PNs, we sought to delve deeper into axonal defects asso-
ciated with ATLI mutations, guided by insights from our
mRNA-seq data on downregulated genes and pathways.
We used cortical neurons derived from iPSCs of two
SPG3A patients including patient 1 (PT1, ATL1-P342S)
established previously and patient 2 established in this
study (PT2, ATL1-M408T). As previously discussed, our
unbiased sequencing data showing the alteration of lipid
and synaptic pathways. To this end, we evaluated the
expression of a representative group of genes linked to
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both synaptic and lipid trafficking in cortical PNs harbor-
ing ATL1-P342S and ATL1-M408T mutations. From our
sequencing data, the most significantly changed pathways
were cell projection organization, trans-synaptic orga-
nization, synapse plasticity, neuronal systems and lipid
metabolism (Supplemental Table 2). We first examined
the cholesterol-related gene expression levels in SPG3A
cortical PNs compared to the control neurons. Lipopro-
teins, namely APOE, aid in the transfer of cholesterol
from glial cells to neurons. Expression level of APOE in
ATL1-P342S and ATL1-M408T cortical PNs was signifi-
cantly decreased (Fig. 3d). Moreover, the expressions of
ABCAI ABCA2, and ABCGI, genes that involved in lipid
and cholesterol trafficking were significantly reduced in
ATL1-P342S and ATL1-M408T cortical PNs (Fig. 3d).
This finding aligns with our mRNA sequencing findings,
indicating a disruption in cholesterol homeostasis, and
lipid metabolism in SPG3A neuronal culture.

Next, to examine the synaptic dysfunction in ATL1
mutated neurons, we evaluated synaptic-related genes
glutamate metabotropic receptor 1 (GRM1) and SYNAP-
SIN expression in SPG3A cortical PNs. GRMI and SYN-
APSIN expression was significantly reduced in SPG3A
cortical PNs at mRNA levels as compared to control
(Fig. 3e). Both genes play an important role in synapse
formation and organization. Additionally, we examined
lipid droplet (LD)-related genes, as ATL1 has a known
role in regulating LDs that store and regulate lipids.
Analysis of gene expression data revealed that the mRNA
expressions of the LD-related genes, perilipin 2 (PLIN2)
and perilipin 3 (PLIN3), were significantly reduced in
SPG3A cortical PNs (Fig. 3f); PLIN2 is an LD protein
that is universally expressed and regulates SREBF1, a
gene critical for lipid and cholesterol metabolism [26, 29].
Taken together, this targeted analysis revealed a striking
reduction in the expression of genes involved in synaptic,
lipid, and cholesterol functions across both mutations,
further supporting the implication of lipid and synaptic
dysfunction in SPG3A.

LXR623 restores lipid trafficking and rescues Synapsin
dysfunction in SPG3A cortical neural cells

How impaired lipid homeostasis leads to synaptic dys-
function, and what is the interplay between these pro-
cesses in the degeneration of cortical PN axons in
SPG3A? Our previous study showed that liver X receptor
agonist (i.e., GW3965) can restore cholesterol homeo-
stasis by regulating the lipid droplet and trafficking in
SPG3A [29]. To dissect the role of lipid defects in synap-
tic dysfunction in SPG3A, here, we examined the effects
of a lipid-targeting drug, LXR623 on SPG3A cortical
PNs. LXR623 is a potent LXR agonist and orally available
making it a promising candidate for future clinical devel-
opment [49]. We first examined the effects of LXR623
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Fig. 3 Neural differentiation of iPSCs and altered lipid and synapsin-related genes in SPG3A. a Schematic diagram of the differentiation protocol for
cortical PNs from iPSCs. b Phase contrast images show typical stages during differentiation of cortical PNs from hiPSCs. Scale bar, 200 um. ¢ Control and
SPG3A iPSCs were differentiated into cortical PNs that stained positively with Ctip2 (red) and Tau (green). Scale bar, 20 um. d-f gPCR analyses of control
and SPG3A cortical PN cultures revealed significant reduction of genes involved in lipid and cholesterol trafficking (d), synapse organization (e), and lipid
droplet formation (f). Data are presented as Mean+SD, n=3.*p <0.05, *p <0.01, *p <0.001 versus control group by Dunnett’s test after ANOVA

