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ARTICLE INFO ABSTRACT

Keywords: The endosomal sorting complexes required for transport (ESCRT) pathway is composed of a series of protein
ESCRTO complexes that are essential for sorting cargo through the endosome. In neurons, the ESCRT pathway is a key
Ubiquitin mediator of many cellular pathways that regulate neuronal morphogenesis as well as synaptic growth and
IS_ITGASMl function. The ESCRT-0 complex, consisting of HGS (hepatocyte growth factor-regulated tyrosine kinase sub-
Endosome strate) and STAM (signal-transducing adaptor molecule), acts as a gate keeper to this pathway, ultimately

determining the fate of the endosomal cargo. We previously showed that a single nucleotide substitution in Hgs
results in structural and functional changes in the nervous system of teetering mice. To determine if these changes
occurred as a function of HGS’s role in the ESCRT pathway and its association with STAM1, we investigated if
STAM1 deficiency also leads to a similar impairment of the nervous system. In contrast to teetering mice that die
within 5 weeks of age and exhibit reduced body mass, 1-month-old Staml knockout mice were not visibly
different from controls. However, by 3 months of age, STAM1 deficiency caused reduced muscle mass, strength,
and motor performance. These changes in motor function did not correlate with either a loss in motor neuron
number or abnormal myelination of peripheral nerves. Instead, the motor endplate structure was altered in the
Stam1 knockout mice by 1 month of age and continued to degenerate over time, correlating with a significant
reduction in muscle fiber size and increased expression of the embryonic y acetylcholine receptor (AChR) subunit
at 3 months of age. There was also a significant reduction in the levels of two presynaptic SNARE proteins, VTI1A
and VAMP2, in the motor neurons of the Stam1 knockout mice. As loss of STAM1 expression replicates many of
the structural changes at the motor endplates that we have previously reported with loss of HGS, these results
suggest that the HGS/STAM1 complex plays a critical role in maintaining synaptic structure and function in the
mammalian nervous system.

Synapse and NMJ

1. Introduction research since aberrant protein homeostasis disrupts many cellular

pathways.

Proteins accumulate damage during their lifespan and need to be
degraded and replaced in order to effectively maintain cellular pro-
cesses. The maintenance of the cellular proteome is especially crucial in
post-mitotic cells such as neurons, as defects in the clearance of damaged
proteins are observed in many neurological diseases (Tseng et al., 2023).
The two major degradative pathways are the ubiquitin-proteasome
system and the autophagy/endolysosomal system. Understanding the
mechanisms regulating these pathways has been an area of intense

Deficits in the endolysosomal pathway are thought to contribute to
pathogenesis of Parkinson’s disease, amyotrophic lateral sclerosis and
other neurodegenerative diseases (Schreij et al., 2016; Toupenet
Marchesi et al., 2021; Smith et al., 2022; Diab et al., 2023). Substrates
for the endolysosomal pathway include internalized cell surface re-
ceptors that are sorted through the endocytic pathway, misfolded
cytoplasmic proteins that are identified by chaperone-mediated auto-
phagy, and cellular organelles that are engulfed by autophagosomes
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(Jackson and Hewitt, 2016). The sorting of internalized cell surface
proteins to the lysosome requires the action of the ESCRT pathway,
which is composed of four complexes (ESCRT-0, -I, -II and -IIT) (Hurley,
2008). These complexes act in a sequential manner to form multi-
vesicular bodies which eventually fuse with lysosomes. Mutations in the
ESCRT-0 protein HGS and the ESCRT-related protein CHMP2B have
been shown to cause neurodegeneration in mouse models, and familial
forms of amyotrophic lateral sclerosis (Parkinson et al.) and fronto-
temporal dementia are linked to mutations in CHMP2B (Skibinski et al.,
2005; Parkinson et al., 2006). While there is emerging evidence of a
critical role for the ESCRT pathway in neuronal proteostasis (Watson
et al., 2015; Sheehan et al., 2016; Sheehan and Waites, 2019; Birdsall
et al., 2022), little is known about how individual ESCRT components
function in the nervous system.

We previously reported that the neurological deficits observed in the
spontaneously occurring teetering mouse were due to a mutation in HGS
(Watson et al., 2015). The teetering mice display muscle weakness,
reduced muscle size and early perinatal lethality by 5 weeks of age.
These changes in muscle function are accompanied by both structural
and functional alterations at the neuromuscular junction (NMJ) (Watson
et al., 2015). Mechanistic in vitro studies are consistent with these
findings and support a role for HGS in the regulation of synaptic vesicle
membrane proteins (Uytterhoeven et al., 2011; Sheehan et al., 2016).
We also showed that HGS expression in Schwann cells is required for
sciatic nerve myelination and for the endosomal sorting of the ERBB2/3
receptors (McLean et al., 2022). Although these findings indicate that
HGS is required for multiple aspects of nervous system function, it is not
known if the neuromuscular defects resulting from HGS deficiency are
due to impaired ESCRT-0 activity or to loss of HGS functions that are
independent of its association with STAM, the other member of the
ESCRT-0 complex (Hurley, 2008; Rusten et al., 2011).

