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Abstract

Aim: The endoplasmic reticulum (ER)-localized vesicle-associated membrane protein-associated protein B (VAPB)
is implicated in many cellular processes, such as ER-organelle tethering, calcium homeostasis, and unfolded protein
response. The P56S missense mutation in VAPB has been associated with familial forms of motor neuron diseases
such as typical amyotrophic lateral sclerosis (ALS), atypical ALS, and spinal muscular atrophy. However, it has not
been determined how the VAPB P56S mutation induces the degeneration of corticospinal motor neurons (CSMNs)
in ALS.

Methods: Using homozygous knock-in (KI) mice expressing P56S VAPB, we investigated the mutation's
pathogenic impacts and underlying mechanisms on the survival and function of CSMNs. We performed a wide
variety of assays to examine the behavioral, histological, cellular, and molecular abnormalities of KI mice.

Results: Compared with wild-type controls, KI mice showed the downregulated protein level of mutant VAPB,
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proteinase K-resistant cytoplasmic inclusions of mutant VAPB in CSMNs, abnormal hyperactivity, impaired motor
coordination, neuronal loss of CSMNSs, and axonal degeneration of pyramidal and corticospinal tracts. Mechanistic
studies revealed that the VAPB P56S mutation rendered the mutant protein destabilized and inclusion-prone in
cortical neurons, and the proteasomal degradation played a critical role in modulating mutant VAPB's protein level
and inclusion formation. In addition, the VAPB P56S mutation disrupted ER-mitochondria contacts, impaired
VAPB-PTPIP51 interaction and IP3R-VDAC interaction, elevated cytosolic Ca*, activated CaMKII, and increased
CRMP2 phosphorylation. Moreover, the VAPB P56S mutation activated the IRE1-XBP1/p38 mitogen-activated
protein kinase (MAPK)/ c-Jun N-terminal kinase (JNK) pathway, increased tau hyperphosphorylation, and
upregulated p53 expression and phosphorylation.

Conclusion: These findings demonstrate the progressive degeneration of CSMNs induced by VAPB P56S mutation
and indicate the involvement of the Ca*-CaMKII-CRMP2 and IRE1-p38 MAPK/JNK-tau/p53 pathways in the
pathogenic process.

Keywords: Vesicle-associated membrane protein-associated protein B (VAPB), mutation, corticospinal motor
neuron (CSMN), neurodegeneration, amyotrophic lateral sclerosis (ALS)

INTRODUCTION

The endoplasmic reticulum (ER), an extensive and dynamic network forming membrane contact sites with
various intracellular organelles, plays crucial roles in calcium storage and release, lipid synthesis and
transfer, protein processing and trafficking, and stress sensing and responding" . ER-organelle membrane
contact sites are mainly conferred by the vesicle-associated membrane protein-associated proteins [VAPs,
including VAPA, vesicle-associated membrane protein-associated protein B (VAPB), MOSPD1, MOSPD2,
and MOSPD3], which are a family of ER-resident type II integral membrane proteins with a conserved
Major Sperm Protein (MSP) domain””\. VAPs bind diverse interaction partners and tether different
organelles to the ER"". Since 2004, the P56S missense mutation in VAPB has been found to cause
dominantly inherited motor neuron diseases such as typical amyotrophic lateral sclerosis (ALS), atypical
ALS (designated ALS type 8, ALS8), and late-onset spinal muscular atrophy!*'*. In addition to P56S, novel
mutations in VAPB (T46l, P5s6H, A145V, S160A, and V234I) have been identified to be associated with
ALS'"*). Dysfunction and loss of motor neurons are reported in ALS patients with the VAPB P56S
mutation**"*l. However, the pathogenicity of the VAPB P56S mutation in motor neuron degeneration and
the potential therapeutic targets remain elusive.

The highly conserved and ubiquitously expressed VAPB and its homolog VAPA are localized throughout
the ER sheets and tubules®?*. VAPB consists of MSP, coiled-coil, and transmembrane domains in the N-
terminus, central segment, and C-terminus. The MSP domain, exposed to the cytosol, allows VAPB to
interact with the two phenylalanines in an acidic tract (FFAT) motif in diverse target proteins to recruit
them to the ER®*\. The coiled-coil and transmembrane domains allow VAPB and VAPA to undergo homo-
and heterodimerization®*!. The interaction of VAPB with a wide variety of proteins implicates VAPB in
many cellular processes, such as ER-organelle tethering, lipid transfer, calcium homeostasis, membrane
trafficking, unfolded protein response (UPR), cytoskeleton organization, autophagy, and infection®'**’.
Unexpectedly, in Caenorhabditis elegans and Drosophila, VAPB’s MSP domain is secreted as an

extracellular signaling molecule, indicating VAPB’s non-cell-autonomous function™*.

The P56S point mutation causes gross misfolding of the MSP domain and renders the mutant VAPB prone
to aggregation . Accordingly, when overexpressed in transfected mammalian cells and transgenic animal
models, P56S VAPB forms intracellular inclusions that dramatically restructure the ER, induce ER stress,
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and activate the UPR, suggesting a toxic-gain-of-function mechanism in the pathogenicity of P56S
VAPB!""77* In addition, the intracellular inclusions within cells overexpressing P56S VAPB sequester
wild-type VAPB and VAPA, making them unable to function appropriately, implying a dominant-negative
effect of P56S VAPB"***"|. Besides the aggregation-prone property, the P56S mutation in the MSP domain
also compromises the normal function of VAPB by interfering with its interaction with FFAT-containing
proteins and thus perturbs the contact/interplay between the ER and organelles®®"**. Moreover, the
protein level of VAPB is reduced in ALSS patients-derived motor neurons, but the intracellular inclusions of
VAPB are not observable!*. These studies indicate that a loss-of-function mechanism might also be
implicated in VAPB P56S mutation-induced neurodegeneration.

Transgenic and knock-in (KI) rodent models expressing P56S VAPB have been generated to investigate the
pathophysiological roles of P56S VAPB. Although all the transgenic mouse lines present P56S VAPB
inclusions in motor neurons, only the line generated by us, in which P56S VAPB is highly overexpressed,
develops movement disorders and the loss of motor neurons™ . Both KI mice and KI rats display motor
symptoms and pathological changes in spinal motor neurons (SMNs)“**l. However, it has not been
determined how the P56S mutant VAPB expressed at the physiological level induces the degeneration of
corticospinal motor neurons (CSMNs) in ALS.

The current study investigated P56S VAPB’s pathogenic impacts on CSMN’s survival and function using
homozygous KI mice. We found that the KI mice displayed the downregulated protein level of mutant
VAPB, cytoplasmic inclusions of the mutant VAPB in CSMNs, movement disorders, and progressive
degeneration of CSMNs. We further found that the ubiquitin-proteasome system modulated the level and
inclusion formation of P56S VAPB in cortical neurons. Moreover, we found that the impairment of ER-
mitochondria tethering/interplay, as well as the dysregulation of cytosolic Ca**-calcium/calmodulin-
dependent protein kinase type II (CaMKII) and inositol-requiring enzyme 1 (IRE1)-mitogen-activated
protein kinase (MAPK) signaling pathways, contributed to the P56S VAPB-induced axonal degeneration
and preferential loss of CSMNGs.