on synaptogenesis by analyzing synapsin 1 expression
(Fig. 4a). Synapsin I is a synaptic vesicle associated pro-
tein, which is involved in regulating synaptogenesis
and neurotransmitter release. We quantified the num-
ber of synapsin 1-positive clusters per 100 um neurite
length using Image] software (Fig. 4b). Our data reveal

a significant reduction of synapsin-1 clusters in ATL1-
P342S and ATL1-M408T cortical PNs compared to con-
trol neurons. Notably, treatment of LXR623 significantly
increases synapsin numbers in SPG3A neurons, suggest-
ing that targeting lipid defects can rescue the synaptic
dysfunction.
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Fig. 4 LXR agonist treatment rescues synaptic defects in SPG3A cortical PNs. a Immunostaining of synapsin protein in cortical PN cultures derived from
wild-type (WT) control and SPG3A iPSCs, with or without LXR623 treatment. Scale bar, 50 um. b Quantifications of number of synapses per 100 um neu-
rite in control and SPG3A neurons treated with drug (LXR623) or vehicle control (DMSO). Three independent biological replicates for each group were
analyzed. Data are represented as mean +SD. *p < 0.05, **p <0.01, ***p <0.001 by Tukey’s test after ANOVA

To further delineate the underlying mechanisms, we
examined the expression of cholesterol efflux, LD, and
synaptic genes after LXR623 treatment. Cortical PNs
produced from ATLI-P342S and ATLI-M408T iPSCs
showed substantial alterations in ER calcium ion balance
and cholesterol efflux. SPG3A cortical PNs had decreased
ABCAI, ABCA2, ABCGI expression. The mRNA expres-
sion level of APOE, a critical regulator of lipid and cho-
lesterol transfer, was also significantly reduced in SPG3A
neurons (Fig. 5a). After treatment with the LXR ago-
nist, the expressions of these genes were significantly
increased, reaching levels that were comparable to those
measured in control neurons (Fig. 5a). Considering that
atlastin-1 can directly modulate LDs, we then examined
the expression of LD-related genes. Interestingly, mRNA
expression of PLIN2 and PLIN3, critical LD genes, were
significantly reduced in SPG3A cortical PNs, which are
mitigated by the LXR623 treatment (Fig. 5b). Further,
we examined the synapse-related gene expression at the
mRNA level in ATL]1 mutant neurons compared to the
control group including SYNAPSIN and GRMI. Pre-
viously, we found that GRMI and SYNAPSIN expres-
sions were significantly reduced in SPG3A cortical PNs
(Fig. 3e). After LXR623 treatment, the expressions of

SYNAPSIN as well as GRM 1, critical factors for the for-
mation and organization of synapses, were significantly
increased in the SPG3A cortical PNs as compared to
SPG3A neurons treated with DMSO (Fig. 5¢c). Taken
together, our results reveal that restoring LD and cho-
lesterol pathways using an LXR agonist can effectively
mitigate synaptic dysfunction in SPG3A, implicating of
impaired lipid homeostasis in synaptic dysfunction and
providing a potential therapeutic target for SPG3A.

LXR623 ameliorated synaptic dysfunction and cholesterol
trafficking deficits caused by ATL1 mutation