The ESCRT-0 complex identifies cargo that is to be sorted through
the endolysosomal pathway and sequesters it on the surface of endo-
somal membranes (Bilodeau et al., 2002; Babst, 2005). Previous studies
in mice demonstrated that a constitutive deletion of Stam1 results in loss
of hippocampal CA3 pyramidal neurons at 5 weeks of age, but the effects
of loss of STAM1 on either protein homeostasis or the peripheral nervous
system were not assessed (Yamada et al., 2001). To determine if STAM1
deficiency is sufficient to cause similar neuromuscular defects as seen in
the HGS-deficient teetering mice, we investigated the impact of the
knockout mutation of Stam1 (Stam1¥®) on motor function, myelination,
motor neuron viability, and NMJ structure. While Stam1%° mice did not
exhibit signs of motor dysfunction at 1 month, we observed significant
decreases in muscle mass and muscle strength by 3 months of age. These
defects were not associated with a loss of lower motor neurons, but there
was an increase in markers of reactive astrocytes in the spinal cords of
3-month-old Stam1¥° mice. In contrast to the critical role HGS plays in
peripheral nerve myelination in the teetering mice (Watson et al., 2015),
STAM1 was not required for myelination of the peripheral nerves.
However, there was progressive neurodegeneration of motor endplates,
as determined by the presence of ultra-terminal swellings, sproutings,
and denervated terminals, in the gastrocnemius muscles of the Stam1%°
mice. Consistent with impaired motor endplate structure, we found
aberrant levels of acetylcholine receptors (AChRs) in the Stam1 ko mice,
and the size of the muscle fibers was significantly reduced compared to
controls. Absence of STAM1 also resulted in reduced levels of the pre-
synaptic proteins VTI1A and VAMP2. These findings demonstrate that,
like HGS, STAM1 expression is necessary for synapse stability at the
NMJ.

2. Materials and methods
2.1. Animals

All research complied with the United States Animal Welfare Act and
other federal statutes and regulations relating to animals and
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experiments involving animals and adhered to principles stated in the
United States National Research Council Guide for the Care and Use of
Laboratory Animals. Experiments were conducted in accordance with
UAB IACUC animal protocol 20457. Mice were housed at the University
of Alabama at Birmingham, which is fully accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care Interna-
tional (A3255-01). Mice were maintained with a 12 h light (0700 EDT)/
12 h dark cycle (1900 EDT) in Thoren racks with forced air ventilation.
Plastic cages were 19.56 x 30.91 x 13.31 cm and contained 2 cm of hard
wood chip bedding (Northeastern Products, Warrensburg, NY). Mice
were given ad libitum access to food (LabDiet, St. Louis, MO) and water.
Offspring of identical sex were separated at 3 weeks of age and housed in
cages at a maximum density of 5 mice/cage. Mice were assigned
numbers, ear punched for identification, and genotyped using DNA
obtained by tail clipping. Equal numbers of 1- and 3-month-old male and
female animals were used for each genotype in these experiments.

Mice with the Stam1™S% allele on the BALB/c background were
initially purchased from RIKEN Biosource Research Center (Koyadai,
Japan, Stock RBRC00672). These mice were backcrossed to C57BL/6J
mice (Jackson Laboratory, Bar Harbor, MA, Stock 000664) for 10 gen-
erations before being used to generate the Stam1 knockout mice (here-
after referred to as Stam1¥©) used in these studies. Immunoblot analysis
confirmed the absence of any detectable STAM1 expression in the
Stam1%© mice. Wild-type controls and Stam1¥° mice were generated by
breeding Stam1¥%/* heterozygotes. The ThyI-Yfp mouse line (B6.Cg-Tg
(Thy1-YFP)16Jrs/J, Jackson Laboratory Stock 003709) was crossed into
the Stam1¥® mouse line for imaging NMJs and spinal cord motor
neurons.

2.2. Body and muscle wet weight analysis

Gastrocnemius muscles were taken from 1- and 3-month-old wild-
type and Stam1¥° mice. Muscle and body weights were collected from
at least six animals per genotype, and the values are reported as the
average muscle or body mass + SEM.

2.3. Behavioral analysis

Motor and sensory performance were evaluated at both 1 and 3
months of age with wild-type and Stam1¥° mice. Before each behavioral
assay, the animal was allowed to habituate to the testing room for 30
min. Unpaired Student’s t-tests were performed to determine the sig-
nificance of the data.

Animals were handled at least two days prior to open field testing.
On the day of testing, mice were placed in an open field arena (43 x 43
x 30-cm Plexiglas box) and activity was measured for 5 min by photo
beam detectors, then analyzed via ENV-515 software (Med Associates,
St. Albans, VT). Coordination and balance were measured by placing
mice on an accelerating rotarod (ENV-575, Med Associates) and
recording the latency to fall.

The initial speed of the rotarod began at 3.5 rpm and then acceler-
ated to 35 rpm during a 5 min period. Three trials a day were performed
on each mouse, with a 15 min inter-trial rest period, for three consec-
utive days. The data for latency to fall is the average of the three daily
averages for each mouse.

The Chatillon Ametek Force Gauge (Agawam, MA) was used to
determine grip strength. The maximum force generated was recorded
and each mouse trial consisted of 12 repetitions of the assay with the two
highest and two lowest data points dropped from final analysis.

Before assessing sensory performance, each animal was further
habituated in an open-gridded floor chamber for 10 min. Von Frey fibers
ranging from 0.02 to 8 g of force (North Coast Medical, Gilroy, CA) were
applied to the foot in ascending order beginning with the smallest fiber.
Fibers were placed in the central region of the plantar surface so as to
avoid the foot pads, and the threshold for hind paw withdrawal was
determined.
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2.4. Small molecule fluorescence in situ hybridization (FISH)

Mice (n = 3, 3-month-old males) were anesthetized with isoflurane
prior to decapitation, the spinal column was removed, and the spinal
cord was extruded with 1X PBS. Lumbar spinal cords were blocked,
immediately frozen on dry ice, and stored at —80 °C until cryosectioning
at 20 pm on a Leica CM 1860 cryostat and collection on SuperFrost Plus
slides (Epredia, Kalamazoo, MI). Small molecule FISH was performed
using the RNAscope Multiplex Fluorescent Assay (Advanced Cell Di-
agnostics, Newark, CA). Tissues were fixed with 4% paraformaldehyde
(PFA) for 15 min, dehydrated in a series of 50%, 70%, and 100% ethanol
solutions for 5 min each, and treated with PBS containing 0.3%
hydrogen peroxide for 5 min and then protease III solution (Advanced
Cell Diagnostics) for 5 min. Tissues were then incubated for 2 h at 40 °C
in a mixture of probes recognizing Chat (Advanced Cell Diagnostics,
Cat# 408731-C1), Hgs (Advanced Cell Diagnostics, Cat# 1215751-C2),
and Stam1 (Advanced Cell Diagnostics, Cat# 1215761-C3), followed by
a series of amplification buffer steps (30 min, steps 1 and 2; 15 min, step
3) at 40 °C. Then, each probe was HRP-labeled sequentially with TSA-
conjugated fluorescein, Cy3, and Cy5 respectively (Cat#: FP1168,
FP1170, FP1171, PerkinElmer, Shelton, CT) for 30 min at 40 °C. Slides
were coverslipped with Prolong Diamond Antifade Mountant with DAPI
(Thermo Fisher Scientific, Waltham, MA), and images were captured
with a Nikon Eclipse Ti2 and AX confocal system. Representative images
are shown to demonstrate the neuroanatomical distribution of the
transcripts.

