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Store-operated calcium entry is reduced
in spastin-linked hereditary spastic
paraplegia

Tania Rizo,! (Lisa Gebhardt,? Julia Riedlberger,! ®Esther Eberhardt,*' Lars Fester,*
Dalia Alansary, Jiirgen Winkler,®’ Soeren Turan,® Philipp Arnold,’®
Barbara A. Niemeyer,>* Michael J. M. Fischer®>'%* and Beate Winner"’

*These authors contributed equally to this work.

Pathogenic variants in SPAST, the gene coding for spastin, are the single most common cause of hereditary spastic
paraplegia, a progressive motor neuron disease. Spastin regulates key cellular functions, including microtubule-se-
vering and endoplasmic reticulum-morphogenesis. However, it remains unclear how alterations in these cellular
functions due to SPAST pathogenic variants result in motor neuron dysfunction. Since spastin influences both micro-
tubule network and endoplasmic reticulum structure, we hypothesized that spastin is necessary for the regulation of
Ca’* homeostasis via store-operated calcium entry.

Here, we show that the lack of spastin enlarges the endoplasmic reticulum and reduces store-operated calcium entry.
In addition, elevated levels of different spastin variants induced clustering of STIM1 within the endoplasmic reticu-
lum, altered the transport of STIM1 to the plasma membrane and reduced store-operated calcium entry, which could
be rescued by exogenous expression of STIM1. Importantly, store-operated calcium entry was strongly reduced in in-
duced pluripotent stem cell-derived neurons from hereditary spastic paraplegia patients with pathogenic variants in
SPAST resulting in spastin haploinsufficiency. These neurons developed axonal swellings in response to lack of spas-
tin. We were able to rescue both store-operated calcium entry and axonal swellings in SPAST patient neurons by re-
storing spastin levels, using CRISPR/Cas9 to correct the pathogenic variants in SPAST.

These findings demonstrate that proper amounts of spastin are a key regulatory component for store-operated cal-
cium entry mediated Ca?* homeostasis and suggest store-operated calcium entry as a disease relevant mechanism of
spastin-linked motor neuron disease.
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CRISPR =clustered regularly interspaced short palindromic repeats; dSTORM =direct stochastic
optical reconstruction microscopy; ER =endoplasmic reticulum; GC=genome corrected; HSP =hereditary spastic
paraplegia; iPSC=induced pluripotent stem cell; NPC=neural precursor cell; PM=plasma membrane; SOCE=
store-operated calcium entry; TIRF = total internal reflection fluorescence

Introduction

Pathogenic variants in the SPAST gene result in spastin haploinsuf-
ficiency and are responsible for up to 40% all autosomal dominant
cases of hereditary spastic paraplegia (HSP)." HSP is a group of
monogenic motor neuron disorders, which result in progressive
spastic paraplegia.*® Spastin is not only a powerful microtubule-
severing protein,®® but also plays a role in remodelling the endo-
plasmic reticulum (ER) in axons.” Two main isoforms exist: a
68 kDa full length M1-spastin, and a 60 kDa ubiquitously expressed
M87-spastin lacking the first 86 amino acids.®'° Although present
in most tissues, M1-spastin is most strongly expressed in nervous
tissues ®'* and localizes to membranous cellular organelles, includ-
ing the ER, via its N-terminal hydrophobic hairpin domain.®** The
M87-spastin isoform lacks this N-terminal domain.

The ER is the major intracellular Ca?* store.'*'® Decreases in ER
luminal Ca®* are detected by the ER resident protein stromal inter-
action molecule 1 (STIM1), which, upon unbinding of Ca®* changes
its conformation and oligomerizes.'® STIM1 then tracks microtu-
bules plus ends®'” and relocates within the ER membrane towards
sites where the ER membrane is in close proximity to the plasma
membrane (PM) to activate store-operated calcium entry
(SOCE)."*® On these ER-PM junctions, STIM1 activates Ca®* chan-
nels allowing the rapid influx of extracellular Ca?* into the cytosol,
triggering a broad range of key cellular mechanisms, including re-
filling of ER Ca?*,%° activation of gene expression’’ and mainten-
ance of dendritic spines.?” Both decreased or increased levels of
ER Ca?* content have been implicated as drivers of neurodegenera-
tive disorders with decreased ER Ca®" leading to synaptic loss in
Alzheimer’s disease and decreased pace makingin Parkinson’s dis-
ease.”®?* Increased ER Ca?* resulted in altered mitochondrial ability
to store Ca®* in Huntington’s disease®® and release of neurotoxic
factors from astrocytes in amyotrophic lateral sclerosis.?*®

Although SOCE has been investigated in many different types of
cells, the mechanism by which itis regulated in human neurons, re-
mains elusive. It is not entirely clear which ER and microtubule
network-linked proteins are associated with this process. Studies
investigating the role of the cytoskeleton in SOCE showed a de-
crease in SOCE as a consequence of microtubule network disrup-
tion after applying microtubule destabilizing agents such as

nocodazole.” Interestingly, microtubule destabilization has been
reported to have a direct impact on the ER-protein lateral mobility”
and on the ER structure,? which in turn alters SOCE.?® Collectively,
this evidence suggests a direct link between the microtubule-regu-
lated ER structure and Ca®* signalling,

Since spastin influences both the microtubule network and the
ER structure,®® we hypothesized that spastin has an impact on the
regulation of Ca®* via SOCE in human neurons. We previously de-
monstrated that neurons derived from these SPAST-HSP patientin-
duced pluripotent stem cells (iPSCs), besides expressing less
spastin, display an altered microtubule network and develop a
high degree of neurite swellings."?33

Here, we demonstrate that lack of spastin decreases the Ca®* re-
uptake after ER-store depletion. We further describe how different
parts of the spastin protein might alter the dynamics and distribu-
tion of STIM1 along the ER and to the PM. To test the significance of
this mechanism for human neurons, we generated cortical neurons
from the iPSCs from healthy donors, from patients with pathogenic
variants in SPAST, and from clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9-corrected isogenic controls
and tested their capacity to regulate SOCE. We show that re-uptake
of Ca®" via SOCE is reduced in SPAST-HSP cortical neurons when
compared to neurons derived from isogenic controls. In summary,
our data describe how pathogenic spastin variants compromise
neuronal Ca?* homeostasis via SOCE, potentially increasing the
vulnerability of neurons in SPAST-HSP.

Material and methods

SPAST-HSP patients and healthy donors were examined and diag-
nosed at the Department of Molecular Neurology of the
Universitatsklinikum Erlangen (Germany), which also obtained
the informed consent. The two SPAST patients were white females
with European ancestry, with confirmed heterozygous pathologic
variants in ¢.1684C>T and had typical clinical characteristics of
pure spastic paraplegia. Patient UKER552 (hereafter referred to as
Patient A) and patient UKERS3L (hereafter referred to as Patient B)
were biopsied at 48 and 51 years of age, respectively. The healthy
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donor UKER33Q (hereafter referred to as Control) was a 46-year-old,
unrelated, white female with European ancestry and no history of
neurological disorder (Supplementary Table 1).