METHODS

Animal maintenance and behavioral test

The Vapb®**" heterozygous KI mice with the endogenous Vapb exon 2 replaced by the P56S mutant Vapb
exon 2 (JAX, # 028360) were mated to get Vapb”* and Vapb™*¥*** mice [designated as wild-type (WT) and
P56S KI mice, respectively]”. The P56S KI mice and WT controls were also crossed with Thy1-YFP
transgenic mice (JAX, #003782) to obtain Vapb****;Thy1-YFP and Vapb"*;Thy1-YFP (named as WT/Thy1-
YFP) mice, respectively'®. The Vapb*****;Thy1-YFP and P56S KI mice were further bred to produce
Vapb™*"***;Thy1-YFP (named as P56S KI/Thy1-YFP) mice. In Thy1-YFP transgenic mice, pyramidal
neurons in cortex Layer V are selectively labeled with the yellow fluorescent protein, and their axons in the
pyramidal tract and corticospinal tract are brightly fluorescent'*. This allows us to examine the axon
pathways of CSMNs in the P56S KI/Thy1-YFP mice and gender/age-matched WT/Thy1-YFP controls. Mice
were housed, fed, and handled following the guidelines approved by the Institutional Animal Care and Use
Committees of Beijing Geriatric Hospital.

Genotyping polymerase chain reaction (PCR) was performed using tail genomic DNA extracted with the
One Step Mouse Genotyping Kit (Vazyme). Specific PCR primers (5-ACAGAGCCATCAGCACACAC-3’
and 5°-AATCTACACCCGAGCAAGTGA-3" for the WT or P56S Vapb gene; 5’-
CGGTGGTGCAGATGAACTT-3" and 5-ACAGACACACACCCAGGACA-3’ for the Thy1-YFP
transgene) were used'*>**.,
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Large cohorts (n 2 25 male animals per genotype) of 12-month-old P56S KI mice and littermate WT
controls were assessed by behavioral test performers blinded to genotypes. Mouse’s motor functions,
including the grip strength of forelimbs or hindlimbs, severity score in the hindlimb clasping test,
locomotion and center preference in the open field test, latency to fall in the rotarod test, arm entries in the
Y maze, and total distance traveled in the habituation session of the novel object recognition test, were
evaluated as we described previously™***. Mouse’s cognitive functions, including the percentage of
alternations in the Y maze and discrimination index and novelty preference in the trial session of the novel
object recognition test, were analyzed by the Automated Behavior Analysis Systems (Clever Sys, Inc.)!*".
Note that mice exhibiting an object bias score [= (Time Exploring One Particular Object) + (Total Time
Exploring Two Identical Objects)] in the pretrial session below 0.20 or above 0.80 were excluded from
further experimentation in the novel object recognition test.

Histology, proteinase K digestion of sections, immunohistochemistry, and stereology

Perfusion fixation of mice, dissection of brains and spinal cords, preparation of 40-um-thick frozen sections,
and immunofluorescent staining with antibodies [Table 1] were performed as we described previously™*".
At each time point, three to five mice per genotype were used for immunohistochemistry (IHC), and at least

5 coronal or sagittal sections or 20 neurons per mouse were examined.

To determine the stability of proteins in tissues to proteolytic degradation, brain sections were pretreated
with 0 or 100 ug/mL proteinase K (PK, Viagen Biotech) in Tris-EDTA (TE) buffer [50 mm Tris-HCI (pH
7.5), 5 mm EDTA] at 37 °C for 10 min, before IHC.

For stereology, serial sagittal brain sections (every 9th section from Lateral 0.00 to 3.72 mm) and coronal
spinal cord sections (every 10th section from L1 to L5) were immunostained with COUP-TF-interacting
protein 2 (CTIP2) and choline acetyltransferase (CHAT) antibodies, respectively. CSMNs (CTIP2* neurons
in the motor cortex layer V) and lumbar SMNs (CHAT" neurons in the spinal cord ventral horn) were
counted using an unbiased stereology software, Stereo Investigator 10 (MicroBrightField)">**. At each time
point, three to five mice per genotype were used for stereology. Counters were blinded to the sample’s

genotype.

Confocal microscopy and image analysis

Fluorescent images of tissues or cells were captured in z-series stack scans using either the conventional
mode or the super-resolution Airyscan mode of the Zeiss confocal microscope (LSM 880). Paired images in
figures were acquired with equivalent settings and processed identically. The quantitative assessment of
images’ fluorescent intensities and area fractions was performed using ImageJ (NIH). The line scan analysis
of images was performed with the Zeiss ZEN software.

RNA extraction and quantitative Reverse Transcription-PCR

The quantitative Reverse Transcription-PCR (qRT-PCR) analysis of mRNA extracted from mouse cortices
was performed using the FastPure Tissue Total RNA Isolation and HiScript II One Step qRT-PCR SYBR
Green kits (Vazyme). Specific qPCR primers for the Vapb gene (5-GAAGGTGATGGAAGAGTGCAG-3’
and 5’-CCCGAAGTCCGTCTTCTTC-3’) and the mouse Gapdh gene (Qiagen, #330001) were used'*”.

Homogenization and fractionation, protein extraction, and western blotting (WB)
The total lysate was prepared from mouse cortices or cells with 1% SDS-supplemented TES buffer [50 mm
Tris-HCI (pH 7.5), 2 mm EDTA, 150 mm NaCl] containing protease & phosphatase inhibitors.
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Table 1. List of primary antibodies used in this study
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Antigen Source Catalog# Application
VAPB Proteintech 14477-1-AP IHC, ICC, WB
VAPB (Coralite Plus 647-conjugated antibody) Proteintech CL647-14477 IHC, ICC
VAPB Proteintech 66191-1-Ig PLA
CTIP2 Abcam ab18465 IHC
NeuN Abcam ab104224 IHC
CHAT Millipore AB144P IHC
GAPDH Proteintech 60004-1-1g WB
B-actin Sigma-Aldrich A1978 WB
ankyrin G Synaptic system 386004 ICC
MAP2 Abcam ab92434 ICC
HSP70 Proteintech 10995-1-AP IHC, WB
ubiquitin Proteintech 10201-2-AP IHC
BAP31 Proteintech 11200-1-AP IHC
VCP Proteintech 10736-1-AP IHC
SQSTM1 MBL PMO0O66 IHC

BiP Abcam ab21685 ICC
GRP75 Santa Cruz Biotechnology sc-133137 ICC
PTPIP51 Proteintech 20641-1-AP PLA
IP3R Santa Cruz Biotechnology sc-377518 PLA
IP3R Thermo Fisher Scientific PA1-901 WB
VDACIT Proteintech 55259-1-AP PLA
CaMKlla Thermo Fisher Scientific MA1-048 WB
p-CaMKlla (Thr286) Thermo Fisher Scientific MA1-047 WB
CaMKIIp Thermo Fisher Scientific 13-9800 WB
p-CaMKII B/v/8 (Thr287) Thermo Fisher Scientific PA5-37833 WB
CRMP2 Cell Signaling Technology 9393 WB
p-CRMP2 (Thr555) ECM bioscience CP2251 IHC, WB
p-CRMP2 (Thr514) Abcam ab62478 WB
IRETat Cell Signaling Technology 3294 WB
p-IRE1a (Ser724) Abcam ab48187 IHC, WB
spliced XBP1 Proteintech 24858-1-AP IHC, WB
p38 MAPK Cell Signaling Technology 8690 WB

p38 MAPK (Thr180/Tyr182) Cell Signaling Technology 4511 WB

JNK Cell Signaling Technology 3708 WB
p-JNK (Thr183/Tyr185) Cell Signaling Technology 4668 WB