2.5. Curation of publicly available transcriptional data in the mouse
nervous system

Single-cell gene expression data, expression values and metadata per
cluster files were downloaded from https://mousebrain.org and
accessed using loomR version 0.2.0 (https://satijalab.org/loomR/loo
mR_tutorial.html). Categorization of cell clusters by type was guided
by the classification of each cluster provided by the original study (Zeisel
et al., 2018). Data are presented as abundance relative to the highest
expressing cluster for each gene.

2.6. Quantitation of motor neuron number

Motor neuron quantitation was carried out by cutting transverse
frozen lumbar spinal cord sections from four 3-month-old wild-type or
Stam1%© mice that transgenically expressed the yellow fluorescent pro-
tein in motor neurons (Burgess et al., 2016). Sections were also coun-
terstained with DAPI. Twelve L4/5 sections per animal were quantitated
to determine motor neuron numbers. Images were collected on a ZEISS
LSM 800 confocal microscope (ZEISS International), and motor neuron
cell bodies in the ventral horn were counted and analyzed for differences
in cell number.

2.7. Transmission electron microscopy of sciatic nerves

Sciatic nerves were dissected from 3-month-old wild-type and
Stam1¥© mice. Nerves were placed in 3% PFA and 2% glutaraldehyde
(GA) in 0.2 M sodium cacodylate buffer for 1.5 h, washed in 0.2 M so-
dium cacodylate, and then post-fixed in 1% osmium tetroxide for 1 h in
the dark. Nerves were then thoroughly washed with 0.2 M sodium
cacodylate, dehydrated in a series of increasing acetone concentrations
(50%, 75%, 90%, 95% and 100% x 4) for 10 min each and then equil-
ibrated into resin (Electron Microscopy Sciences, Hatfield, IL) by first
rotating overnight in a 1:1 epoxy:acetone solution. Samples were moved
into fresh 100% epoxy for 2 h each. This was repeated two more times,
and the samples were then baked overnight at 65 °C. A Leica EM-UC6
ultramicrotome (Buffalo Grove, IL) was used to generate ultra-thin
sections which were then stained for contrast with uranyl acetate and
lead citrate. Sciatic nerve images were collected using a FEI Tecnai T-12
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electron microscope (Delmont, PA) with a Hamamatsu digital camera
(Bridgewater, NJ).

2.8. Morphometric analysis of sciatic nerves

Images for morphometric analysis were collected from adjacent but
non-overlapping fields to determine axonal number, myelin thickness,
and axonal density. ImageJ software (NIH, Bethesda, MD) was used to
quantify axon diameter and myelin thickness. To determine g-ratio, the
axon diameter was divided by the myelin plus axon diameter. At least
100 axons were measured from two separate fields for each animal.
Micrographs of sciatic nerves were taken at 470x and used to determine
axon density of myelinated fibers. Micrographs collected at 1100x were
used to determine g-ratios.

2.9. Quantitative PCR

Total RNA was isolated from tissues with RNA-STAT60 and reverse
transcribed using the Superscript VILO ¢DNA synthesis kit (Thermo
Fisher Scientific). Individual gene assays were acquired from Applied
Biosystems for each of the analyzed RNAs. AACt values were generated
using AChRa (Mm00431629_m1), AChRS (Mm00680412_m1), AChRS
(MmO00445545_m1), AChry (MmO00437419.ml1) and AChRe
(MmO00437411_m1). Tagman gene assays with Actb (Mm00607939_s1)
served as an internal standard. qPCR results are shown as the average of
two different amplifications of cDNAs that were generated from at least
three different mice. Unpaired Student’s t tests were conducted on AACt
values from each genotype to determine their significance.

2.10. Isolation of proteins

Mice of appropriate age and genotype were deeply anesthetized via
isoflurane prior to rapid decapitation. Tissues were removed and ho-
mogenized in a modified RIPA buffer containing 50 mM Tris, pH 7.5,
150 mM NaCl, 5 mM MgCl,, 0.5 mM EGTA, 1 mM EDTA, 0.5% SDS, 1%
Triton X-100, and 1% sodium deoxycholate. Complete protease in-
hibitors (Roche, Indianapolis, IN) and phosphatase inhibitor cocktail I
(Sigma Aldrich, St. Louis, MO) were added to the homogenization
buffer. After homogenization, tissues were centrifuged at 17 000xg for
10 min at 4 °C to remove insoluble material, and supernatants were
removed and immediately frozen at —20 °C. Protein concentrations
were determined using the bicinchoninic acid (BCA) protein assay kit
from Pierce (Rockford, IL). Samples were then diluted in Laemmli buffer
and heated to 100 °C for 5 min.