Fibroblasts from SPAST patients and control were obtained by the
Department of Molecular Neurology from dermal punch biopsies
of the upper arm, after Institutional Review Board approval (con-
sent #4120). These fibroblasts were reprogrammed into iPSCs via
retroviral transduction of the transcription factors Klf4, c-Myc,
Oct4 and Sox2 as previously described.'***** In brief, fibroblasts
cultured in IMDM supplemented with 15% foetal bovine serum
(FBS) (both Invitrogen) were seeded onto six-well plates (Corning)
and for retroviral transduction ‘spinfected’ three times (800 g for
60 min; 8 pg/pl Polybrene) within 48 h with supernatant containing
Sox2-, KIf4-, c-Myc- and three times the amount of Oct4 retrovirus.
Twenty-four hours after the last spinfection, the fibroblasts were
detached using TrypLE Express (Invitrogen) and cultured on a feed-
er layer of mouse embryonic fibroblasts (EMD Millipore) in human
embryonic stem cell (hESC) medium containing Dulbecco’s modi-
fied Eagle medium (DMEM)/F12/GlutaMAX, 20% Knockout Serum
Replacement, 1x NEAA (all Invitrogen), 55 uM p-mercaptoethanol
(Sigma-Aldrich), 20ng/ml fibroblast growth factor 2 (FGF2;
PeproTech) and 10uM SB431542 (Sigma-Aldrich). Appearing
colonies after ~12 days were manually picked and transferred
onto 24-well plates coated with 0.5 mg Matrigel (Corning) and
further on cultured with mTeSR1 medium (STEMCELL
Technologies). HUES6 (RRID: CVCL_B194, registered according
to the German stem cell act approval #63 to Beate Winner),
iPSCs and genome corrected iPSCs were clonally expanded using
collagenase IV (Invitrogen) or Gentle Cell Dissociation Reagent
(STEMCELL Technologies). The identity of iPSC and isogenic
iPSC lines was corroborated by paternity testing. Karyotype was
confirmed by G-Banding and genomic stability confirmed by copy
number variation (CNV) analysis (all performed by the
Department of Human Genetics in Erlangen). Pluripotency was
characterized via flow cytometry of Tra-1-60 (BioLegend) and by im-
munofluorescence staining of of Oct4 (Santa Cruz) and Nanog (R&D
Systems), and TRA1-60 (Millipore) and Nanog (R&D Systems). The
ability to generate all of the embryonic germ layers after undirected
in vitro differentiation was previously demonstrated.™

Neural precursor cells (NPCs) and neurons were differentiated and
characterized as previously described'>*® (Supplementary Fig. 3).
Briefly, ESCs and iPSCs were transferred to ultra-low attachment
plates (Corning) to generate embryoid bodies (EBs) and cultured
for 24h on mTeSR1 (STEMCELL Technologies). The media was
replaced with DMEM/F12 +GlutaMAX supplemented with N2
and B27 (without Vitamin A) and cultured for 1 week with fresh
media change every other day (all Invitrogen). Embryoid bodies
were then plated on poly-L-Ornithine (PLO, 10 pg/ml) and laminin-
(5 pg/ml) (Invitrogen) coated plates and cultured one further week.
Forming rosettes were manually picked under a stereomicroscope
(Olympus). The neural rosettes were dissociated using TrypLE
Express (Invitrogen) to form proliferative NPC lines. NPCs were
grown on PLO/laminin-coated plates in DMEM/F12 + GlutaMAX
supplemented with N2 and B27 (without Vitamin A) media supple-
mented with 20 ng/ml FGF2 (R&D Systems). Every 5-10 days the
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NPCs were split using TrypLE Express (Invitrogen) using a ~1:3 ra-
tio. Neuronal differentiation was initiated by seeding NPCs at low
confluency (~50000 cells/cm?) in N2 and B27 (without Vitamin A).
Twenty-four hours after, the media was replaced by differentiation
media [DMEM/F12 + GlutaMAX supplemented N2 and B27 (without
Vitamin A), 20 ng/ml brain-derived neurotrophic factor (BDNF),
20 ng/ml glial cell line-derived neurotrophic factor (GDNF) (both
Peprotech), 1mM dibutyryl-cyclic adenosine monophosphate
(cAMP) (AppliChem) and 200nM ascorbic acid (AA)]
(Sigma-Aldrich). Neurons were cultured for 4-5 weeks, changing
three-quarters of the media every 3-4 days.

For patch clamp analysis, NPCs were seeded onto mouse
astrocytes from CD1 mice (ScienCell, cultured according to the ven-
dor’s recommendation) and differentiated for 5 weeks. For patch
clamp, the differentiation media was supplemented with 0.5%
FBS (Invitrogen). The NPCs derived from ESCs, iPSCs and isogenic
lines were sequenced for the presence or absence of the
SPAST mutation (LGC Genomics) using sequencing primers
fwd 5'-GTCAGTTGGCCACCAGTAGT -3 and rev 5-ACTTCTTAAA
CTTCTAAGGTGGT -3. All cultures were regularly tested for myco-
plasma (Mycoalert, Lonza).

HEK293T cells were cultured in IMDM supplemented with 10% FBS
and 1x Penicillin/Streptomycin (all Invitrogen) in T75 Flasks
(Sarstedt). Confluent cells were passaged every 3-4 days using
TrypLE Express (Invitrogen) and seeded one day before transfec-
tion. PEI/DNA (4:1 ratio) complexes were formed in OPTI-MEM
(Invitrogen) and added to cells on antibiotic free media. After 4 h,
the media was changed to full media containing FBS and antibio-
tics. The cells were analysed or fixed 24 h post-transfection. To gen-
erate SPAST KO cells, sgRNAs were designed using the CRISPOR
online tool (http:/crispor.tefor.net/).* The Oligonucleotides
containing sgRNAs (spacer sequence is depicted in bold)
(5'-CACCGgaatagctgttatagttac-3’; 5'-AAACgtaactataacagctattcC-3/
both Sigma-Aldrich) were cloned into the vector backbone
PCAG-SpCas9-GFP-U6-gRNA (Addgene #79144) using an adapted
version of the protocol developed by the Zhang Lab (https:/www.
addgene.org/crispr/zhang/). Briefly, the vector backbone was
digested using BbsI-HF (NEB), CutSmart Buffer (NEB) and depho-
sphorylated with Calf Intestinal Alkaline Phosphatase (CIP, NEB).
The sgRNAs were annealed and phosphorylated with the T4
Polynucleotide Kinase (NEB) using the following thermocycler
protocol: 30 min at 37°C, 5 min at 95°C, ramp down to 25°C at 5°C/
min. Annealed sgRNAs and digested backbone were ligated using
the Quick Ligase (NEB). Ligation reaction was electroporated and
propagated in GeneHogs E.Coli (Invitrogen). Endotoxin-free purified
plasmids (Machery-Nagel) were transfected into HEK293T cells
using polyethylenimine (PEI). After 48 h single cells were FACS
sorted into 96-well plates. Genomic DNA from growing
colonies was extracted using DNA Quickextract (Epicentre) and
PCR amplified using primers for the expected cutting side
(5'-CTCACGGCCCCAAAATGTTG-3, 5'-CTGAAATCTGGACAATCAT
GTGAA-3 both Sigma-Aldrich). After PCR gel purification, PCR pro-
ducts were sequenced (LGC Genomics) using the same primers for
PCR amplification. Sequencing reads were analysed for InDels
using A Plasmid Editor (aPE; University of Utah; Salt Lake City, UT)
and Tracked Indel DEcomposition (TIDE) genotyping analysis.?®
For further confirmation of insertion-deletion mutations (InDels),
PCR products of spastin KO and wild-type cell lines were sent for
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next generation-based amplicon sequencing (GENEWIZ) using the
same PCR amplification primers (Supplementary Fig. 1E).

Genome correction of the SPAST mutation in iPSCs was carried out
by Applied StemCell. For this purpose, one iPSC clone from SPAST
Patient A (UKERi552-R1-008) and one iPSC clone from SPAST
Patient B (UKERiS3L-R1-014) were sent to Applied StemcCell for the
generation of SPAST isogenic lines. Applied StemCell used the
CRISPR/Cas9 system to correct the non-sense mutation in SPAST
patients ¢.1684C>T/p.R562X, het. in exon 15 of the gene
SPAST. The purchased genome corrected clones were hereafter
referred to as SPAST GC A (UKERi552-R1-SC1-008 which is an iso-
genic line from Clone UKERi552-R1-008) and SPAST GC B
(UKERiS3L-R1-SC1-014 and UKERiS3L-R1-SC2-014 which are iso-
genic lines from UKERiS3L-R1-014). Genotype of iPSCs was con-
firmed by the Center of Human Genetics, Regensburg University
(Prof. Ute Hehr).