To examine the cause-effect relationship between SPG3A
mutations and synaptic deficits, we generated cortical
PNs from ATL1-P342S and an isogenic control iPSC line
(Fig. 6). To confirm the pluripotency of the corrected
cell line, stem cell colonies were stained for pluripo-
tency markers OCT4, SOX2, and SSEA4 (Supplemental
Fig. 3a). We also performed karyotype analysis to confirm
genomic integrity (Supplemental Fig. 3b). The western
blot analysis showed decreased synapsin protein levels
in the ATLI-mutant neurons, suggesting impairments in
synapse formation or maintenance of these cells (Supple-
mental Fig. 4a and b). Furthermore, synapsin levels were
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Fig. 5 The effects of LXR623 on the expression of critical genes in lipid and synaptic pathways. a gPCR showing the significant increased expression of
lipid and cholesterol trafficking genes (ABCAT, ABCA2, ABCG1, APOE) after the treatment of LXR623 in both ATL1-P342S and AL1-M408T cortical cells. b
The expressions of lipid droplet related genes (PLIN2 and PLIN3) were significantly increased in LXR623-treated cells compared to that in DMSO (vehicle
control)-treated group. € LXR623 treatment significantly increased expression of GRM1 and SYNAPSIN in ATL1-mutated cortical PN cultures, suggesting
the restoration of lipid and synaptic pathways by L XR623. Data are presented as mean+SD, n=3.*p<0.05, **p < 0.01, ***p < 0.001 versus ATL1-mutated

(P342S or M408T) DMSO group by Dunnett’s test after ANOVA

increased after treatment with LXR623, further confirm-
ing the protective effects of LXR623 for synaptic func-
tions in SPG3A neurons. Next, an analysis of synapse
density, as indicated by synapsin expression through
immunofluorescence microscopy, revealed a significant
reduction of synaptic density in patient neurons com-
pared to isogenic controls (Fig. 6a), further supported
by analyzing synapse number per 100 pm neurite length
and quantified by Image] software (Fig. 6b). The synap-
tic deficit was also confirmed using synapsin ELISA,
which suggests that there is a comparable reduction of
synapse proteins in both groups (ATL1-P342S & ATL1-
M408T) (Supplemental Fig. 4c and d). Moreover, synap-
sin proteins were increased after treatment with LXR623
(Supplemental Fig. 4), further confirming the protec-
tive effects of LXR623 for synaptic functions in SPG3A
neurons.

Next, to determine the functionality of the neurons,
we performed calcium imaging and compared the cal-
cium activity between ATL1-P342S and isogenic con-
trol neurons before and after stimulation with glutamic
acid (Fig. 6d). Interestingly, calcium imaging analy-
sis indicated that the calcium activity was significantly
reduced in patient-derived neurons as compared to iso-
genic controls (Fig. 6e). Both the basic levels of the cal-
cium activity (before stimulation) and calcium levels
after stimulation were significantly reduced in ATLI1-
P342S neurons (Fig. 6e). Together with the alterations in

synaptic protein expression, these data suggest a compro-
mised capacity for external signal transmission indicative
of synaptic dysfunction [1]. Moreover, treatment with
LXR623 significantly increased cytosolic calcium levels
in ATL1-mutated neurons (Fig. 6d and e), further sup-
porting the increased synapsin activity and improved cal-
cium homeostasis by LXR623 in patient-derived cortical
PNs. Taken together, our data suggest that synaptic activ-
ity is impaired in the SPG3A patient neurons and can be
mitigated by LXR623 treatment.

How does LXR623 affect the synaptic functions in
SPG3A neurons, and what is the interplay between the
lipid deficits and synaptic function? Our previous study
has reported cholesterol trafficking deficits in SPG3A
astrocytes. Astrocytes have a critical role in synaptic
function, and neurons depend on cholesterol from glial
cells, especially astrocytes. This brings up the possibil-
ity that LXR623 can regulate cholesterol trafficking from
astrocytes to neurons, improving synaptic functions.
To test this possibility, we generated astrocytes from
ATL1-P342S and control iPSCs using our well-estab-
lished protocol [29]. We then labelled these astrocytes
and compared cholesterol efflux between SPG3A and
control neurons. Results indicated a significant reduc-
tion of cholesterol efflux from ATL1-P342S astrocytes
compared to control astrocytes (Supplemental Fig. 5).
Moreover, the reduced cholesterol efflux is significantly
mitigated after the treatment with LXR623, suggesting
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Fig. 6 LXR623 treatment rescues Synapse Dysfunction and Calcium Dynamics in SPG3A isogenic cell lines. a Synapsin protein expression in SPG3A
mutant and isogenic cortical PNs treated with 1 pM LXR623. Scale bar, 20 um. b Quantification of synapse per 100 um neurite length reveals a significant
reduction in synapsin expression in SPG3A mutant neurons compared to an isogenic control. ¢ Correction of point mutations in SPG3A iPSCs to generate
isogenic control iPSCs. d Changes in intracellular calcium levels in SPG3A mutant and isogenic control neurons visualized using X-rhod-1 AM. Fluores-
cence intensity was measured at baseline and following stimulation with glutamic acid (50 uM). Scale bar, 50 um. e The effect of LXR623 pretreatment
(1 UM, 1 week) on calcium activity was assessed at baseline (left panel) and after stimulation (right panel). Quantification of calcium levels (relative to
isogenic control baseline) indicates significant effects of LXR623 on calcium. Three independent biological replicates for each group were analyzed. Data
are presented as Mean+SD. *p <0.05, **p < 0.01, ***p <0.001 by Tukey's test after ANOVA