2.11. Immunoblot analysis

Proteins were resolved on NuPAGE 4-12% Bis-Tris gels (Life Tech-
nologies) and transferred onto nitrocellulose membranes. All primary
antibodies (1:1000) and anti-mouse or anti-rabbit HRP conjugated sec-
ondary antibodies (1:6000) (cat. # 4050) Southern Biotechnology As-
sociates, Birmingham, AL) were diluted in either 5% nonfat milk or 0.2%
bovine serum albumin (BSA) in Tris-buffered saline with 1% Tween-20.
Immunoblots were probed for TSG101(cat. # sc-7964), VPS36 (cat. # sc-
79930), RAB3 (cat. # sc-136050), MAPT (cat. # sc-32274), PRNP (cat. #
sc-69896), and SNAP25 (cat. # sc-7538) from Santa Cruz (Dallas, TX),
APPL1 (cat. # 3858), LAMP2A (cat. # 9091), MAP1LC3A (cat. #
12741), EEA1 (cat. # 3288), RAB5 (cat. # 3547), RAB7 (cat. # 9367),
RAB11 (cat. # 5589), ERBB2 (cat. # 2165), ERBB3 (cat. # 12709),
ERBB4 (cat. # 4795), GRIA1 (cat. # 13185), AKT (cat. # 9272),
PAKT308 (cat. # 13038), ERK (cat. # 9201), pERK (cat. # 4370), JNK
(cat. # 9252), pJNK (cat. # 4668), GSK3p (cat. # 9315), pGSK3p (cat. #
5585), HGS (cat. # 15087), STAM1 (cat. # 13053), CLTC (cat. # 4796),
STX6 (cat. # 2869), SYN1 (cat. # 5297), VAMP1 (cat. # 13151), VAMP2
(cat. # 13508), and VTI1A (cat. # 14764) from Cell Signaling Tech-
nologies (Danvers, MA), ALIX (cat. # MA5-32773), M6PR (cat. # PA5-
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111123) and SYP (cat. # MA5-14532) from Thermo Fisher Scientific,
CXCR4 (cat. # 11073-2-AP) from ProteinTech (Rosemount, IL), NTRK2
(cat. # AB_310445), EGFR (cat. # 06-847) from MilliporeSigma (Bur-
lington, MA), SYT1 (cat. # 105 008), STX1A (cat. # 110 302) and STX1B
(cat. # 110 402) from Synaptic Systems (Gottingen, Germany), and
SV2A (cat. # SV2), ACTB (cat. # JLA20) and TUBB3 (cat. #E7) from
Developmental Hybridoma Bank (Iowa City, IA). ACTB and TUBB3 were
used as loading controls. Antibodies were visualized using SuperSignal
West Pico Chemiluminescent Substrate (Thermo Fisher Scientific).

2.12. Quantitation of immunoblots

Blots were scanned using a Hewlett-Packard Scanjet 3970 (Palo Alto,
CA) and quantitated using ImageJ software. Each value represents the
mean and SEM from at least two blots using at least three different an-
imals per genotype. Unpaired Student’s t-tests were utilized to deter-
mine significant effects between genotypes.

2.13. Immunostaining and confocal microscopy

Whole mount immunostaining of tibialis anterior muscles was per-
formed as previously described (Chen et al., 2009). Briefly, tibialis
anterior muscles of 1- and 3-month-old wild-type and Stam1¥© mice (n
= 3) containing the ThyI-Yfp transgene were dissected and immersed in
ice-cold 2% PFA for 1 h. Muscles were then teased into bundles and
transferred to 1% PFA in PBST (PBS + 1% Triton X-100) overnight at
4 °C with constant rocking. After staining with TRITC-labeled a-bun-
garotoxin (Thermo Fisher Scientific, B43451), samples were mounted,
and images were acquired on a ZEISS LSM 800 confocal microscope.
Endplate size was calculated by measuring the circumference of
a-bungarotoxin-positive postsynaptic AChR clusters and computing the
area with ImageJ software. Quantitation of axonal sprouts, swellings,
and denervations was also performed using ImageJ software as previ-
ously described (Chen et al., 2009). At least 150 synapses were quanti-
fied from each mouse.

2.14. Immunostaining of spinal cord sections

L4/5 spinal cord sections fixed in either 4% PFA or Bouins fixative
were cut at 10 pm and mounted onto Superfrost slides (Fisher Scientific).
Sections were blocked in PBS containing 10% goat serum and 0.5%
Triton X-100. Sections were then stained overnight with antibodies
diluted at 1:100 for CC3 (CST 9661), IBA1 (CST 17198), EEA1 (CST, cat.
# 3288) VTI1A (CST cat. # 14764), LAMP2A (CST cat. # 9091) or GFAP
(cat #Z033429 Agilent, Santa Clara, CA), and primary antibodies were
detected with either Alexa Fluor-488 (Thermo Fisher Scientific, cat. #
A16123) or —568 (Thermo Fisher Scientific, cat. # 65-6111) labeled
secondary antibodies. Secondary antibodies were diluted 1:1000 in
blocking buffer. Digital images of IHC-stained L4/5 spinal cord sections
were obtained at 40x magnification and acquired on a ZEISS LSM 800
confocal microscope. ImageJ software was used to determine the
average fluorescence and number of puncta per motor neuron. Twelve
sections per mouse, and a total of four mice per genotype, were analyzed
to determine the fluorescence intensity of GFAP and IBA1.

2.15. Muscle H&E stain

Myofibril size was evaluated by cutting transverse frozen sections of
gastrocnemius muscles from 1- and 3-month-old wild-type and Stam1¥°
mice and staining with hematoxylin and eosin as described previously
(Wang et al., 2017). Muscle fiber sizes were determined using ImageJ
software.

2.16. Co-immunoprecipitation

Spinal cords from 1-month-old mice were homogenized in lysate
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buffer consisting of 10 mM Tris pH 7.2, 100 mM NaCl, 1 mM EDTA and
0.5% Triton X-100. Approximately 500 mg of lysate was incubated with
a polyclonal STAM1 antibody (cat# 13053) overnight at 4 °C with
constant rocking. The next day, protein A/G magnetic beads were
washed three times with lysate buffer and then added to the antibody-
protein solution. Antibody-bead complexes were allowed to form for
1 h at room temperature and then isolated using a magnetic block.
Captured beads were then washed 3 times with lysate buffer. Proteins
bound to the beads were isolated by adding 2X Laemmli buffer and then
immunoblotted for STAM1, HGS and VTI1A.