M1-spastin-IRES-GFP, M87-spastin-IRES-GFP and myc-DM87-
spastin-IRES-GFP were used for all Ca®* imaging measurements.
From these constructs, only the vector expressing DM87 was myc
tagged to aid detection via western blot or immunofluorescence.
Since the spastin proteins were not fluorescently tagged,
IRES-GFP was used as a reporter to detect transfected cells. These
constructs were generated by subcloning the M1 or M87-spastin
sequence of pLXIN-myc-spastin. pLXIN-myc-spastin expression
vector was previously generated and kindly provided by Evan
Reid.*” To PCR amplify M1-spastin following primers with Nhel
and BsiWI overhangs were used 5-GCTAGCACCATGAATTCT
CCGG-3' and 5-CGTACGCGTTTAAACAGTGGTATCTCCA-3'. M87-
spastin PCR amplified using the primers with Nhel and BsiWI
overhangs 5-GCTAGCACCATGGCAGCCAAGAGGAGCT-3 and
5-CGTACGCGTTTAAACAGTGGTATCTCCA-3'. Myc-DM87 was PCR
amplified using following primers with Nhel and BsiWI overhangs
5'-GCTAGCACCATGAATTCTCCGG-3' and 5'-CGTACGCGTGAGGGC
GCGGGAGAAGCGC-3'. M1-spastin, M87-spastin and DM87-spastin
were then inserted (Nhel-BsiWl) into a pCSC-SP-PW-GFP (aka:
pBOB-GFP), which was a kind gift from Inder Verma (Addgene plas-
mid # 12337; http:/n2t.net/addgene:12337; RRID:Addgene_12337).
The expression vectors mCherry-STIM1 to express STIM1 and
pEF1-dTomato to visualize single neurons were previously re-
ported.**® For immunofluorescence the following myc-tagged vec-
tors were generated and employed: pCMV6-Entry-SPAST(M1)-myc
tagged vector was obtained from Origene. pCMV6-Entry-
SPAST(M87)-myc tagged vector was generated by PCR amplifying
the M87-spastin sequence from the pCMV6-Entry-SPAST(M1)-myc
using following primers with Nhel and Acc3 overhangs
5'-TAGCTAGCATGGCAGCCAAGAGGAGCTC-3' and 5'-TATTTCCGG
ATGCAGCTCTCGG-3'. Sequences were inserted (Nhel-Acc3) into
the digested target vector pCMV6-Entry-SPAST(M1)-myc. The
myc tag aided the detection for immunofluorescence.
Cas9-plasmid pCAG-SpCas9-GFP-U6-gRNA was a gift from Jizhong
Zou (Addgene plasmid # 79144; http:/n2t.net/addgene:79144;
RRID: Addgene_79144).

Neurons were differentiated for four weeks before Ca®* imaging mea-
surements (Supplementary Tables 1-3 for information about the
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lines). HEK293T cells were measured the day after transfection. To
detect ratiometric Ca®* changes, cells were loaded with 3 uM Fura-2
AM and 0.02% Pluronic F-127 (both Biotium) for 30 min at 37°C and
5% CO2. In the case of neurons, Fura-2 AM and Pluronic F-127 was di-
luted into corresponding growing media. In the case of HEK293T
cells, Fura-2 AM and Pluronic F-127 was diluted into standard exter-
nal solution (145 mM NaCl, 5 mM KCl, 1.25 mM CaCl,,1 mM MgCl,,
10 mM Glucose, 10 mM HEPES, ~308-312 Osm). For the Ca?*-free ex-
ternal solution, CaCl, was replaced by 10 mM EGTA. The experiment
was performed in continuous gravity-driven laminar superfusion from
a common outlet. The experimental protocol was preprogrammed, the
pinch-valves were controlled by a WAS02 synchronized to the acquisi-
tion.* The protocol consisted of incubating the cells in Ca?*-free exter-
nal solution for 10 min after Fura-2 staining and before the recording. A
2 min baseline was recorded in calcium-free external solution, then
2 pM Thapsigargin (Calbiochem) in Ca**-free solution was applied for
5 min, followed by a 1 min wash out with Ca**-free external solution.
The cells were then exposed for 5 min to Ca**-containing external so-
lution to detect Ca®* entry. Ca>*-free external solution was superfused
for five further minutes.

To measure the intracellular calcium levels, Fura2 was excited
using a Polychrome V monochromator (Till Photonics) to produce
light pulses at alternating wavelengths of 358 nm and 391 nm at a
frequency of 1Hz. The respective Fura-2 fluorescence emission
>440 nm was recorded using a Peltier-cooled slow-scan CCD cam-
era and the TILLvisION software package (Till Photonics). For cells
transfected with the GFP constructs, an additional image at
488 nm was acquired to select for GFP positive cells. GFP fluores-
cence excitation at 358 nm and 391 nm in relation to excitation at
488 nm was quantified and was subtracted from the 358 and
391 nm excitation. Regions of interest were manually selected
avoiding high GFP or mCherry expressing cells. In neurons, regions
of interest were placed inside neuron somas. Fluorescence ratio
(F358/391) is reported as mean with 95% confidence intervals.

Wild-type HEK293T cells were plated onto #1.5H dishes with glass
coverslip (Ibidi). The following day, the cells were transiently trans-
fected with mCherry-STIM1 and either CAG-IRES-GFP (empty vector),
CAG-M1-spastin-IRES-GFP, CAG-M87-spastin-IRES-GFP or CAG-
DMB87-spatin-myc-IRES-GFP. The following day, for total internal re-
flection fluorescence (TIRF) imaging, the culture media was replaced
by TIRF extracellular solution before recording (145 mm NaCl, 1 mm
CaCl,, 2 mm MgCl,, 4 mM KCl, 10 mum glucose and 10 mm HEPES, pH
7.4). For the mCherry-STIM1 translocation assay, TIRF Ca** -free solu-
tion (145 mm NaCl, 1 mm EGTA, 2 mm MgCl,, 4 mM KCl, 10 mm glucose
and 10 mwm HEPES, pH 7.4) was supplemented with 2 pM thapsigargin
and was added 1:1 to reach a concentration of 1 uM Thapsigargin im-
mediately before recording. Images were acquired every 5s for
10 min. TIRF recordings were conducted on a Leica DMi8 TIRF system
equipped with a 100x 1.47 NA oil HC PL Apo objective and a CMOS
camera (Hamamatsu) or a EMCCD camera iXon 885 (Andor). The
penetration depth of the evanescent field was set to 150 nm.
Quantification of the STIM1 cluster was done using Image] software
(National Institutes of Health). For this purpose, the first image was
subtracted from the time series. The background was subtracted
using a rolling ball radius of 50 pixels. The image was thresholded
on the last frame using the Otsu algorithm. To separate clusters, the-
sholded images were binarized and the built-in hole-filling and water-
shed algorithms were used. The particles were analysed using the
particle analyser setting a minimum particle recognition size of
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Figure 1 CRISPR/Cas9 generated SPAST KO in HEK293T cells impairs SOCE. (A) Genomic region (top row) in Exon 2 of SPAST (WT). A —1 bp deletion
(c.491delT SPASTKO) was generated using CRISPR/Cas9 (bottom row). Single guide RNA (sgRNA, green), PAM region (grey), cutting site (orange) and bp deletion
(magenta). The lower panel displays the sequencing of SPAST WT HEK293T cells before and after CRISPR/Cas9 induced —1bp deletion. (B) Western blot of
wild-type (WT) and spastin knockout (SPAST KO) cells probed for spastin and GAPDH used as a housekeeping control. Spastin is depleted in SPAST KO cells
[t(4) =83.43; P<0.001 unpaired two-tailed t-test]. Data shown as mean +standard error of the mean (SEM). (C) Transmission electron microscopy (TEM)
images of SPAST KO or WT HEK293 cells with the nucleus (N, green), mitochondria (M, orange), endoplasmic reticulum profiles (ER, red) and multi vesicular
bodies (MVB, blue) shown in false colour. Scale bar = 500 nm. (D) Quantification of ER profile areas comparing wild-type and SPAST KO 293 T cells [unpaired
two-tailed t-test, t(6) =2.70, P=0.036]. Each data point indicates the mean size of the ER profiles in one cell (WT n=3; SPAST KO n=5 cells). The scatter plot
shows the mean of cells+95% confidence interval. The violin plot shows the distribution of the measured ER profiles (15 ER profiles per group). (E) Fura-2
fluorescence ratio changes F(358/391) were analysed in WT HEK293T cells and compared to SPAST KO HEK293T cells. Ca®* imaging recording started in ab-
sence of Ca**. For additional depletion of ER Ca** stores 2 uM Thapsigargin (Thapsi) was added. Perfusion with Ca®* rich media triggered SOCE, quantified as
area under the curve [AUGC, grey box. Data shown as mean SOCE response (line)+95% confidence interval (dotted line)]. (F) Depletion of spastin significantly
decreases SOCE [Unpaired two-tailed t-test. t(6) = 3.065. P = 0.022]. Each data-point represents the median SOCE response of the cells of one experimental day
(n=4 experimental days per group). The scatter plot shows the mean of experimental days+95% confidence interval. The violin plot shows the distribution of
single cells (SPAST KO cells=970; SPAST WT cells =1065). *P <0.05 **P <0.01 **P <0.001, n.s. = not significant.