tau Proteintech 10274-1-AP WB
p-tau (Ser202/Thr205) Thermo Fisher Scientific MN1020 WB
p-tau (Thr212/Ser214) Thermo Fisher Scientific MN1060 WB
p-tau (Thr231) Thermo Fisher Scientific MN1040 WB

p53 Cell Signaling Technology 2524 WB
p-p53 (Ser15) Cell Signaling Technology 9286 WB
PERK Proteintech 20582-1-AP WB
p-PERK (Thr982) Abcam ab192591 WB
elF2a Thermo Fisher Scientific AHO0802 WB
p-elF2a (Ser51) Abcam ab32157 IHC, WB
ATF4 Proteintech 10835-1-AP WB
CHOP Proteintech 15204-1-AP WB
ATF6 Proteintech 24169-1-AP WB
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VAPB: Vesicle-associated membrane protein-associated protein B; IHC: immunohistochemistry; ICC: immunocytochemistry; WB: western
blotting; CTIP2: COUP-TF-interacting protein 2; NeuN: neuronal nuclei; CHAT: choline acetyltransferase; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase; MAP2: microtubule-associated protein 2; HSP70: heat shock protein 70;BAP31: B-cell receptor-associated protein 31; VCP:
valosin-containing protein; SQSTMT: sequestosome 1; BiP: binding immunoglobulin protein; GRP75: 75 kDa glucose-regulated protein; PTPIP51:
protein tyrosine phosphatase-interacting protein 51; IP3R: inositol 1,4,5-trisphosphate receptor; VDACT: voltage-dependent anion-selective
channel protein 1; CaMKlla: calcium/calmodulin-dependent protein kinase type Il subunit alpha; p: phosphorylated; CRMP2: collapsin response
mediator 2; IRETa: inositol-requiring enzyme Ta; XBP1: X-box binding protein 1; MAPK: mitogen-activated protein kinase; JNK: c-Jun N-terminal
kinase; PERK: protein kinase-like endoplasmic reticulum kinase; elF2a: eukaryotic translation initiation factor 2a; ATF: activating transcription
factor; CHOP: CCAAT-enhancer-binding protein homologous protein; Ser: serine; Thr: threonine.

The Triton X-100 soluble and insoluble fractions were extracted from mouse cortices as described
previously”. Cortical tissues were first lysed in 1% Triton X-100-supplemented TES buffer containing
protease & phosphatase inhibitors by gentle homogenization (10 strokes with the Dounce homogenizer).
After 10-min centrifugation at 16,000 x g, the lysate was separated into the supernatant (which was
harvested as the Triton X-100 soluble fraction) and the pellet. The pellet was further extracted in 1% SDS-
supplemented TES buffer with sonication. After centrifugation at 16,000 x g for 10 min, the supernatant was
collected as the Triton X-100 insoluble fraction. The total lysate and Triton X-100 insoluble fraction were
subjected to western blotting.

To isolate the mitochondria-associated membranes (MAM) fraction'”, mouse cortices were first gently
homogenized with a Dounce homogenizer (12 strokes) in the isolation buffer [225 mm mannitol, 75 mm
sucrose, 0.1 mm ethylene glycol tetraacetic acid (EGTA), 30 mm Tris-HCI (pH 7.5), 1x cocktail of protease
and phosphatase inhibitors]. The homogenate was centrifuged at 600 x g for 5 min at 4 °C to remove nuclei
and unbroken cells. The resulting supernatant was centrifuged at 10,000 x g for 10 min at 4 °C to pellet
crude mitochondria. The supernatant was further centrifuged at 100,000 x g for 30 min at 4 °C to remove
light membranes from the cytosolic fraction. The crude mitochondria were resuspended in mitochondrial
reconstitution buffer [250 mm mannitol, 0.5 mm EGTA, and 5 mm HEPES (pH 7.3)] and layered on top of
a 30% Percoll gradient buffer [225mm mannitol, 1 mm EGTA, 5 mm HEPES (pH 7.3), 30% Percoll, 1x
Protease and Phosphatase Inhibitor Cocktails]. After centrifugation at 95,000 x g for 30 min, a dense band
of purified mitochondria was localized near the bottom of the gradient, and a diffuse white band containing
crude MAM was visible above the mitochondrial band. The crude MAM was collected, diluted with
mitochondrial reconstitution buffer, and centrifuged at 6,300 x g for 10 min at 4 °C to remove
contaminating mitochondria. The resulting supernatant was further centrifuged at 100,000 x g for 1 h at 4
°C. The pellet was harvested, sonicated in TES lysis buffer with 1% SDS and 1x Protease and Phosphatase
Inhibitor Cocktails. After centrifugation at 16,000 x g for 10 min, the supernatant was collected as the MAM
fraction. MAM and cytosolic fractions were subjected to western blotting.

Proteins of samples were measured for concentration with a Bicinchoninic acid assay kit, electrophoresed in
NuPAGE gels, transferred to nitrocellulose membranes, probed with antibodies [Table 1], detected by the
LI-COR Odyssey system, and quantified with Image J.

Cell culture, chemical treatment, MTT assay, plasmid transfection, cytosolic Ca** measurement, live
imaging, immunocytochemistry ICC, and proximity ligation assay

Primary neurons were prepared from neonatal P56S KI pups and littermate WT controls as previously
described™”. After digestion with 5 U/mL papain, neurons were dissociated from mouse cortices, spun
down, resuspended in N2/B27-supplemented neuronal medium, plated on poly-D-lysine (PDL)-coated
plates or coverslips, and maintained in a CO, incubator. The neuronal medium was changed every three or
four days.
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After digestion with TrypLE Enzyme, fibroblasts were dissociated from mouse dorsal skins, spun down,
resuspended in 10% fetal bovine serum-supplemented Dulbecco’s modified Eagle medium (DMEM), plated
on bottom dishes for live imaging or coverslips for immunocytochemistry, and maintained in a CO,
incubator. The fibroblast medium was changed every three or four days.

To inhibit protein synthesis or proteasomal degradation, cortical neurons on DIV26 were treated with the
vehicle [dimethyl sulfoxide (DMSO)], a protein synthesis inhibitor [1 g/mL cycloheximide (CHX),
Millipore], or a proteasome inhibitor (0.1 M MG132, Merck) for 48 h. To inhibit JNK, the vehicle (DMSO)
or a JNK inhibitor (1 M SP600125, MedChemExpress) was applied to primary cortical neurons twice a week
from DIV14 to 28.

Primary cortical neurons in 96-well plates (10° cells per well) were subjected to 3- (4,5)-dimethylthiahiazo (-
z-y1)-3,5-di- phenytetrazoliumromide (MTT) assay to assess the survival rate. On DIV7, 14, 21, and 28, 0.5
mg/mL MTT was added to the neuronal medium, allowing viable mitochondrial succinate dehydrogenase
to reduce the MTT to generate formazan crystals. Neurons were then switched to 100 L DMSO to solubilize
the formazan crystals, and the absorbance at 570 nm was read. At each time point, 28 to 30 wells of neurons
per genotype per condition were examined.

Expression plasmids for Sec61p-GFP and Mito-7-mCherry were purchased from Addgene. Cells were
transfected with plasmids using the CalPhos Mammalian Transfection Kit (TaKaRa). Between 24 and 72 h
post-transfection, transfected cells were switched to the Live Cell Imaging Solution, and the fluorescent
signals of Sec618-GFP and Mito-7-mCherry were time-lapse recorded (30-s intervals) at 37 °C using a
confocal microscope.