2.17. Statistics

All statistical analysis was done in GraphPad Prism 8 (GraphPad
Software, Boston, MA), using unpaired Student’s t-tests to evaluate
statistical significance, and data are presented as the average of bio-
logical replicates + SEM. The Kolmogorov-Smirnov test was used to
examine the statistical differences for size distribution of EEA1, LAMP2
and VTI1A puncta.

3. Results
3.1. Characterization of Stam1¥° mice

Because we wanted to be able to compare the neurological deficits of
mice that are deficient in STAM1 with the HGS-deficient teetering mice,
and genetic background can influence the phenotypic expression of a
mutation, we first backcrossed mice with the Stam1 tmISug gljele (Yamada
et al., 2001), which was generated on a BALB/c background, onto
wild-type C57BL/6J mice for ten generations. Homozygous Staml
knockout mice are referred to as Stan1¥C mice in this report. All ex-
periments performed in this study compared wild-type mice to homo-
zygous Stam1¥C mice. The Stam1X® mice were born in a Mendelian
manner, began to die around 4 months of age, and did not survive past 5
months of age (Fig. 1A). The survival plots are similar to those reported
for the Stam1%© allele on the BALB/c background (Yamada et al., 2001),
indicating that the genetic background did not have a major effect on
lifespan. Immunoblot analysis confirmed the absence of any detectable
STAM1 expression in the Stam1¥° mice (Fig. 3A). Although the body and
gastrocnemius muscle masses of the Stam1XC® mice were similar to
controls at 1 month of age, both were significantly reduced in the
Stami1¥© mice by 3 months of age (Fig. 1B and C). These results are
similar to the effects reported for the Stam1¥© allele on the BALB/c
genetic background (Yamada et al., 2001). Both genotypes also showed
the expected sex-based difference in body mass and muscle mass that has
previously been reported in mice (O’Reilly et al., 2021; Tsao et al.,
2023). In an open field assay to examine overall motor function, the
Stam1¥© mice displayed increased ambulatory time (Fig. 1D) and trav-
eled significantly more (Fig. 1E) than controls at both 1 and 3 months of
age but did not display any significant differences in their velocity
(Fig. 1F). When rotarod and grip strength assays were used to examine
motor function, the Stam1X© mice showed significant impairment in
motor performance at 3 months of age (Fig. 1G and H). Regardless of
genotype, the males followed the trend in having increased grip-strength
compared to females (Tsao et al., 2023). However, both male and female
mice performed similarly in assays measuring ambulatory time, distance
traveled, velocity, and motor coordination. The tactile sensitivity of the
Stam1¥© mice, as measured by the von Frey assay, was also significantly
reduced by 3 months of age (Fig. 11). These results indicate that, similar
to what we found for loss of HGS in the teetering mice, STAM1 is essential
for both motor control and sensory function.

3.2. Spinal cord pathology due to loss of STAM1

The phenotypes observed in the Stam1¥° mice are similar to those
found in other mouse models of neuromuscular disease which affect the
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Fig. 1. Characterization of Stam1¥° mice. (A) Survival curves for wild-type (wt) and Stam1*° mice. (B) Body mass (1 month p = 0.6502, 3 month p = 0.0027), (C)
gastrocnemius mass (1 month p = 0.147, 3 month p = 0.0001), (D) percent time ambulatory in open field (1 month p = 0.0057, 3 month p = 0.0224), (E) distance
traveled in open field (1 month p = 0.0117, 3 month p = 0.0274), (F) average velocity in open field (1 month p = 0.4394, 3 month p = 0.9742), (G) latency to fall (1
month p = 0.1771, 3 month p = 0.0001), and (H) fore-limb grip strength in grams force (gf) (1 month p = 0.3749, 3 month p = 0.0045) of wt and Stam1%° mice. ()
Mechanical allodynia determined by von Frey assay (p = 0.0002) of 3-month-old wt and Stam1*° mice. Data are shown as mean + SEM, n = 6 mice per genotype for
A-H and 4 for 1. Open boxes indicate wt mice and grey boxes indicate Stam1%° mice. Filled circles indicate female mice and filled squares represent male mice. *p <

0.05, **p < 0.01, ***p < 0.001.

survival of motor neurons, myelination of peripheral axons, or the sta-
bility of synaptic connections (Ripps et al., 1995; Wilson et al., 2002;
Puls et al., 2003; Watson et al., 2015). To determine if a deficiency in
STAML1 is likely to impair motor neurons by a cell-autonomous mecha-
nism, we first examined if Stam1 and Hgs are expressed in spinal cord
motor neurons of wild-type mice using small molecule FISH (Fig. 2A-C).

A FISH probe selective for choline acetyltransferase (Chat) mRNA was
used to identify motor neurons in the ventral horn of the lumbar spinal
cord. Fluorescence for both Hgs and Staml mRNA was observed in cells
throughout the spinal cord grey matter, with expression observed in
Chat-positive cells with the morphology and location of ventral motor
neurons (Fig. 2A). This distribution pattern is consistent with publicly
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Fig. 2. Pathological analysis of Stam1¥© spinal cords. (A) Representative images of multi-plex fluorescent in situ hybridization for (ii.) choline acetyltransferase
(Chav), (iii.) Stam1, and (iv.) Hgs mRNA in sections co-stained with (i.) DAPI The boxed area is zoomed in to show expression of (vi.) Chat, (vii.) Stam1 and (viii.) Hgs as
well as (v.) DAPI in motor neurons. (ix.) Merged images of Chat, Stam1, Hgs and DAPI. Relative expression levels of (B) Stam1 and (C) Hgs in different cell types in the
mouse brain and spinal cord (from mousebrain.org). (D-G) Analysis of lumbar 4/5 spinal segment pathology in Stam1 KO mice. (D) Representative L4/5 spinal cord
sections and quantitation of motor neurons (p = 0.2802) from spinal cords of 3-month-old wt and Stam1¥° mice containing the ThyI-Yfp transgene. Spinal cords from
3-month-old wt and Stam1¥© mice stained for DAPI and either (E) cleaved caspase 3 (CC3), (F) GFAP (p = 0.017), or (G) IBA1 (p = 0.0929). Since no CC3 positive

cells were identified in either the 3-month-old wt or Stam1%°
CC3 staining. *p < 0.05.

available data demonstrating Hgs and Staml expression in multiple
neuron types in the mouse brain and spinal cord (Fig. 2B and C).