0.03 um? particle size. The number of particles normalized to the cell were fit into a Boltzmann-Sigmoid nonlinear curve using GraphPad
footprint area was plotted over time. Pre-clustered cells (cells with five Prism 8 Software (GraphPad Software, Inc.). The relative and cumula-
or more clusters at the beginning) were excluded. To assess the ki- tive frequency distribution of the particle size was also calculated

netics of STIM1 and determine the Boltzmann-slope (dX) single traces using GraphPad Prism 8 Software.
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Figure 2 Spastin overexpression alters the distribution of STIM1 and reduces SOCE. (A) In HEK293T cells, mCherry-STIM1 shows a reticular distribu-
tion when expressed alone. In the presence of M1- or M87-spastin-myc, mCherry-STIM1 clusters. Only M1-spastin-myc encloses mCherry-STIM1 clus-
ters (white arrowheads). The mCherry-STIM1 (STIM1), M1-spastin-myc, M87-spastin-myc expression vectors used to assess the intracellular
distribution of STIM1 are displayed in the top left corner. Scale bar = 10 um. (B-E) Fura-2 fluorescence ratio changes F(358/391) analysed in HEK293T cells
expressing (B) IRES-GFP (GFP, green line) alone or in combination with mCherry-STIM1 (STIM1, pink line), (C) M1-spastin-IRES-GFP (M1, black line) alone
or in combination with STIM1 (pink line), (D) M87-spastin-IRES-GFP (M87, black line) alone or in combination with STIM1 (pink line) and (E)
DMB87-myc-spastin-IRES-GFP (DM87, black line) alone or in combination with STIM1 (pink line). (C-E) The GFP control is displayed in green. (B-E)
The Ca®* imaging recording started in absence of Ca2+. For maximal depletion of Ca®* from the ER stores, the cells were superfused with 2 pM
Thapsigargin (Thapsi) for 5min. Perfusion with Ca®" rich media triggered SOCE, quantified as area under the curve [AUC, grey box.

(Continued)
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Mature neurons to be patched were selected by NeuroFluor NeuO
(STEMCELL Technologies) staining (Supplementary Tables 1-3 for
information about the lines). The live-dye was used according to
manufacturer’s instructions at 0.125 uM NeuO, diluted in neuronal
differentiation media. Whole-cell patch clamp recordings were
conducted at room temperature using a HEKA EPC-10USB amplifier
(HEKA Elektronik) and recorded using the PatchMaster software
(HEKA Elektronik). For current-clamp experiments, the holding po-
tential was set to —70 mV.

Cell cultures were recorded under constant perfusion with arti-
ficial CSF (ACSF, in mM: 125 NaCl, 3 KCl, 1 CaCl,, 1 MgCl,, 1.25
NaH,PO,4, 25 NaHCO3; and 10 d-glucose; pH 7.4, ~ 295-305 Osm)
bubbled with 95% O, and 5% CO,. The internal solution contained
(in mM) 4 NacCl, 135 K-gluconate, 3 MgCl,, 5 EGTA, 5 HEPES, 2
Na,-ATP and 0.3 Nas-GTP (pH 7.25, Osm ~290). Borosilicate glass ca-
pillaries with a resistance between 3.0 and 6 MQ were pulled using a
DMZ Universal Pipette puller (Zeitz Instruments). The recordings
were analysed using HEKA Fitmaster software and IGOR 5.0.

Cells were fixed for 20 min at room temperature in 4% paraformalde-
hyde (PFA) in phosphate-buffered saline (PBS) (w/v), washed three
times with PBS and permeabilized for 10 min in PBS containing
0.1% Triton X-100 (v/v) (Sigma-Aldrich). In the case of
mCherry-STIM1 transfected cells, permeabilization was carried out
in 0.5% Saponin (w/v) in PBS. Non-specific antibody binding was
blocked by incubating cells for 30 min on PBS supplemented with
5% donkey serum (v/v) (Pan Biotech). The coverslips were incubated
with primary antibodies overnight at 4°C in a buffer containing PBS
supplemented with 0.3% donkey serum and either 0.01% Triton
X-100 or 0.05% Saponin. Myc, calreticulin and Lamp1 (all Abcam)
were incubated in Saponin containing buffer. TUBB3 (Biolegend or
Abcam), Nestin (Millipore), SOX2 (Cell Signaling), GFAP (DAKO),
Oct3-/4 (Santa Cruz) and Nanog (R&D Systems) were incubated in
Triton X-100 containing buffer. After three washes with PBS (5 min
each), secondary HRP antibodies (Thermo Scientific) were incubated
for 3 h atroom temperature on PBS with 0.3% donkey serum and sup-
plemented with either 0.01% TritonX-100 or 0.05% Saponin. The cov-
erslips were washed twice with PBS, counterstained with 0.5 mg/ml
49,6-diamidino-2-phenylindole (DAPI) and mounted on microscope
slides (Carl Roth) using a water-soluble mounting media
(Aqua-poly/Mount, Polysciences). Unless otherwise stated, immuno-
fluorescence images were acquired using a fluorescence microscope
(Observer. Z1, Zeiss) equipped with an Apotome 2.0.

Transmission electron microscopy (TEM) was performed as de-
scribed previously*® with the exception that cells were grown on six-
well plates (Corning) and after embedding plastic supports were re-
moved by shock freezing in liquid nitrogen. After thin sectioning,

Figure 2 Continued

BRAIN 2022: 145; 3131-3146 | 3137

samples were transferred to a JEM 1400 Plus TEM (JEOL) for imaging.
TEM images were acquired at a nominal magnification of 15000x.
The obtained images were quantified using Image]. The ER profile
area was measured wherever two opposing rows of ribosomes
were present. The ribosomes on both sides were masked out and
the area of the ER profile was quantified.