After a 30-min incubation with 5 M Fluo-4 AM and a 2-minute wash in HBSS, cells were either switched to
the Live Cell Imaging Solution for time-lapse recording of Fluo-4 AM fluorescence (10-s intervals), or fixed
for immunocytochemistry. Cytosolic Ca* levels in live or fixed cells were calculated as relative Fluo-4 AM
fluorescence.

After 4% PFA fixation, Triton X-100 permeabilization, and proper blocking, cells were immunostained with
antibodies [Table 1] for immunocytochemistry (ICC) or proximity ligation assay (PLA). To visualize the
proximity ligation assay (PLA) signals, antibody-stained cells were further processed with the Duolink PLA
kit (Sigma-Aldrich). At each time point, four to six independent cultures per genotype were used for ICC or
PLA, and at least 20 cells per culture were examined.

Statistical analysis

Data were presented as mean + standard error of the mean. The unpaired ¢ test, one-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons test, two-way ANOVA with Sidak’s multiple
comparisons test, and Pearson correlation test were conducted with GraphPad Prism 9. Not significant (ns),
P20.05;"P<0.05 P<0.01; P<0.001; P <0.0001.

RESULTS

P56S Kl mice show the downregulated protein level of mutant VAPB and proteinase K (PK)-resistant
cytoplasmic inclusions of mutant VAPB in CSMNs

Since reduced protein levels of VAPB, but no cytoplasmic inclusions, were reported in ALSS patients’ iPSC-

s[eo,el]

derived motor neurons'®**", we examined the expression and intracellular distribution pattern of VAPB in

the brains and spinal cords of WT and P56S KI mice. Immunohistochemistry revealed a marked reduction
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in VAPB intensity in the CSMNs of P56S KI mice at 2, 12, and 24 months of age, with approximately 77.0%,
74.1%, and 72.9% decreases, respectively [Figure 1A and B]. In addition to the lower staining intensity,
cytoplasmic inclusions of the mutant VAPB were observed in the CSMNs of P56S KI mice
[Figure 1A and B]. Consistent with the observations in CSMNs, the downregulated intensity and
cytoplasmic inclusions of mutant VAPB were also detected in hippocampal CA2 neurons, striatal neurons,
cerebellar Purkinje neurons, and lumbar SMNs of 2-month-old P56S KI mice [Supplementary Figure 1].
The qRT-PCR detected comparable levels of cortical Vapb mRNA in 2-month-old WT and P56S KI mice,
suggesting the equivalent transcription of Vapb® and Vapb™* genes in WT and P56S KI mice, respectively
[Figure 1C]. Western blotting of the total lysate extracted from cortical tissues of WT and P56S KI mice
confirmed the substantial downregulation of mutant VAPB in P56S KI mice at 2, 12, and 24 months of age,
with approximately 83.7%, 80.8%, and 77.9% decreases, respectively [Figure 1D and EJ.

To examine the stability of cytoplasmic inclusions of P56S VAPB in the CSMNs to proteolytic degradation,
we pretreated the motor cortex sections from 2-month-old WT and P56S KI mice with 0 (non-treated
condition) or 100 pug/mL proteinase K (PK-treated condition) at 37 °C for 10 min, before immunostaining
of VAPB, CTIP2, and NeuN. In the CSMNs of WT mice, no staining of CTIP2, NeuN, or WT VAPB
remained after proteinase K (PK) digestion, indicating that PK fully degraded them [Figure 1F]. In the
CSMNss of P56S KI mice, no staining of CTIP2 or NeuN was detected following PK digestion, but the PK-
resistant cytoplasmic inclusions of P56S VAPB were still visible, implying that cytoplasmic inclusions of
mutant VAPB in the CSMNs of P56S KI mice might be in the PK-resistant aggregation state [Figure 1F].

Next, to compare the Triton X-100 insolubility of WT VAPB and P56S VAPB, we immunoblotted the
VAPB in the total lysate and 1% Triton X-100 insoluble fraction extracted from the cortices of 2-month-old
WT and P56S KI mice. We found that the Triton X-100 insoluble/total ratio of VAPB in P56S KI mice was
around 1.3-fold higher than in WT controls, indicating the substantially increased Triton X-100 insolubility
of the mutant VAPB [Figure 1G and H]J.

In a parallel study, we isolated cortices from neonatal WT and P56S KI pups and prepared primary
neuronal cultures. Western blotting revealed a gradual increase in VAPB expression in WT cortical neurons
from 0 to 28 days in vitro (DIV), while the P56S KI cortical neurons showed a substantial reduction in
VAPB expression at each time point compared with WT controls [Supplementary Figure 2A and B].
Immunocytochemistry confirmed the reduced intensity of mutant VAPB in the somata, dendrites, and
axons of P56S KI neurons and the cytoplasmic inclusion formation of mutant VAPB [Supplementary Figure
2C and D]. The primary cultures of WT and P56S KI mice may serve as suitable cell models to investigate
the pathogenic significance of mutant VAPB in an intensive manner.

P56S Kl mice exhibit movement disorders

As physical and mental decline is reported in ALS patients with VAPB P56S mutation*****), we monitored
large cohorts (n 2 25) of 12-month-old male WT and P56S KI mice for their motor and cognitive functions.
In the grip strength measurement and hindlimb clasping test, P56S KI mice performed similarly to the WT
controls, with no apparent sign of weakness [Figure 2A and B]. The open field test revealed that P56S KI
mice displayed a similar duration in the center area as WT controls, but exhibited substantially increased
ambulatory and rearing movements, indicating the hyperactive phenotype [Figure 2C]. The rotarod test
revealed a shorter fall latency in P56S KI mice on the rotating rods [Figure 2D], indicating impaired motor
coordination. In the Y maze and novel object recognition tests, no significant difference in cognitive
function was found between P56S KI mice and WT controls [Figure 2E and F]. However, significantly
increased arm entries and distance traveled were found in P56S KI mice, providing additional evidence for
their hyperactive phenotype [Figure 2E and F]. Interestingly, Pearson correlation analysis revealed a strong
positive correlation between the ambulatory movement and the rearing movement in the open field test, for
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Figure 1. Downregulated protein level of mutant VAPB and PK-resistant cytoplasmic inclusions of mutant VAPB in CSMNs of P56S K
mice. (A and B) Immunostaining of VAPB, CTIP2, and NeuN in the motor cortex of WT and P56S Kl mice at 2, 12, and 24 months of age
(n =5 at each time point). CSMNs located in the motor cortex layer V were visualized by CTIP2 staining. Note the reduced intensity
and cytoplasmic inclusions of mutant VAPB in the CSMNs of P56S Kl mice; (C) Quantitative RT-PCR of cortical Vapb mRNA of 2-
month-old WT and P56S Kl mice (n = 4); (D and E) Western blotting of VAPB in the cortical total lysate of WT and P56S Kl mice at 2,
12, and 24 months of age (n = 3 at each time point); (F) Immunostaining of VAPB, CTIP2, and NeuN in the CSMNs of 2-month-old WT
and P56S K| mice under non-treated and PK-treated conditions (for each condition, 3 mice per genotype and 5 sections per mouse
were examined). Note that no staining of CTIP2, NeuN, or WT VAPB remained after PK digestion, but the PK-resistant cytoplasmic
inclusions of P56S VAPB were still visible in P56S KI mice. DAPI (blue) was used to label nuclei; (G and H) Western blotting of VAPB in
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the total lysate and 1% Triton X-100 insoluble fraction extracted from the cortices of 2-month-old WT and P56S Kl mice (n = 4). Scale
bar: 200 um (motor cortex) and 20 um (CSMNs) in (A); 20 um in (F). Two-way ANOVA: 7P <0.0001(2M, 12M, and 24M) in (B);
""P<0.0001 (2M, 12M, and 24M) in (E); Unpaired t test: not significant (ns) P = 0.2177 in (C); P < 0.0001 in (H). VAPB: Vesicle-
associated membrane protein-associated protein B; PK: proteinase K; CSMN: corticospinal motor neuron; Kl: knock-in; CTIP2: COUP-
TF-interacting protein 2; NeuN: neuronal nuclei; ANOVA: analysis of variance; WT: wild-type.