To determine if deletion of Stam1 was associated with a loss of motor
neurons, we compared motor neuron numbers in the lumbar region from
3-month-old Stami1¥© and control mice that transgenically express the
yellow fluorescent protein from the Thyl promoter (ThyI-Yfp), enabling
visualization of the motor neurons in the ventral horn (Burgess et al.,
2016). The number of motor neurons in the 3-month-old Stam1¥° mice
was similar to that observed in the control mice (Fig. 2D). In addition,
whereas cleaved caspase 3 staining could be easily detected in E17
positive control brain sections from wild-type mice, no actively degen-
erating, cleaved caspase 3-positive motor neurons were detected in the
Stam1®© mice (Fig. 2E). Taken together, these results suggest that
deletion of STAM1 does not affect the survival of lower motor neurons.

spinal cords, brain sections from embryonic day 17 (E17) wt mice were included as a positive control for

Glial fibrillary acidic protein (GFAP) is an intermediate filament
protein expressed in astrocytes and whose expression is often upregu-
lated following CNS and PNS injury (Brenner, 2014). A recent study
showed that neuronal loss of HGS, STAM1’s ESCRT-0 binding partner,
resulted in increased GFAP staining in the hippocampus (Lawrence
etal., 2023). We also reported that GFAP expression was increased in the
lumbar spinal cord region of HGS-deficient teetering mice (Watson et al.,
2015). Here, we show that there was also a significant increase in GFAP
staining in the lumbar spinal cords of 3-month-old Stam1¥° mice
compared to controls (Fig. 2F). However, IBA1 staining was not signif-
icantly different in the spinal cords of the control and Stam1¥° mice
(Fig. 2G), suggesting that loss of STAM1 was not sufficient to cause
robust alterations in microglial recruitment or activation.
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Fig. 3. Analysis of spinal cords from 3-month-old wild-type (wt) and Stan1¥° mice. Quantitation and representative immunoblots of (A) ESCRT proteins STAM1 (p
= 0.0001), HGS (p = 0.0352), TSG101 (p = 0.2422), and VPS36 (p = 0.6694) and (B) endosomal proteins APPL1 (p = 0.6239), ALIX (p = 0.9725), CLTC (p =
0.1518), EEA1 (p = 1.0), LAMP2A (p = 0.1688), M6PR (p = 0.3739), MAP1LC3A (p = 0.3951), RAB3 (p = 0.7899), RAB5 (p = 0.0926), RAB7 (p = 0.3506), RAB11
(p = 0.2578) and RAB35 (p = 0.953). ACTB was used as a loading control. (C) L4/5 spinal cord segments from 3-month-old wt and Stam1%° mice stained for EEA1
and DAPI. (D) Cumulative frequency plot showing the size distribution of EEA1 puncta in motor neurons from 3-month-old wt and Stam1¥° L4/5 spinal cord sections.
The Kolmogorov-Smirnov test was used to determine significance. Average (E) size (p < 0.00001), (F) fluorescence intensity (p = 0.2293), and (G) number (p =
0.5026) of EEA1 puncta in 3-month-old wt and Stam1¥° mice. (H) Average area of motor neurons in 3-month-old wt and Stam1%° mice (p = 0.7429). (I) L4/5 spinal
cord segments from 3-month-old wt and Stam1¥° mice stained for LAMP2A and DAPI. (J) Cumulative frequency plot showing the size distribution of LAMP2A puncta
in motor neurons from 3-month-old wt and Stam1¥° L4/5 spinal cord sections. The Kolmogorov-Smirnov test was used to determine significance. Average (K) size (p
< 0.00001), (L) fluorescence intensity (p = 0.8022), and (M) number (p = 0.777) of LAMP2A puncta in 3-month-old wt and Stam1%© mice. (N) Average area of motor
neurons in 3-month-old wt and Stam1*° mice (p = 0.7609). *p < 0.05, ****p < 0.0001.
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3.3. Andlysis of ESCRT and endosomal proteins in Stam1¥° mice

Our previous studies indicated that the levels of STAM1 were greatly
reduced in the spinal cords of HGS-deficient teetering mice, suggesting
that the association of STAM1 with HGS promotes its stability in the
nervous system (Watson et al., 2015). This finding is consistent with in
vitro studies showing that HGS is required for STAM1 stability in cell
lines (Kobayashi et al., 2005). To determine if loss of STAM1 may also
alter the expression of other components within the ESCRT pathway, we
examined the levels of STAM1’s ESCRT-0 binding partner, HGS, the
ESCRT-I component TSG101, and the ESCRT-II component VPS36 in
3-month-old Stam1¥° and control mice. As expected, STAM1 was not
detected in the spinal cords of the Stam1¥° mice (Fig. 3A). However,
there was a 50% reduction in the levels of HGS in the spinal cords of the
Stam1%© mice, indicating that HGS is also destabilized in the absence of
STAM1 (Fig. 3A). In contrast, there was no significant difference in the
level of either TSG101 or VPS36 between the Stam1¥© and control mice
(Fig. 3A), demonstrating that loss of STAM1 does not have a global effect
on ESCRT protein levels in the spinal cord.