that LXR623 exerts protective effects on synaptic func-
tion through regulating the cholesterol trafficking. The
dynamic changes of calcium and synaptic activities and
detailed mechanisms by which the interplay of neurons
and glial cells in the pathogenesis of SPG3A await further
examination.

LXR623 effectively mitigates axonal swellings and
apoptosis in long-term cultures of SPG3A

To determine the role of lipid and synaptic defects in the
degeneration of SPG3A cortical PNs, we examined the
efficacy of targeting these defects against nerve degen-
eration in long-term cultures. LXR623 is a synthetic
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Fig. 7 LXR623 mitigates the axonal swellings and apoptosis in SPG3A long-term cultures. a Immunostaining of in healthy control derived and SPG3A
cortical PNs, with and without LXR623. Immunostaining of Tau showing the formation of axonal swellings along axons in ATL1 mutant cortical PNs; Scale
bar, 50 um. b Quantification revealed a significant increase in the density of axonal swellings in ATLT mutant neurons compared to control. Three inde-
pendent biological replicates for each group were analyzed. Data were presented as mean + SD. **p < 0.01 versus SPG3A DMSO group by Tukey's test
after ANOVA. ¢ Apoptosis levels as indicated by relative Caspase 3/7 activity were analyzed in both ATL1-mutated cortical PNs after being treated with
LXR623 (1 uM and 5 uM) or vehicle control (DMSO). The Caspase 3/7 activities were significantly increased in ATL1-mutated groups, which were effectively
mitigated after treatment with LXR623 at both doses. Data were presented as mean + SD, n=3.**p < 0.01, ***p < 0.001 versus ATL1-mutated DMSO group

by Dunnett’s test after ANOVA

molecule that activates LXRs, which is an important reg-
ulator of cholesterol metabolism and trafficking. Using
patient iPSC-derived neurons, we observed the rescue
of synaptic dysfunction in SPG3A (Figs. 4 and 6). Impor-
tantly, LXR623 can traverse the blood—brain-barrier and
has proven to be safe in a phase I human clinical study
[49], making it an ideal candidate for future therapeutic
applications. We examined the effect of LXR623 on the
axonal degeneration by analyzing axonal swellings in
SPG3A cortical PNs in long-term cultures (3 months).
Axonal swellings are a characteristic pathological change
observed in cell and animal models of HSP, which is
caused by the accumulation of transported cargos as a
result of impaired transport. We have previously shown
the increased axonal swellings in ATL1-P342S neurons
[29]. Here, we compared the axonal swellings between
control and SPG3A ATLlmutant neurons. Tau immu-
nostaining was performed to visualize axonal swellings
in ATL1-mutated neurons (Fig. 7a). There is a significant
increase in the axonal swelling density in ATL1-mutated
neurons compared to control (Fig. 7b). Interestingly, after

the treatment of LXR623 (1 pM), the axonal swelling
density in ATL1-M408T and ATL1-P342S neurons was
significantly reduced, revealing the protective effects of
LXR623 against axonal degeneration.