For direct stochastic optical reconstruction microscopy (dASTORM) im-
aging, SPAST iPSC-derived neurons were seeded on 1.5H pDishes
(Ibidi). To extract cytosolic proteins, the neurons were incubated at
37°C for 30 s with extraction buffer containing 0.25% v/v Triton
X-100, 0.1% glutaraldehyde, 0.02% PFA in PIPES, EGTA and MgCl, buf-
fer (PEM buffer 80 mM PIPES, 5 mM EGTA, 2 mM MgCl,) and subse-
quently fixed with 0.25% Triton-X-100 and 0.5% glutaraldehyde at
37°C for 10 min. Fixation solution was replaced by 50 mM NH4CI
and incubated for 7 min. Non-specific targets were blocked in 1% bo-
vine serum albumin (BSA) in PBS for 30 min. TUBB3 antibody was di-
luted in 1% BSA in PBS and incubated overnight at 4°C. After three
5-min washes with PBS, the neurons were incubated with AF647 anti-
body (Life Technologies) diluted in 1% BSA in PBS for 2 h at 37°C. To
visualize nuclei, the neurons were incubated for 2 min in DAPI diluted
in PBS. Neurons were post-fixed in 10% Formalin (Sigma) for 10 min,
washed three times, 5min each with PBS and stored in PBS.
dSTORM imaging of stained neurons was performed with a SAFe180
3D super-resolution module (Abbelight) mounted on an Olympus
Ix83 equipped with a 100x, NA 1.5 objective. For imaging, stained neu-
rons were incubated in dSTORM buffer (Abbelight Smart Kit). Image
acquisition, astigmatic 3D-localization, processing and reconstruc-
tion was performed using Abbelight Neo Software. Neo Software
was also used for 3D visualization and analysis of localization data, to-
gether with ImageJ platform (ThunderStorm).

Cell pellets were lysed with lysis buffer [1% NP-40, 150 mM NacCl,
25 mM Tris-HCL, 5 mM EDTA, EDTA free complete mini protease in-
hibitor cocktail (Roche), PhosSTOP (Roche), 1 mM PMSF] on ice and so-
nicated. Protein concentration was assessed by Bicinchoninic Acid
(BCA) (Thermo Scientific). Protein samples were prepared with 2x
Laemmli Buffer (62.5mM Tris-HCl, pH 6.8, 25% glycerol, 2% SDS,
0.01% bromophenol blue and 0.5% p-mercaptoethanol) and boiled
for 7min at 95°C. Equal amounts of protein were used to run
SDS-PAGE in Mini-Protean Tetra Cell gel systems (Bio-Rad).
Separated proteins were blotted onto methanol pre-activated PVDF
Membranes using Mini Trans-Blot Electrophoretic transfer cell sys-
tem (Biorad). The membranes were blocked in 5% blotting-grade
blocker (Biorad) diluted in Tris-buffered saline supplemented with
Tween [TBS-T; TBS supplemented with 0.08% (v/v) Tween]. The mem-
branes were incubated with primary antibodies overnight at 4°C.
Antibodies STIM2 (Sigma) and Spastin (Abcam) were diluted in 1%
blotting grade blocker in TBS-T. STIM1 (Cell Signaling), GAPDH

Data shown as mean (line) + 95% confidence interval (dotted line)]. The quantification of the AUC SOCE is shown on the right side of the respective
Fura-2 fluorescence ratio changes. [(B) Unpaired two-tailed t-test, t(4)=1.58, P=0.19; (C) one-way ANOVA, F(2,6) =12.99, P=0.007; Holm-Sidak’s post
hoc: M1 versus M1+ STIM1 P=0.006, M1 versus GFP P=0.009.(D) one-way ANOVA, F(2,6)=15.27, P=0.004. Holm-Sidak’s post hoc; M87 versus M87+
STIM1 P=0.004, M87 versus GFP, P=0.006. (E) one-way ANOVA, F(2,6)=0.12, P=0.89]. Each data-point represents the median SOCE response of cells
of one experimental day (n=3 experimental days). The scatter plot shows the mean (red line) of the experimental days+95% confidence interval,
the violin plot shows the distribution of single cells (Number of cells: GFP = 266; GFP+STIM1 = 248; M1 =330; M1+STIM1 =302; M87 = 215; M87+STIM1=
250; DM87 =282; DM87+STIM1=242). *P <0.05 **P<0.01 **P<0.001, n.s. = not significant.
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(Millipore) and GRP78 (BD-Biosciences) were diluted in TBS-T. After 3x
15 min wash with 0.08% (v/v) TBS-T, the membranes were incubated
for 1 h at room temperature with the secondary antibodies (Thermo
Scientific). The blots were developed by using ECL blotting solution
(Amersham), and chemiluminescence detected on X-ray films
(Amersham) or automated detection system (ChemiDoc MP, Biorad)
and quantified using ImageLab 6.0 (Biorad).

Statistical analysis was conducted using GraphPad Prism 8
Software (GraphPad Software, Inc.). Normal distribution was ex-
amined using the Shapiro-Wilk test. When comparing Gaussian
distributed data either two-sided-unpaired t-test or a one-way
ANOVA was conducted to compare more than two groups with a
normal distribution. When comparing not Gaussian distributed
data sets, either a Mann-Whitney U-test (two groups) was used
or a Kruskal-Wallis ANOVA (for more than two groups) was
used. P-values <0.05 were considered significant (*P <0.05, ™ P <
0.01, ** P <0.001).

Additional data, material, and protocols are provided upon reason-
able request to the corresponding author.

Results

To investigate the influence of reduced spastin levels on SOCE, we
first generated spastin knockout (KO) HEK293T cell lines using
CRISPR/Cas9 technology to generate a one base pair (bp) deletion
in both SPAST alleles at c.491delT (Fig. 1A) in exon 2. The SPAST 1
base pair deletion was corroborated at the genome level via
Sanger sequencing (LGC Genomics) and using next-generation
sequencing (NGS)-based amplicon sequencing (Fig. 1A and
Supplementary Fig. 1A and B). This deletion resulted in a frameshift
(p.Val164fs) generating a predicted premature stop codon and the
complete loss of spastin protein as confirmed by western blot
(Fig. 1B).

To assess the impact of lack of spastin on the ER structure, we
compared the ER structure of SPAST KO to wild-type HEK293T
cells using TEM. The ER profile area was defined by presence of
two opposing rows of ribosomes and quantified. SPAST KO cells
displayed a larger average area per ER profile compared to wild-
type cells (Fig. 1C and 1D).

Such ER enlargements are reported to interfere with the forma-
tion of STIM1-ORAI1 complexes and SOCE efficiency.*’ To
test whether lack of spastin and associated altered ER structure
had a similar impact on the ER calcium regulation via SOCE we
conducted Fura-2-based Ca®" imaging. We started the recording
in Ca?" -free conditions and additionally applied the Serca2-
inhibitor Thapsigargin to maximally deplete the ER from Ca®'.
The fluorescence ratio [F(358/F391)] changes after Thapsigargin
store depletion and after reperfusion with Ca®*, corresponding to
SOCE and were measured (Fig. 1E) and SOCE was quantified as
area under the curve (AUC, Fig. 1F). The SOCE response was reduced
in the SPAST KO compared to the SPAST wild-type cells (Fig.1E and F).
In summary, these data indicate that the presence of spastin is im-
portant for maintaining the ER structure and the dynamic reshaping
of the ER during store depletion and SOCE induction.