As in vitro experiments have shown that deficits in expression of HGS
and STAM1 can influence the expression of other proteins within the
endocytic pathway and alter the sorting of internalized cell surface cargo
(Komada and Soriano, 1999; Marchese et al., 2003; Yan et al., 2005; Razi
and Futter, 2006; Raiborg et al., 2008; Chanut-Delalande et al., 2010),
we next examined if STAM1 deficiency altered the expression of proteins
that localize to different endosomal compartments in the spinal cords of
mice. No significant difference in the levels of markers for clathrin
dependent endocytosis (CLTC), early endosomes (RAB5 and EEAl),
recycling endosomes (RAB11), late endosomes (RAB7, LAMP2A and
M6PR), the ESCRT adaptor protein ALIX, the endosomal adaptor protein
APPL1, the vesicular transport protein RAB3, or the HGS-interacting
protein RAB35 were observed in the spinal cord extracts of 3-month-old
Stam1¥© mice compared to controls (Fig. 3B). Although ESCRTs have
been suggested to regulate autophagy (Tamai et al., 2008; Takahashi
etal., 2018; Zhen et al., 2020), there was also no significant difference in
the level of the autophagy-related protein MAP1LC3A in the 3-month--
old Stam1%© mice compared to controls (Fig. 3B).

ESCRT components have been shown to have distinct roles in
maintaining endosome structure, and depletion of HGS results in
enlarged endosomes in cultured cells (Lloyd et al., 2002; Marchese et al.,
2003; Razi and Futter, 2006). To investigate if loss of STAM1 also alters
the structure of the endosome, we examined early (EEA1-positive) and
late (LAMP2A-positive) endosomes in the L4/5 motor neurons of
3-month-old Stam1%X° mice and controls (Fi g. 3C-N). Although there was
no significant increase in the staining intensity or number of
EEA1-positive puncta (Fig. 3F and G), there was a significant increase in
the size of EEAl-positive puncta in the motor neurons of the Stam1¥°
mice (Fig. 3D and E). Similar to what we observed for EEA1 staining,
there was no significant change in the intensity or number of
LAMP2-positive puncta (Fig. 3L and M), and there was an increase in the
size of LAMP2A puncta in the Stam1¥® mice compared to controls
(Fig. 3J and K). No significant difference was observed in the average
size of the motor neurons between wild-type and Stam1%° mice (Fig. 3H
and N).

Since previous studies have demonstrated that alterations in the
ESCRT-0 complexes disrupt the endosomal organization of critical fac-
tors required for the correct sorting of internalized cell surface cargo
back to the cell surface or to the lysosome (Norris et al., 2017), we next
examined the effect of STAM1 deficiency on the expression of several
cell surface receptors and cytosolic proteins that are thought to be sorted
to the lysosome by the ESCRT-0 complex (Marchese et al., 2003; Tamai
et al., 2008; Huang et al., 2009; Chanut-Delalande et al., 2010; Sierra
et al., 2010; Nam and Lee, 2016; McLean et al., 2022). Although loss of
STAM1, and the subsequent loss of HGS (Fig. 3A), could be expected to
alter the sorting of putative ESCRT-0 substrates to the lysosome for
degradation, the levels of CXCR4, EGFR, ERBB2, ERBB4, GRIA1, and
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NTRK2 were not significantly different between the Stam1¥° mice and
controls (Fig. 4A). However, there was a significant decrease in the level
of the ERBB3 receptor in the spinal cord extracts from the 3-month-old
Stam1¥© mice compared to controls (Fig. 4A), suggesting that the loss of
STAM1 may result in the inappropriate targeting of ERBB3 to the lyso-
some for degradation. Since reduced ERBB3 expression was also
observed in a mouse model of ALS, and increasing NRG1 levels was
found to be neuroprotective in that model (Lasiene et al., 2016), this
decrease in ERBB3 may also account for the neuromuscular defects in
the Stam1%© mice.

Previous in vitro studies have shown that STAMs are highly phos-
phorylated in response to growth factor stimulation and have implicated
STAMs in cytokine signaling (Chanut-Delalande et al., 2010; Huang
et al., 2010; Horner et al., 2018; Szymanska et al., 2018). However, loss
of STAM1 did not appear to significantly alter the activation of down-
stream components of the AKT, ERK, GSK3f or JNK signaling pathways
in the spinal cords of the 3-month-old Stam1%© mice (Fig. 4B). In addi-
tion, when we examined the expression of several cytosolic
aggregate-prone proteins that are believed to utilize the ESCRT pathway
for lysosomal degradation (Oshima et al., 2016; Vaz-Silva et al., 2018;
Chen et al., 2019; Lawrence et al., 2023), there was no difference in the
steady-state levels of either PRNP, MAPT or TARDBP in the spinal cords
of the Stam1*® mice compared to controls (Fig. 4C). These findings
suggest that the loss of STAM1 does not appear to result in the accu-
mulation of these proteins in the spinal cords of Stam1%° mice.

3.4. STAM1 is not required for sciatic nerve myelination

Our previous studies demonstrated that HGS deficiency blocked
Schwann cell maturation and sciatic nerve myelination (McLean et al.,
2022). To determine if STAMI is also required for peripheral nerve
myelination, we used transmission electron microscopy to compare the
myelination profiles of the sciatic nerves from 3-month-old Stam1%° and
control mice (Fig. 5A). In the control mice, all of the large caliber axons
(>1 pm in diameter) were myelinated by 3 months (Fig. 5A and B),
which is consistent with what has previously been reported in rodents
(Hahn et al., 1987). No significant differences were detected in either
the percent of myelinated fibers, the g-ratio, or the axonal density
(Fig. 5B-D) between the Stam1¥© and control sciatic nerves, suggesting
that STAM1 is not essential for peripheral nerve myelination.