both WT (r = 0.8403, P < 0.0001) and P56S KI (r = 0.6986, P < 0.0001) mice [Figure 2G]. Nevertheless, the
ambulatory movement in the open field test was not correlated with the fall latency in the rotarod test, the
arm entries in the Y maze test, or the distance traveled in the novel object recognition test, for either WT or
P56S KI mice [Figure 2H-J]. Taken together, our data demonstrate the abnormal hyperactivity and impaired
motor coordination in P56S KI mice.

P56S Kl mice display progressive degeneration of CSMNs

Since hyperactivity has been observed in several strains of mouse models with CSMN lesions , we
examined the neuropathology of CSMNs and other neuronal types in WT and P56S KI mice. The number
of CSMNss in P56S KI mice was similar to that of WT controls at 2 and 12 months of age, but substantially
decreased (approximately 23.9%) at 24 months of age [Figure 3A and B]. In contrast, the amounts of
hippocampal CA2 neurons, striatal neurons, cerebellar Purkinje neurons, and lumbar spinal motor neurons
in aged P56S KI mice showed no apparent decrease [Supplementary Figure 3]. Our results indicate the late-
onset preferential loss of CSMNs in P56S KI mice.

[53,70,71]

In mice, the axons originating from CSMNs descend along the pyramidal tract and corticospinal tract,
innervating spinal premotor interneurons and sensory relay neurons, which modulate SMN activity and
sensory feedback”””. By crossbreeding WT and P56S KI mice with Thy1-YFP transgenic mice, we obtained
WT/Thy1-YFP and P56S KI/Thy1-YFP mice, in which CSMNs and their axons in the pyramidal tract and
corticospinal tract are brightly fluorescent. Compared with age-matched WT/Thy1-YFP controls, 12-
month-old P56S KI/Thy1-YFP mice showed similar numbers of YFP-positive CSMNs and comparable
length and diameter of the CSMN’s axon initial segment (AIS), but exhibited significantly reduced axon
density in both the pyramidal tract at the medulla level (approximately 28.3%) and the dorsal corticospinal
tract at the cervical spinal cord level (approximately 26.7%) [Figure 3C-J]. On the other hand, axon loss in
the pyramidal and dorsal corticospinal tracts was not detectable in 2-month-old P56S KI/Thy1-YFP mice
[Figure 3G-J]. These data indicate the axonal degeneration of CSMNs before the neuronal loss in P56S KI
mice.

VAPB P56S mutation destabilizes the mutant protein in a proteasome-dependent way

As demonstrated previously, P56S VAPB inserts post-translationally into ER membranes as efficiently as
WT VAPB, but it rapidly clusters to form inclusions within the ER and restructures the ER"“>*!. Misfolded
and aggregated ER proteins, such as P56S VAPB, are mainly eliminated by ER-associated degradation
(ERAD) and ER-phagy"+****"*| Accordingly, immunohistochemistry revealed that P56S VAPB inclusions in
the CSMNss of P56S KI mice were markedly enriched in HSP70, ubiquitin, ERAD components (BAP31 and
VCP), and autophagy marker SQSTM1 [Figure 4A-E]. Together, the data suggest P56S VAPB inclusions as
regions of increased activity in protein folding, ERAD, and autophagy.

To determine whether the VAPB P56S mutation changes the stability of the mutant protein, we treated
DIV26 WT and P56S KI cortical neurons with 0 or 1 ug/mL CHX, a protein synthesis inhibitor. After 48-h
treatment with 1 pg/mL CHX, the relative VAPB decrease of WT and P56S KI neurons was approximately
10.1% and 63.1%, respectively [Figure 4F and G]. CHX-induced VAPB decrease was exacerbated
significantly in P56S KI neurons, as compared with WT neurons, implying the reduced stability of mutant
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Figure 2. Movement disorders in P56S Kl mice. (A-F) At 12 months of age, large cohorts of male WT and P56S Kl mice (n = 25) were
assessed for the grip strength of the forelimbs and hindlimbs (A); the severity score in the hindlimb clasping test (B); the ambulatory
movement, rearing movement, and center time in the open field test (C); the latency to fall in the rotarod test (D); the arm entries and
percent alternations in the Y maze test (E); and the distance traveled, discrimination index, and novelty preference in the new object
recognition test (F); (G-J) Pearson correlation analysis of the ambulatory movement in the open field test with the rearing movement in
the open field test (G); the fall latency in the rotarod test (H); the arm entries in the Y maze test (1), and the distance traveled in the
novel object recognition test (J). Unpaired t test: not significant (ns) P = 0.4879 (forelimbs) and ns P = 0.4347 (hindlimbs) in (A); ns P
=0.8912in (B); P < 0.0001 (ambulatory movement), 'P=0.0451 (rearing movement), and ns P = 0.0923 (center time) in (C); P =
0.0107 in (D); "P = 0.0021 (arm entries) and ns P = 0.7743 (percent alternations) in (E); “P=0.0013 (distance traveled), ns P = 0.5154
(discrimination index), and ns P = 0.5154 (novelty preference) in (F). KI: Knock-in; WT: wild-type.
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Figure 3. Progressive degeneration of CSMNs in P56S K| mice. (A and B) Immunostaining of CTIP2 and NeuN in the motor cortex of
24-month-old WT and P56S Kl mice. CSMNs of 2-, 12-, and 24-month-old WT and P56S K| mice were counted by unbiased stereology
(n =3 at each time point); (C and D) Immunostaining of CTIP2 and NeuN (purple) in the motor cortex of 12-month-old WT/Thy1-YFP
and P56S KlI/Thy1-YFP mice. Unbiased stereological counting of the YFP" CSMNs was performed (n = 5); (E and F) Immunostaining of
ankyrin G in the motor cortex layer V of 12-month-old WT/Thy1-YFP and P56S Kl/Thy1-YFP mice. The length and middle diameter of
the CSMN's AIS were measured (n = 5); (G-J) Coronal-section imaging of the YFP-labeled axons in the pyramidal tract at the medulla
level (G) and the dorsal corticospinal tract at the cervical spinal cord level (1) of 12-month-old WT/Thy1-YFP and P56S Kl/Thy1-YFP
mice. The relative density of axons in the pyramidal tract at the medulla level (H) and the dorsal corticospinal tract at the cervical spinal
cord level (J) was quantified (n 2 4 at each time point). Scale bar: 200 pm in (A) and (C); 20 pm in (E);100 pm in (G); 500 pm (upper
panel) and 50 um (lower panel) in (). Two-way ANOVA: not significant (ns) P = 0.999936 (2M), ns P = 0.999673 (12M), and p<
0.0001 (24M) in (B); ns P = 0.6026 (2M) and P < 0.0001 (12M) in (H); ns P = 0.9439 (2M) and P = 0.0001 (12M) in (J). Unpaired
ttest: ns P = 0.8251in (D); ns P = 0.4301 (length of AIS) and ns P = 0.5211 (middle diameter of AIS) in (F). CSMN: corticospinal motor
neuron; KI: knock-in; CTIP2: COUP-TF-interacting protein 2; NeuN: neuronal nuclei; WT: wild-type; AIS: axon initial segment.
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Figure 4. VAPB P56S mutation destabilizes the mutant protein in a proteasome-dependent way. (A-E) Costaining of HSP70 (A);
ubiquitin (B); BAP31 (C); VCP (D); or SQSTM1 (E) with VAPB and CTIP2 (red) in the CSMNs of WT and P56S KI mice at 2 months of
age. The colocalization of HSP70 (A); ubiquitin (B); BAP31 (C); VCP (D); or SQSTM1 (E) with VAPB inclusions in P56S K| mice was
marked with arrows. (F-1) Western blotting of VAPB in DIV28 WT and P56S Kl cortical neurons after 48-hour treatment with 1 ug/mL
CHX (F) or 0.1 um MG132 (H). The VAPB decrease after CHX treatment (G) and the VAPB increase after MG132 treatment (I) were
quantified (n = 4). (J and K) Immunostaining of VAPB, MAP2, and ankyrin G (purple) in DIV28 WT and P56S Kl cortical neurons after
indicated treatment for 48 h (n = 4). Scale bar: 20 um in (A-E, and J). Unpaired t test: P <0.0001in (G); P <0.0001in (I); One-
way ANOVA: P < 0.0001 [P565 KI (vehicle) vs. WTI, P < 0.0001 [P56S KI (CHX) vs. WT3, P < 0.0001 [P56S KI (MG132) vs. WT1, P
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= 0.0016473382 [P56S KI (CHX) vs. P56S Kl (vehicle)], P = 0.0007940139 [P56S KI (CHX) vs. P56S Kl (vehicle)], and P =
0.0016473382 [P56S KI (CHX) vs. P56S KI (MG132)] in (K). VAPB: Vesicle-associated membrane protein-associated protein B;
HSP70: heat shock protein 70; BAP31: B-cell receptor-associated protein 31; VCP: valosin-containing protein; SQSTM1: sequestosome 1;
CTIP2: COUP-TF-interacting protein 2; ANOVA: analysis of variance; WT: wild-type.