Furthermore, we examined the effects of LXR623 on
apoptosis levels to investigate the protective impact of
this drug on SPG3A cortical PNs. The apoptosis levels
as indicated by relative Caspase 3/7 activity was signifi-
cantly increased in SPG3A neurons compared to con-
trol neurons (Fig. 7c). The administration of LXR623
resulted in a significant decrease in Caspase 3/7 levels in
the SPG3A group compared to that in the control treated
with DMSO. Both 1 pM and 5 pM can significantly
reduce the apoptosis, validating the protective effects of
LXR623 in SPG3A cortical PNs. Collectively, our findings
demonstrate that LXR623 treatment, which restores lipid
and synaptic function, can effectively mitigate the axonal
and neuronal degeneration of SPG3A neurons in long-
term cultures, highlighting the importance of targeting
these defects for therapeutic interventions in HSP.
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Discussion

Lipid dysfunction is an emerging pathologic change
involved in neurodegenerative diseases including HSP,
though the interplay between lipids and synaptic defects,
and the targeting of these defects to effectively mitigate
axonal degeneration, remain to be elucidated. Here, we
demonstrate that SPG3A mutations in ATLI impair lipid
trafficking and synaptic pathways, disrupting synaptogen-
esis and leading to axonal degeneration and apoptosis of
SPG3A cortical neurons. Notably, using patient-specific
iPSC-derived cortical neurons from two SPG3A patients
with distinct mutations and clinical presentations, we
tested the protective effects of an oral LXR agonist,
LXR623. LXR623 significantly mitigated the reduction
in synaptic proteins and the accumulated axonal swell-
ings, revealing its protective role against synaptic defects
and axonal degeneration. Further analyses confirmed the
effect of LXR623 on rescuing the lipid trafficking and LD
pathway, which correlated with the improvement of syn-
aptogenesis and nerve degeneration. Moreover, LXR623
also inhibits apoptosis in the mutant neurons, further
supporting its protective effects and providing a promis-
ing therapeutic approach for SPG3A.

The ATLI protein atlastin-1 localizes to the tubular ER
and has a critical role in the organization of ER three-way
junctions. Atlastin-1 interacts with several other HSP
proteins including spastin (SPG4) and REEP1 (SPG31),
forming protein complexes within the tubular ER mem-
brane [35]. Mutations of these HSP genes, which accounts
for about 50% of the HSP cases, led to impaired ER mor-
phogenesis, implicating ER and lipid defects in the patho-
genesis of HSP [46]. Though lipid dysfunction has been
observed in patient iPSC-derived neural cells, how lipid
defects result in the dysfunction and degeneration of
cortical PNs remain elusive. Our unbiased genomic stud-
ies comparing SPG3A and control neural cells identified
synaptic dysfunction as a top affected pathway in addi-
tion to the aberrant lipid pathways. Given that lipids have
an important role in synaptogenesis, synaptic dysfunc-
tion may be a critical, downstream pathologic change in
SPG3A. We further examined synaptic defects in neural
cells derived from iPSCs of two patients with distinct
ATLI mutations. ATL1 mutations impair the expression
of SYNAPSINI and GRM1I, which are critical for syn-
apse formation and neurotransmitter release, confirm-
ing synaptic dysfunction in ATLI-mutated human neural
cells. Moreover, treatment of SPG3A cells with a lipid-
targeting compound (i.e, an LXR agonist) significantly
mitigated the aberrant synaptogenesis, implicating lipid
defects in the synapse dysfunction observed in SPG3A.