T. Rizo et al.

Spastin, in addition to its ubiquitously expressed M87 isoform, is
also expressed as M1 spastin which is mainly found in neuronal
cells. To investigate spastin’s isoform-dependent effect on the lo-
calization of STIM1, we expressed mCherry-STIM1 alone or in com-
bination with M1 or M87-spastin-myc in HEK293T cells (Fig. 2A).
The typical mCherry-STIM1 reticular distribution (Fig. 2A, upper
lane) was changed to intense STIM1 clusters surrounded by
M1-spastin ring-like structures or larger STIM1-clusters not sur-
rounded by rings in case of M87 (Fig. 2A, lower lanes). These clusters
co-labelled with the intraluminal ER marker calreticulin and were
not labelled by the lysosomal marker LAMP-1, confirming ER local-
ization (Supplementary Fig. 2A and B).

To understand the impact of the different spastin isoforms on
SOCE, we conducted Ca** imaging on HEK293T expressing M1- or
M87-spastin-IRES  GFP and an  additional truncated
DMS87-spastin-IRES GFP construct (containing only spastin’s
N-terminal domain) and used IRES-GFP (GFP) as the control
(Fig. 2B-E and Supplementary Fig. 2C-E). As expected, in cells over-
expressing M1-, or M87-spastin, the microtubule network was dis-
assembled (Supplementary Fig. 2G) and SOCE was significantly
decreased compared to the GFP control (Fig. 2B-D). This was not
the case in the microtubule preserving DM87 spastin (Fig. 2E and
Supplementary Fig. 2G). The protein amounts of STIM1, which
could have accounted for the reduced SOCE*? and the levels of
the ER stress marker GRP78 were unchanged by overexpression of
either of the spastin constructs (Supplementary Fig. 2F). We then
reasoned that if the spastin-induced reduction in SOCE was the re-
sult of decreased mobility of STIM1 towards the plasma membrane
contact sites, additional STIM1 would be able to rescue SOCE.
Indeed, as shown in Fig. 2B-E, co-expression of mCherry-STIM1 in
HEK293T cells expressing either M1- or M87-spastin significantly
rescued the previously reduced SOCE (Fig. 2C and D). No changes
were seen when combining mCherry-STIM1 and DM87 (Fig. 2B and
E). In conclusion, these results indicate that the addition of STIM1
is sufficient to rescue the SOCE impairments elicited by expression
of M1 or M87-spastin.

Since STIM1 distribution in the ER and SOCE were reduced by al-
tered levels of spastin, we next tested whether spastin had an im-
pact on the relocation of STIM1 clusters, from the ER to the PM, a
step that precedes the formation of active SOCE channels. We
used live TIRF microscopy to visualize the formation of STIM1 clus-
ters within 150 nm near the plasma membrane during 10 min of
Thapsigargin induced Ca?* store depletion in the presence of differ-
ent spastin isoforms (Fig. 3A). The number of STIM1 clusters per
pm? forming over time were fitted into a Boltzmann-sigmoid curve
(Fig. 3B) to calculate the Boltzmann-slope factor, which describes
how fast clusters are formed on the TIRF plane. The
Boltzmann-slope factor returns high values for a less steep curve
and lower values for steeper rise. The formation of STIM1 clusters
at ER-PM junctions was significantly slower in the presence of M1
or DM87 spastin isoforms (Fig. 3B and C). M87 spastin induced
only a mild effect on the translocation of STIM1. Additionally, the
size of STIM1 clusters was strongly reduced in the presence of
DM87-spastin and slightly reduced in the presence of M1-spastin
(Fig. 3D and E). Together, these data indicate that, long before the
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Figure 3 Spastin overexpression impairs the dynamic transport of STIM1 to plasma membrane. (A) HEK293T cells transfected with mCherry-STIM1
and either GFP, M1, M87 or DM87 spastin were imaged using TIRF microscopy. Representative TIRF images are shown before and after 10 min of store
depletion induced by the addition of 1 pM Thapsigargin. Scale bar=5 pm. (B) The number of mCherry-STIM1 forming clusters were normalized to the
cell footprint area (um?) and plotted over time. The raw traces (continuous line) represent the mean + 95% confidence interval (dotted line) of 5-6 ex-
perimental days, 9-11 recordings and a total of 31-46 cells. A Boltzmann-sigmoid curve was fitted to the mean raw data (bold continuous line). (C) The
Boltzmann- slope factor was calculated (dX) and describes the steepness of the curve in (B), with higher values corresponding to less steep curves and
slower appearance of STIM1 clusters. [Kruskal-Wallis-ANOVA, H(3) =9.58, P =0.02; uncorrected Dunn’s, GFP versus M1 P = 0.004; GFP versus M87 P=0.26,
GFP versus DM87 P=0.02]. Single data-points represent the median of one recording. The scatter plot shows the mean of recordings (red line) + 95%
confidence interval. The violin plot shows the distribution of the Boltzmann-slopes of single cells. (D) Relative frequency distribution of
mCherry-STIM1 cluster size in HEK293T cells expressing GFP, M1, M87 or DM87-spastin and (E) calculated relative cumulative distribution of STIM1
clusters size. [Kolmogorov-Smirnoff test, Kolmogorov-Smirnov Distance (K-S D) GFP versus DM87 P <0.001, K-S D=0.37; GFP versus M1 P=0.01, K-S
D=0.21; GFP versus M87 P=0.096, K-S D =0.16]. *P <0.05 **P<0.01 **P <0.001, n.s. = not significant.
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Figure 4 SPAST iPSC-derived neurons to study SOCE are functional and express less spastin. (A) Fibroblasts from SPAST patients and healthy donor
(Control) were reprogrammed using Yamanaka factors (h-OKSM) to obtain iPSCs. IPSCs are differentiated into neural precursor cells (NPCs) and neu-
rons. One iPSC line per patient was genome-corrected (GC) to generate isogenic controls (GC iPSCs). (B) Pathogenic variant in Exon 15 of SPAST patients.
(C) iPSCs and NPCs were sequenced to confirm genome correction. (D) NeuO positive neuron. (E) Representative current traces at the holding potential
of —70 mV (black trace) at 1-fold (yellow trace) and 2-fold current threshold (magenta trace) in response to depolarizing current injection. (F) Number of
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start of SOCE, the transport of STIM1 to the PM is slowed down by
M1 spastin and DM87 spastin, which, unlike M87, target the ER.

While most spastin in vitro studies have been performed by exogen-
ously expressing spastin,’>*>3? the underlying cause of the human
disease SPAST-HSP is most likely a decrease in spastin pro-
tein.’™3>*3 Therefore, to study the physiological impact of spastin
on the regulation of SOCE on a human neuronal model, we gener-
ated iPSC-derived cortical neurons from two previously reported
patients (Patients A and B, Fig. 4A, Supplementary Fig. 3 and
Supplementary Tables 1 and 2) harbouring an identical heterozy-
gous mutation in SPAST Exon 15 c.1684C>T; p.R562X (Fig. 4B and
C)." We used a previously published embryoid body-based proto-
col, which generates mainly vGLUT-positive projection neurons
with a subpopulation of CTIP2-positive neurons and in addition
GFAP-positive astroglia (Supplementary Fig. 3).** For this study,
additional cortical control neurons came from CRISPR/Cas9
genome-corrected (GC) iPSC lines, which were generated from
each of the SPAST patients (isogenic controls, hereafter referred
to as SPAST GC A, isogenic line from Patient A or SPAST GC B, iso-
genic line from Patient B) (Fig. 4A and Supplementary Tables 1
and 2). The SPAST gene correction was validated in the genome-
corrected iPSCs and NPCs (Fig. 4C) and pluripotency and genetic
stability was confirmed in iPSCs by flow cytometry and karyotype
analysis and CNV analysis, respectively (data not shown). An iPSC
line derived from a healthy individual and one human embryonic
stem cell line (HUES6) were added as additional controls (Fig. 4A
and Supplementary Tables 1 and 2).