VAPB [Figure 4F and G]J. Next, we treated DIV26 WT and P56S KI cortical neurons with 0 or 0.1 uM
MG132, a proteasome inhibitor, to investigate whether the reduced stability of P56S VAPB was owing to its
proteasomal degradation. After 48-hour treatment with 0.1 pM MG132, the relative VAPB increase in WT
and P56S KI neurons was approximately 13.7% and 44.5%, respectively [Figure 4H and I]. MG132-induced
VAPB increase was more profound in P56S KI neurons than in WT neurons [Figure 4F and G]J.
Immunocytochemistry of P56S KI neurons treated with vehicle, CHX, and MG132 confirmed that the CHX
treatment resulted in a significant decrease in VAPB intensity, while the MG132 treatment resulted in a
substantial increase in VAPB intensity and the formation of much larger P56S VAPB inclusions [Figure 4]
and K]. Collectively, our data indicate that the protein level and aggregate size of mutant VAPB highly
depend on proteasomal activity.

VAPB P56S mutation disrupts ER-mitochondria contacts, elevates cytosolic Ca*, activates CaMKIl,
and increases CRMP2 phosphorylation

VAPB-PTPIP51 (a FFAT motif-containing mitochondrial protein) interaction establishes the ER-
mitochondria tethering and facilitates the calcium delivery from ER to mitochondria through IP3R-VDAC
interaction, while overexpression of P56S VAPB could disrupt ER-mitochondria contacts and calcium
homeostasis'®”*”. In line with this, immunostaining of BiP (as a marker for ER) and GRP75 (as a marker
for mitochondria) revealed the substantially disrupted ER-mitochondria colocalization in P56S KI
fibroblasts as compared to the WT cells [Supplementary Figure 4A and B]. Immunocytochemistry also
detected the well-organized ER architecture in WT fibroblasts, but expanded perinuclear ER sheets and
clustered peripheral ER tubules in P56S KI fibroblasts [Supplementary Figure 4A and B], consistent with the
findings that mutant VAPB dramatically restructures the ER"**.. We further examined mutant VAPB’s
effect on ER-mitochondria contact by live imaging of WT and P56S KI fibroblasts co-expressing Sec61p-
GFP and Mito-7-mCherry as markers for ER and mitochondria, respectively. In agreement with the
immunocytochemistry study, live imaging revealed the noticeably impaired colocalization of ER and
mitochondria in P56S KI fibroblasts compared to WT cells [Supplementary Figure 4C and D]. In addition,
PLA detected the substantial decrease in VAPB-PTPIP51 interaction and IP3R-VDACT1 interaction in P56S
KI fibroblasts compared to WT cells [Supplementary Figure 4E-H]. Western blotting revealed significantly
reduced levels of VAPB and IP3R in the MAM fraction prepared from the cortex of P56S KI mice
[Figure 5A and B]. Since the VAPB P56S mutation led to the disruption of ER-mitochondria tethering and
IP3R-VDACI1 interaction, crucial for calcium homeostasis, we monitored the cytosolic Ca** levels of WT
and P56S KI cells by measuring Fluo-4 AM fluorescence. Compared with cell-type-matched WT controls,
P56S KI fibroblasts and cortical neurons exhibited significantly increased intensity of Fluo-4 AM
fluorescence, with approximately 153.9% and 151.8% value increases, respectively [Supplementary Figure 4I,
J and Figure 5C and D]. These data indicate that the VAPB P56S mutation disrupts ER-mitochondria
contacts and elevates cytosolic Ca™".

Ca®* level elevation and calmodulin (CaM) binding acutely activate CaMKII, and the subsequent
autophosphorylation of its Thr2se more enduringly activates CaMKII"*. Activated CaMKII
phosphorylates numerous substrate proteins at serine (Ser) and threonine (Thr), such as CRMP2 at Thr555,
with the functional consequences of decreased affinity for tubulin and reduced neurite outgrowth"™"*.
Accordingly, 12-month-old P56S KI mice displayed a marked increase in p-CaMKIIa (Thr286) and p-

CRMP2 (Thrs55) in the cortex [Figure 5E and F] compared to WT controls. Additionally, we also observed
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[p-CaMKlla (Thr286)1, ns P = 0.3465 (CaMKlla), ns P = 0.1726 [p-CaMKIIB (Thr287)1, ns P = 0.8117 (CaMKIIB), " P < 0.0001 [p-
CRMP2 (Thr555)7, P = 0.0051 [p-CRMP2 (Thr514)], and ns P = 0.7529 (CRMP2) in (F); P = 0.000138 in (H). VAPB: Vesicle-
associated membrane protein-associated protein B; CaMKII: alcium/calmodulin-dependent protein kinase type Il; CRMP2: collapsin
response mediator 2; IP3R: inositol 1,4,5-trisphosphate receptor; MAM: mitochondria-associated membranes; WT: wild-type; Kl:
knock-in; MAP: Thr: threonine; WB: western blotting; MAP2: microtubule-associated protein 2; CaMKlla: calcium/calmodulin-
dependent protein kinase type Il subunit alpha; IP3R: inositol 1,4,5-trisphosphate receptor.

a significant increase in p-CRMP2 (Thr514) in the cortex of P56S KI mice, indicating that multiple kinases
and phosphatases signaling pathways might be disturbed by the VAPB P56S mutation [Figure 5E and F].
Moreover, immunohistochemistry confirmed the substantial increase (approximately 281.7%) in p-CRMP2
(Thrs55) in the CSMNSs of 12-month-old P56S KI mice [Figure 5G and HJ. Thus, our data demonstrate that
the VAPB P56S mutation activates CaMKII and increases CRMP2 phosphorylation, which might result in
the axonal degeneration of CSMNss in P56S KI mice.