Treatment with LXR623 leads to a robust increase
in calcium activity under baseline conditions and in
response to glutamic acid treatment in SPG3A patient-
derived neurons. These results suggest that LXR623
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potentiates synaptic activity in SPG3A neurons, though
the detailed dynamic changes of calcium activity need
further investigation. The impaired calcium activity
coincides with the reduced synaptic puncta observed in
SPG3A PNs, and both impairments are significantly ame-
liorated by LXR623 treatment. These findings indicate
that LXR623 may be a potential therapeutic agent for
SPG3A through the rescue of synaptic dysfunction. Given
the critical role of astrocytes in synaptic function and
cholesterol homeostasis of neurons, we also generated a
pure population of astrocytes and compared cholesterol
trafficking between ATLI-mutated and isogenic control
astrocytes. Mitigation of cholesterol efflux impairments
by LXR623 in ATLI-mutated astrocytes revealed the
implications of impaired lipid trafficking in synaptic defi-
cits, though detailed mechanisms by which ATLI muta-
tions affect calcium signaling and synaptic activity await
further investigation. It will also be interesting to dissect
the specific role of astrocytes in regulating synaptic func-
tion in the future, through co-culturing ChR2-labeled
astrocytes with neurons and examining the dynamic
responses of neurons upon the specific stimulation of
astrocytes.

SPG3A is the most common early-onset form of HSP
and results from ATL1 missense mutations that span dif-
ferent sites broadly throughout the ATLI gene. A recent
meta-analysis of the mutations found that de novo muta-
tions usually led to more severe phenotypes [2]. Specifi-
cally, ATL1-M408T de novo mutations are prominently
associated with more severe and extensive symptoms.
Similar to patient 2 (ATL1-M408T), patient 1 (ATL1-
P342S) also harbors a de-novo mutation, with early onset
of symptoms at the age of 2 [55]. Both ATL1-P342S and
ATL1-M408T iPSC-derived cortical neurons exhibited
significant reductions in synaptic proteins and functions.
Whether the disease progression caused by these two
mutations will show differences, and whether the effects
of these two mutations on other types of neurons that are
responsible for complicated symptoms are different, will
be interesting to examine in the future.

A characteristic pathologic change observed in multi-
ple forms of HSP is increased axonal swellings caused by
impaired transport and accumulated transported cargos
[14, 22]. We have found accumulated axonal swellings
in SPG3A iPSC-derived neuron cultures, which is miti-
gated by LXR623. The protective effects of LXR623 are
further supported by its potency in reducing apoptosis,
which can be caused by lipid and synaptic defects [50].
Recent studies have reported the involvement of double
strand DNA damage, which is a major cause of apopto-
sis, in HSP [5, 39, 44]. Interestingly, we have observed
double strand DNA break repair in the upregulated path-
ways (Supplemental Table 3), prefiguring DNA dam-
age in SPG3A. The detailed mechanisms underlying
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double strand DNA damage and the interplay between
these pathological processes in SPG3A await further
investigation.

Currently, HSP treatments are symptomatic, ranging
from physical therapy and oral anti-spasmodic medica-
tions to botulin toxin injections and even various surger-
ies for disease management depending on the complexity
of symptoms [4, 43]. There remains a lack of effective
approaches to directly target axonal degeneration and
nerve dysfunction. Using patient-specific iPSC-derived
neurons with two distinct mutations, our study revealed
the protective effects of LXR623 against synaptic dys-
function, axonal degeneration and apoptosis in these
SPG3A neurons. LXR623 is a potent and oral-active
agonist of LXRs. LXR623 can cross the blood—brain bar-
rier and has been shown to be safe in clinical trials [23,
49]. By providing evidence for the potential of LXR623
in alleviating neurodegeneration, this study opens new
avenues for exploring novel therapeutic approaches for
SPG3A and potentially other forms of HSP. Additionally,
it will be interesting to further investigate the long-term
effects and efficacy of LXR623 treatment using in vivo
models, which will be crucial for advancing its therapeu-
tic potential.

Conclusion

By combining iPSC modeling and non-biased RNA
sequencing, this study identifies synaptic dysfunction as
a top-altered pathway in SPG3A. Our data further dem-
onstrate the role of synaptic dysfunction in the degenera-
tion of SPG3A neurons. The application of LXR623, an
oral active LXR agonist that regulates lipid trafficking,
effectively mitigates synaptic deficits and the degenera-
tion of human cortical neurons, providing a promising
therapeutic approach for SPG3A.
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