To characterize the electrophysiological function of neurons, we
used whole-cell current-clamp to assess the firing behaviour of
SPAST compared to SPAST GC and control iPSC-derived
neurons (Fig. 4E-G and Supplementary Tables 1-3). We used the
neuronal dye NeuroFluor NeuO** to localize neurons with similar
maturity (Fig. 4D). SPAST derived neurons and SPAST GC neurons
generated similar numbers of repetitive action potentials in re-
sponse to a comparable depolarizing current injection (Fig. 4E-G).
In response to depolarizing voltage steps, both, the SPAST neurons
and controls displayed sodium and potassium currents (Fig. 4H).

Pathogenic variants in SPAST have been shown to resultin a de-
crease in spastin."” We thus analysed the expression of spastin in
4-week-old differentiated neurons by western blot. We were able
to detect all prototypical spastin isoforms; the neuronal
M1-spastin isoform with and without exon four, and the ubiqui-
tously expressed M87-spastin with and without exon four. In add-
ition, SPAST neurons displayed decreased levels of total spastin
compared to controls (Fig. 4I and J). In the genome corrected

Figure 4 Continued
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iPSC-derived neurons, the protein levels of spastin were fully recov-
ered to the levels of control neurons (Fig. 41 and ).

One of main hallmarks of SPAST-HSP is the formation of neurite
swellings containing disrupted microtubules.’™*> We therefore
conducted electron microscopy to visualize the neurites of SPAST
and SPAST GC neurons. Compared to SPAST GC neurons, the axons
from SPAST neurons displayed a high number of axonal swellings
containing disorganized microtubules, mitochondria, and vesicular
structures (Fig. 4K).

To visualize better the microtubule integrity within the swel-
lings formed in SPAST iPSC-derived neurons, we stained the neu-
rons for the neuronal specific B-tubulin subunit, TUBB3, and
conducted dSTORM. Using dSTORM, we identified neuronal swel-
lings containing disorganized or disrupted microtubules within
the neurites of SPAST-HSP derived neurons (Fig. 4L).

Considering the importance of spastin for Ca®" regulation in
HEK293T cells, we speculated that neurons derived from patients
carrying SPAST pathogenic variants would show alterations in Ca?
* homeostasis. Since spastin was important for the localization of
STIM1 in HEK293 cells, we next analysed the intracellular localiza-
tion STIM1 in human derived neurons (Fig. 5A). In these cortical
neurons, mCherry-STIM1 displayed a reticular and even expression
pattern when overexpressed alone. Upon co-expression with
M1-spastin, STIM1 redistributed to clusters containing M1-spastin
and STIM1 proteins in the soma and along neurites (Fig. 5A), similar
to what was observed in HEK cells (Fig. 2). This confirms that M1
spastin is able to alter the distribution of STIM1 in human neurons.

To assess the impact of a decrease in spastin on the neuronal Ca**
homeostasis, we investigated the magnitude of SOCE after
Thapsigargin-induced Ca?* store depletion in iPSC-derived neurons
(Fig. 5D). The cortical neurons derived from iPSCs carrying a patho-
logical variant in SPAST, showed significantly decreased levels of
SOCE (Fig. 5D and E). We confirmed by western blot that STIM1 and
STIM2 expression was unaltered in iPSC-derived neuronal cultures
of SPAST HSP patients compared to controls (Fig. 5B and C). In add-
ition, we did not find any expression changes in GRP78, a marker for
ER stress (Fig. 5C), indicating that the impairments in Ca®* regulation
by the ER are most likely not induced neither by a change in protein
expression nor by a general ER distress in neuronal cultures.

Strikingly, the genome correction of SPAST in the isogenic lines,
which restored the spastin protein expression (Fig. 4I and J), and
axonal swellings (Fig. 4K) was also able to restore Ca®* influx via
SOCE to the level of controls (Fig. 5D and E). Importantly, this de-
monstrates that the precise amount of spastin in neurons is crucial
for the regulation of Ca®* via SOCE.

action potentials generated at 1-fold (Mann-Whitney U =389, P=0.285. SPAST n=27; SPAST GC n= 34 cells) and (G) 2-fold threshold (Mann-Whitney U=
257,P=0.703; SPAST n=22; SPAST GC n=25 cells) were similar between SPAST and SPAST GC neurons. Box plot shows the median (red line), the whis-
kers show the 10th and 90th percentiles. (H) Representative potassium and sodium currents in response to depolarizing voltage steps (increment
10 mV). (I) Representative western blot of 4-week-old SPAST, SPAST GC and Control (HUES6 and control individuals) neurons probed for spastin and
GAPDH as housekeeping control. Blot shows the prototypical spastin isoforms expressed in a neuronal culture. M1-spastin with (M1) or without
exon four [M1(ex4)] and M87-spastin with (M87) and without exon four [M87(ex4)]. (J) Densitometric analysis shows reduction of total spastin protein
in SPAST-derived compared to SPAST GC and Control neurons [one-way ANOVA/Holm-Sidak’s test F(2,13) =8.54, P =0.004. SPAST versus SPAST GCP=
0.03; SPAST versus Control P=0.005; SPAST GC versus Control P=0.09] Each data-point shows the mean spastin expression of 2-5 independent experi-
ments per cell linexSEM (controls, black; Patient A, pink; Patient B, blue). (K) Electron microscopy of SPAST GC neurons and SPAST neurons showing
neurite swellings containing mitochondria (white arrows), disorganized microtubules (red arrows) and vesicles (black arrows). Scale bar =500 nm.
(L) dSTORM of swellings (white arrowheads) within SPAST neuron neurites (white arrows) stained with TUBB3. Scale bar = 5 pm. Pseudo-colour bar
encodes the z-scale. *P<0.05 *P <0.01 **"P <0.001, n.s. = not significant.
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Figure 5 SOCE is impaired in SPAST patient iPSC-derived neurons. (A) Four-week-old differentiated control neurons transfected with mCherry-STIM1
display an even distribution of STIM1. In the presence of M1-spastin-myc, mCherry-STIM1 forms clusters containing M1-spastin proteins (white
arrowheads). (B and C) Representative western blot of 4-week differentiated neurons probed for SOCE-linked proteins STIM1 and STIM2 and ER stress
marker GRP78. Densitometric analysis showed no difference between SPAST, SPAST GC and healthy groups (CTRL) [one-way ANOVA STIM1 F(2,11) =
0.49, P=0.63; STIM2 F(2,11) =2.37, P=0.14; GRP78 F(2,12) =2.99, P=0.09]. Single data-points represent the mean expression per line (2-5 independent

(Continued)



Spastin alters store-operated calcium entry BRAIN 2022: 145; 3131-3146 | 3143

Lack of spastin Physiological spastin Excess of spastin

Extracellular space

®

PM
% "Cﬁ

ER

Extracellular space

Extracellular space

O STIM1/2
.Microtubule PM i

‘ Spastin ' '
' ORAI1/2
ER

& ‘o

Impaired SOCE Efficient SOCE Impaired SOCE
Elongated/Rigid ER Dynamic ER Disorganized/Unstable ER
Rigid MT Dynamic MT Disrupted MT

Figure 6 Model for spastin mode of action on the regulation of SOCE. Schematic representation of the proposed effect of spastin on the regulation of
SOCE. Lack of spastin decreases the dynamics of the microtubule network necessary to guide the transport of organelles including the ER and
ER-resident proteins such as STIM1 to activate SOCE. Excess of spastin shreds the microtubule network decreasing the ER stability, association to the
microtubule network, and the directed transport of STIM1 to activate SOCE. Thus, lack or excess of spastin conditions are detrimental for the regulation
of SOCE. The model posits that physiological spastin levels are necessary to keep a dynamic ER, microtubule network and uphold an efficient SOCE.