VAPB P56S mutation activates IRE1-XBP1/p38 MAPK/JNK pathway, increases tau
hyperphosphorylation, and upregulates p53 expression and phosphorylation

In eukaryotic cells, the UPR plays a crucial role in sensing ER stress and maintaining ER homeostasis, but
can also direct signaling to programmed cell death if restoration of homeostasis fails'*. Since overexpression
of P56S VAPB has been reported to induce the UPR"*7*##¢] 'we examined a series of UPR-related
proteins in the cortical tissues of 12-month-old WT and P56S KI mice. Western blotting revealed that WT
and P56S KI mice displayed comparable levels of PERK, p-PERK (Thr982) (the activated PERK), eIF2a, p-
elF20 (Sers1) (the activated elF2a), ATF4, CHOP, and ATF6 in the cortex [Supplementary Figure 5A and B]
. In addition, immunohistochemistry detected a similar intensity of p-eIF2a (Ser51) in the CSMNs of WT
and P56S KI mice [Supplementary Figure 5C and D]. These data indicate that the PERK-eIF2a-ATF4-
CHOP and ATFse branches of the UPR signaling pathway are not apparently activated in the cortex of P56S
KI mice. By contrast, compared with WT controls, P56S KI mice showed a significant increase in p-IRE1a
(Ser724) (the activated IRE1a), spliced XBP1 (the activated XBP1), p-p38 MAPK (Thr180/Tyr182) (the
activated p38 MAPK), and p-JNK (Thr183/Tyr185) (the activated JNK) in the cortex [Figure 6A and B].
Immunohistochemistry confirmed the substantially increased intensity of p-IRE1a (Ser724) and spliced
XBP1 in the CSMNs of P56S KI mice compared with WT controls [Figure 6C-F]. Thus, our results
demonstrate that the IRE1-XBP1/p38 MAPK/JNK branch of the UPR signaling pathway is significantly
activated in the cortex of P56S KI mice.

Spliced XBP1 enhances the transcription of target gene products required to restore proteostasis, exerting a
pro-survival effect®™. By contrast, sustained activation of p3s MAPK and JNK leads to tau
hyperphosphorylation, as well as the stabilization/phosphorylation of p53, ultimately resulting in the
degeneration and apoptosis of neurons®™®*. Accordingly, compared with WT controls, P56S KI mice
displayed a marked increase in p-tau (Ser202/Thr205), p-tau (Thr212/Ser214), and p-tau (Thr231) in the
cortex [Figure 6A and B]. Moreover, we found significant increases in p-p53 (Ser15) and total p53 in the
cortex of P56S KI mice [Figure 6A and B]. These data indicate that the VAPB P56S mutation increases tau
hyperphosphorylation and upregulates total and phosphorylated p53, which may contribute to axonal
degeneration and CSMN loss in P56S KI mice, respectively. Using the MTT assay, we monitored the cell
viability of cultured WT and P56S KI cortical neurons. Compared with WT controls, P56S KI cortical
neurons showed no marked change in survival rate on 7DIV and 14DIV but exhibited a substantial
neuronal loss starting from 21DIV [Figure 6GJ. To test whether inhibiting the MAPK signaling pathway
might protect cortical neurons against the VAPB P56S mutation-induced death, we applied SP600125 (a
JNK inhibitor). Treatment with 1 uM SP600125 from 14 to 28 DIV significantly mitigated the cell death of
Ps6S KI cortical neurons, suggesting the MAPK pathway may be a potential therapeutic target for
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Figure 6. VAPB P56S mutation induces activation of IRE1-XBP1/p38 MAPK/JNK pathway, hyperphosphorylation of tau, and
upregulation of total and phosphorylated p53. (A and B) Western blotting of IRET-XBP1/p38 MAPK/JNK pathway proteins in the cortex
of WT and P56S Kl mice at 12 months of age (n = 4); (C-F) Immunostaining of p-IRETa (Ser724) (C) or spliced XBP1 (E) in the CSMNs
of WT and P56S Kl mice at 12 months of age (n = 5); (G) The cell viability of cultured WT and P56S Kl cortical neurons was measured
by MTT assay on DIV7, 14, 21, and 28 (n = 30 at each time point); (H) DIV14 WT and P56S Kl cortical neurons were treated with O or 1
m INK inhibitor, SP600125, for 14 days and were assayed for cell viability (n = 28). Scale bar: 20 um in (C and E). Unpaired t test: P =
0.0185 [p-IREla (Ser724)], not significant (ns) P = 0.8588 (IRE1a), P = 0.0173 (spliced XBP1), "P = 0.0020 [p-p38 MAPK
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(Ser202/Thr205)1, " P < 0.0001 [p-tau (Thr212/Ser214)1, P < 0.0001 [p-tau (Thr231)], ns P = 0.8587 (tau), P = 0.0011 [p-p53
(Ser15)],and P < 0.0001(p53) in (B); P <0.0001in (D); P =0.0002 in (F). Two-way ANOVA: ns P = 0.747006536694 (DIV7),
ns P = 0.9999 (DIV14), P < 0.0001 (DIV7, DIV21, and DIV28) in (G). One-way ANOVA: P < 0.0001 (P56S Kl vs. WT), ns P =
0.9898 (WT SP60025 vs. WT), P = 0.0308 (P565 KI SP60025 vs. P565 K1), and P = 0.0214190311 (P56S KI SP60025 vs. WT
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SP60025) in (H). VAPB: Vesicle-associated membrane protein-associated protein B; IRE1: inositol-requiring enzyme 1; XBP1: X-box
binding protein 1, MAPK: mitogen-activated protein kinase; JNK: c-Jun N-terminal kinase; WT: wild-type; KI: knock-in; MTT: 3- (4,5)-
dimethylthiahiazo (-z-y1)-3,5-di- phenytetrazoliumromide; ANOVA: analysis of variance; Ser: serine.

neurodegeneration in ALS8 [Figure 6H].

DISCUSSION

This study explored the pathogenic impacts of the ALS-linked VAPB P56S mutation on CSMNs in P56S KI
mice. P56S KI mice showed the downregulated protein level of mutant VAPB and cytoplasmic inclusions of
mutant VAPB in various types of neurons. P56S KI mice developed abnormal hyperactivity, impaired
motor coordination, and preferential loss of CSMNs. Before the neuronal loss, substantial axonal
degeneration of CSMNs in pyramidal and corticospinal tracts was observed in P56S KI mice. We further
revealed that the VAPB P56S mutation destabilized the mutant protein and made it inclusion-prone. We
also identified the crucial role of the proteasome in modulating the protein level and inclusion formation of
mutant VAPB. Moreover, we found that the VAPB P56S mutation disrupted ER-mitochondria contacts,
elevated cytosolic Ca*, activated CaMKII, and increased CRMP2 phosphorylation. Meanwhile, we
demonstrated that the VAPB P56S mutation activated the IRE1-XBP1/p38 MAPK/JNK pathway, increased
tau hyperphosphorylation, and upregulated p53 expression and phosphorylation. Finally, we provided
evidence that JNK inhibition mitigated the cell death of primary cortical neurons induced by the VAPB
P56S mutation.

Since the initial linkage of the P56S mutation in the human VAPB gene with motor neuron diseases, despite
of the fact that patients carrying the P56S mutation presented with extremely heterogeneous clinical and
pathological phenotypes, several murine models expressing P56S VAPB have been generated, aiming to
recapitulate some clinical and pathological features of the patients and to examine the pathophysiological
roles and underlying mechanisms of P56S VAPB. Several groups created transgenic mouse lines that
moderately overexpressed P56S VAPB under the mouse prion promoter, the mouse Thy1.2 promoter, or
the chicken p-actin promoter”**>***l. These lines developed P56S VAPB inclusions in motor neurons, but
no overt motor phenotype or motor neuron loss was observed”*>**?, On the other hand, we generated
transgenic mouse lines that highly overexpressed P56S VAPB, driven by the Thy1.2 promoter™.
Biochemical, behavioral, and pathological analyses of our P56S VAPB transgenic mice revealed a 7-fold
overexpression of mutant VAPB compared to the endogenous VAPB in brain lysate, excessive inclusions of
VAPB in motor neurons, hyperactivity, motor coordination impairment, gait abnormalities, selective loss of
CmmNs, and compromised function of SMNs™. Although these transgenic mice recapitulate some clinical
and pathological features of patients carrying mutant VAPB, the pathophysiological relevance of
observations from the overexpression animal models should always be interpreted cautiously.

To unravel the pathogenic effects of P56S VAPB expressed at physiological levels, as in patients, P56S KI
mouse and rat models were created>*”. P56S KI mice displayed P56S VAPB inclusions in SMNs, motor
defects in the inverted grid and rotarod tests (using small cohorts of mice, n < 9), and mild denervation of
SMNS§’ axon terminals at the neuromuscular junctions, without apparent loss of SMNs!”. In comparison,
P56S K1 rats exhibited subtle changes in paw placement and the loss of SMNs!*”. Using the homozygous P56
KI mice and age-matched WT controls, we confirmed the presence of P56S VAPB inclusions in SMNs but
no loss of SMNs in KI mice; moreover, we further investigated the pathogenic impacts of the VAPB P56S
mutation on CSMNs in the current study. We monitored the behaviors of large cohorts of WT and P56S KI
mice (2 25 animals per genotype). We found abnormal hyperactivity and impaired motor coordination, but
no overt cognitive defects in P56S KI mice. We also revealed preferential loss of CSMNs in P56S KI mice, as
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well as axonal degeneration in pyramidal and corticospinal tracts before the neuronal loss. The hyperactive
phenotype of P56S KI mice has also been documented in several other mouse strains with CSMN
lesions'>”*”". This is consistent with the notion that CSMNs in mice innervate inhibitory spinal neuron
types but do not directly innervate SMNS, as is the case in humans””. Our findings in the current study
demonstrate that P56S VAPB expressed at the physiological level is sufficient to trigger CSMN
degeneration.

The P56S mutation alters the conformation of mutant VAPB, thereby increasing its propensity to
oligomerize and aggregate® . Thus, when overexpressed in cells and tissues, P56S VAPB forms
intracellular inclusions that restructure the ER and induce the UPR and cell death, suggesting a toxic gain-
of-function mechanism in its pathogenicity in ALS"*"?*>*l. On the other hand, the aggregation-prone P56S
VAPB disrupts its binding to FFAT motif-containing proteins, resulting in compromised ER-organelle
contacts/interplay”**"***.. Moreover, decreased VAPB expression but no VAPB inclusions were detected in
ALSS patients’ iPSCs-derived motor neurons, and VAPB knock-out (KO) zebrafish and mouse models
showed motor deficits, indicating that a loss-of-function mechanism might also be implicated in VAPB
P56S’s pathogenicity in ALS"*'l. Accordingly, the current study revealed the downregulated protein level
of mutant VAPB and PK-resistant cytoplasmic inclusions of mutant VAPB in CSMNs of P56S KI mice.
Moreover, we demonstrated that the VAPB P56S mutation destabilized the mutant protein and that the
proteasome played a critical role in regulating the mutant VAPB’s level and inclusion formation in neurons.
We further found that the VAPB P56S mutation led to the disruption of ER-mitochondria contacts,
elevation of cytosolic Ca™, activation of CaMKII, and an increase in CRMP2 phosphorylation, which might
be instrumental in the axonal degeneration of CSMNs in P56S KI mice. In parallel, we found that the VAPB
P56S mutation activated the IRE1-XBP1/p38 MAPK/JNK pathway, increased tau hyperphosphorylation,
and upregulated p53 expression and phosphorylation, which might contribute to the axonal degeneration
and neuronal loss of CSMNs in P56S KI mice. Interestingly, aberrant activation of the MAPK pathway was
also identified in degenerating motor neurons of ALS patients and superoxide dismutase 1 (SOD1) mutant
mice, a model of familial ALS®?. Taken together, our data suggest that both the loss-of-function
mechanism and the toxic gain-of-function mechanism might underlie the CSMN degeneration induced by
the VAPB P56S mutation.

There are at least four limitations to the present study. First, VAPB plays crucial roles in many ER-centered
cellular functions***”, but this study only probed the pathogenic influences of the VAPB P56S mutation on
cytosolic calcium, UPR, and the downstream signaling pathways. Future studies will be necessary to
examine whether P56S KI mice exhibit defects in other ER-centered functions, such as membrane
trafficking, lipid transfer, and autophagy"“**>****. Second, VAPB regulates ER-mitochondria contacts/
interplay, and thus may influence the dynamics, function, and turnover of mitochondria®*”. However, the
current study focused on investigating ER abnormalities induced by mutant VAPB. Further investigation
will be required to determine whether the disruption of ER-mitochondria contacts in P56S KI mice leads to
mitochondrial dysfunction, which may also contribute to the dysfunction and degeneration of CSMNss.
Third, since we used homozygous P56S KI mice in this study, we were unable to examine the dominant-
negative effect of P56S VAPB. In the future, we can use heterozygous KI mice to test whether P56S VAPB
expressed at the physiological level exerts a dominant-negative effect over WT VAPB. Fourth, consistent
with the observation that patients carrying the pathogenic P56S VAPB mutation typically manifest late-
onset clinical and pathological phenotypes, the current study revealed that the P56S VAPB mutation led to
progressive late-onset, but not immediate early, degeneration of CSMNs in P56S KI mice. This suggests that
other genes/proteins, environmental factors, or aging may influence the pathogenic effects of the VAPB
P56S mutation on CSMN, as well as the selective vulnerability of CSMNs to this mutation, broadening the
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scope of our future research.

In summary, we demonstrate that P56S VAPB expressed at the physiological level exerts profound
pathogenic effects on CSMN’s survival and function. Moreover, our findings raise the significance of Ca*-
CaMKII-CRMP2 and IRE1-p38 MAPK/JNK-tau/p53 pathways in the axonal degeneration and neuronal
loss of CSMNs induced by VAPB P56S mutation.
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