Discussion

Our data show that the reduction of spastin, a microtubule-
severing and ER remodelling protein, enlarges the ER and impairs
the functional regulation of Ca** homeostasis. M1 and M87 spastin
expression impaired SOCE, which could be reversed by expressing
additional STIM1. Spastin is capable of altering STIM1 cluster for-
mation and translocation. Importantly, in human neurons, insuffi-
ciency of spastin also altered the regulation of Ca?* homeostasis via
SOCE as demonstrated in SPAST patient iPSC derived neurons and
isogenic controls. We therefore propose that impaired SOCE contri-
butes to the disease mechanism of SPAST-HSP.

Our results indicate that the presence of spastin is important for
SOCE and the maintenance of the ER structure, as lack of spastin in
CRISPR/Cas9 KO cells resulted in SOCE reduction and elongated
ER. ER structural changes have been previously described in rela-
tion to spastin.*>*® How ER structural changes contribute to the de-
velopment of HSP is unknown. It is, however, interesting to note
that several proteins involved in HSP are directly or indirectly in-
volved in shaping the ER%* and various ER shaping proteins have
been linked to the regulation of Ca?* via SOCE, among them
Atlastin-1 and Reticulon 4.'64148

The nature of spastin as a microtubule-severing protein® in
combination with the observed structural ER alterations, and re-
duced SOCE in the SPAST KO cells led us to consider a model where
spastin acts on the microtubule network, which has an impact on

Figure 5 Continued

the ER structure, which in turn has an impact on the regulation of
Ca?* via SOCE (Fig. 6).

To explore this model, we used overexpression of different
spastin isoforms to disassemble the microtubule network and ana-
lyse its impact on SOCE and on the transport of STIM1 to the plasma
membrane. Resembling the results obtained by others following
microtubule depolymerization by nocodazole,">*° spastin overex-
pression reduced SOCE and altered the clustering behaviour of
STIM1. Besides depolymerization,®®>* microtubule hyperstabiliza-
tion*®**? has also been reported to interfere with ER structure and
SOCE, indicating that both the loss or extreme rigidity of the micro-
tubule network have an impact on the ER structure and SOCE. We
postulate that this required balance in microtubule stability for a
proper ER function is the reason for observing a similar decrease
in SOCE whether we knockout or overexpress spastin (Fig. 6).

While the overexpression of both spastin isoforms reduced
SOCE and both induced the intracellular clustering of STIM1 along
the ER, only M1 surrounded STIM1 and slowed down the transport
of STIM1 to the PM, indicating that M1-spastin is additionally able
to retain STIM1 on the ER. Interestingly, a recently discovered
shorter neuronal splice variant of STIM1, STIM1B, which lacks the
microtubule tracking domain, displays a slower transport towards
plasma membrane.>?

Given its known physiological function, the M87 spastin effects
on STIM1 are most likely due to general dysregulation of the micro-
tubule network, while M1-spastin targets more specifically the

experiments per line). Scatter plot shows the mean of lines+SEM. (D) Fura-2 fluorescence ratio changes F(358/391) were analysed in 4-week differen-
tiated iPSC-derived SPAST neurons compared to isogenic SPAST GC neurons and control neurons. Ca®* imaging recording started in absence of Ca**. For
additional depletion of ER Ca®* stores, 2 uM Thapsigargin (Thapsi) was added. Perfusion with Ca®* rich media triggered SOCE, quantified as area under
the curve [AUC, grey box. Data shown as mean (line)+95% confidence interval (dotted line)]. (E) SOCE is impaired in iPSC-derived neurons from SPAST
patients compared to isogenic controls (SPAST GC) and compared to control neurons. SPAST GC isogenic neurons did not differ from control neurons
[one-way ANOVA/Holm-Sidak’s test F(2,10) =9.38, P=0.005. SPAST (n=6 cell lines) versus SPAST GC (n=>5 cell lines) and control (n=2 cell lines). SPAST
versus control P=0.05; SPAST versus SPAST GC P=0.006; SPAST GC versus control not significant. P=0.69]. Each data-point represent the median SOCE
response of one cell line from 2-5 independent differentiations per cell line. [Scatter plot shows the mean of cell lines (red) + standard deviation (SD),
violin plot shows the distribution of single cells]. (SPAST =3035 cells; SPAST GC=3179 cells; Ctrl=1026 cells) *P<0.05 *P<0.01 **P<0.001, n.s. = not
significant.
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interaction between the ER and the microtubule network. This
interaction might be particularly important for neurons where, un-
like other tissues, M1-spastin is abundantly expressed.**

Following spastin overexpression the microtubule network is dis-
assembled, allowing us to understand the importance of the micro-
tubule network for the ER shape. However, at endogenous or low
spastin expression levels, the microtubule network is conserved
and elegantly remodelled by spastin. Therefore, the physiological ef-
fect of spastin on the ER and on SOCE may be much more subtle and
of a regulatory nature. Moreover, it has been shown that spastin-
linked HSP is caused by reduced rather than increased levels of spas-
tin.* In addition, different cell types, depending on their morphology
and function, have shown disparate SOCE reactions in response to
pharmacological alteration of the microtubule network.’®>*

We thus we switched to a human SPAST patient model to under-
stand whether the alterations in SOCE we observed in the HEK cell
model were also detectable in a cell type, which strongly relies on a
well-functioning microtubule network.

Our results show that in SPAST patient iPSC-derived neurons,
spastin haploinsufficiency is sufficient to impair Ca®* entry after
store depletion. The impairment in Ca®* influx is dependent on the
expression of spastin, since genome correction via CRISPR/Cas9
was able to restore spastin protein expression, axonal swellings
and SOCE efficiency. Altered Ca®* dynamics have been observed
across different neurodegenerative diseases giving rise to the ‘cal-
cium hypothesis’. This proposes a dysregulation of Ca®* as the under-
lying basis for a variety of neurodegenerative diseases.”® Altered
SOCE has been described in several studies, including in a genetic
iPSC-derived Parkinson’s disease model*® and in a cellular model of
the HSP protein atlastin-1.*® In the latter, both overexpression and
atlastin-1 downregulation resulted in altered Ca®>* homeostasis.*®

Very recently and supporting our results, impaired SOCE and elon-
gated ER were detected in a drosophila model for SPAST-HSP, which
displayed compromised flight ability.*® Similar flight deficiencies
have been reported in flies with impaired SOCE caused by dStim1
and dOrail pan-neuronal downregulation, demonstrating the import-
ance of SOCE for the fly movement.” Together, these findings empha-
size the importance of effective SOCE for motor neuron function.

The SPAST iPSC-derived neurons displayed axonal swellings with
accumulated mitochondria and disorganized microtubules, which
has been described as an important in vitro hallmark of SPAST-HSP
studies."*? The onset of SPAST-HSP is rather slow, suggesting that
while pathogenic variants in SPAST affect cellular mechanisms early
on, chronic exposure to additional stressors may trigger the disease
onset. Different stressors including ageing processes have been
linked to a reduction in the ability of cells to regulate SOCE.*® Thus,
dysfunction in spastin combined with additional stressors affecting
Ca?* regulation (e.g. ageing) could promote the disease onset. This
hypothesis should be further tested in vitro and in vivo.

In conclusion, our data define a new role of spastin at the inter-
face between ER and microtubule dynamics. Changes in the expres-
sion of spastin disturb the regulation of neuronal Ca?* homeostasis,
and thus impact the susceptibility and vulnerability of cortical ax-
ons in SPAST-HSP.
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