3.5. NMJ defects in Stam1¥° mice

Stam1¥° mice exhibit several signs of neuromuscular disease,
including reduced muscle mass, grip strength and rotarod performance
(Fig. 1). Since alterations in motor endplate structure were detected in
the HGS-deficient teetering mice and are also observed in other models of
neuromuscular disease (Fischer et al., 2004; Kong et al., 2009; Watson
et al., 2015), we next compared NMJ innervation in the tibialis anterior
muscles from Stam1¥° and control mice (Fig. 6A). Using Stam1¥© and
wild-type control mice that transgenically express the yellow fluorescent
protein in motor neurons and fluorescently-labeled a-bungarotoxin to
identify AChR clusters on muscle fibers (Burgess et al., 2016), we found
that almost all of the NMJs in the control mice were innervated by 1
month of age (Fig. 6B). Less than 2% of the NMJs in the control mice
showed signs of swelling, and less than 5% exhibited terminal-sprouting
(Fig. 6B and C). Although STAM1 deficiency did not cause a significant
increase in NMJ denervation at one month, the NMJs from the 1-month--
old Stam1¥° mice displayed significantly more terminal swellings and
sproutings (Fig. 6B). The percentage of degenerating NMJs continued to
increase and, by 3 months of age, the NMJs from the Stam1¥° mice
showed significant signs of denervation, terminal swellings, and
sproutings compared to controls (Fig. 6C). In addition, although there
was no significant difference in the NMJ area defined by a-bungarotoxin
staining between the Stam1%° mice and controls at 1 month (Fig. 6D),
the area of the NMJs was significantly decreased in the Stam1¥© mice at
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Fig. 4. Examination of ESCRT substrates and signaling pathways in spinal cords of Stam
the putative ESCRT substrates CXCR4 (p = 0.2268), EGFR (p = 0.3782), ERBB2 (p =

1% mice and controls. Quantitation and representative immunoblots of (A)

0.3127), ERBB3 (p = 0.0025), ERBB4 (p = 0.6897), GRIA1 (p = 0.1423) and

NTRK2 (p = 0.685), (B) signaling molecules AKT (p = 0.6817), pAKT308 (p = 0.8087), ERK (p = 0.8911), pERK (p = 0.6793), GSK3p (p = 0.9306), pGSK3p (p =
0.5961), JNK (p = 0.1324) and pJNK (p = 0.3227), and (C) the aggregate-prone proteins PRNP (p = 0.8684), MAPT (p = 0.3193) and TARDBP (p = 0.4392) in spinal
cord extracts of 3-month-old wild-type (wt) and Stam1¥° mice. When multiple known isoforms of a protein were detected, either an asterisk or bracket was placed
next to the immunoblot to indicate bands that were quantitated. TUBB3 was used as a loading control. **p < 0.01.

3 months (Fig. 6E), suggesting that loss of STAM1 results in degenera-
tion of the NMJs. No multiply innervated muscle fibers were observed in
the Stam1¥© mice.

Since the Stam1%C mice exhibited reduced muscle development, we
next examined if loss of STAM1 affected the fiber size of the gastroc-
nemius muscles. While there was no significant difference at 1 month of
age (Fig. 6F), there was a significant reduction in the cross-sectional area
of the muscle fibers in the 3-month-old Stam1X°® mice compared to
controls (Fig. 6G). As changes in connectivity between the muscle and
nerve can alter muscle development and induce changes in the expres-
sion of the AChR subunits, we also compared AChR expression in 1- and
3-month-old Stam1X® and control mice. qQPCR analysis of the gastroc-
nemius AChR mRNAs demonstrated a significant increase in the level of
the AChR-5 subunit in the Stam1¥© mice at both 1 and 3 months of age
(Fig. 6H and I). Although no significant changes in the levels of the o, f, &
and y AChR subunits were observed between the mice at 1 month of age,
the levels of the e and embryonic y subunits were altered in the 3-month-
old Stam1¥© mice compared to controls (Fig. 6I). Taken together, these

results suggest that STAM1 is required to maintain proper NMJ struc-
ture, stability and function.

3.6. Loss of STAM1 leads to reduced levels of synaptic proteins

A previous in vitro study indicated that HGS is required for the
degradation of a subset of synaptic vesicle proteins (Sheehan et al.,
2016). Our findings of NMJ terminal swellings in both the teetering
(Watson et al., 2015) and Stam1%° mice suggests that loss of ESCRT-0
function may influence the degradation of synaptic proteins in these
mouse models. To investigate this possibility, we used immunoblot
analysis to examine the levels of several presynaptic proteins in spinal
cord extracts from 3-month-old Stam1*° and control mice. Although
Stam1 deficiency did not alter the levels of most of the proteins exam-
ined, there was a significant decrease in the levels of VAMP2 and VTI1A
in the Stam1X° mice compared to controls (Fig. 7A). As STAM1 defi-
ciency had the most dramatic effect on VTI1A protein levels, we next
compared the staining intensity for VTI1A in lumbar motor neurons
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Fig. 5. STAM1 deficiency does not affect peripheral nerve myelination. (A) Representative electron micrographs of sciatic nerves from 3-month-old wild-type (wt)
and Stam1%° mice. Quantitation showing (B) the percent of sciatic nerve axons >1 pm in diameter that were myelinated (p = 0.9286), (C) the ratio of axon diameter

to total nerve fiber thickness (g-ratio) (p = 0.1205), and (D) axon density (p = 0.9541) in sciatic nerves from wt and Stam

from 3-month-old Stam1%° and control mice. STAM1 deficiency resulted
in a significant reduction in the size distribution of VTI1A puncta and in
the intensity of VTI1A fluorescence in the motor neurons of the Stam1%°
mice compared to controls. (Fig. 7C-E). No significant difference was
observed in the number of VTI1A puncta or the size of the motor neurons
between the Stam1¥© and wild-type mice (Fig. 7F-G).

To investigate if STAM1 directly interacts with VTI1A, and could
thus influence its endosomal sorting and stability, we next performed co-
immunoprecipitation experiments on spinal cord extracts from 1-month-
old wild-type mice. Spinal cord lysates were incubated with antibodies
against STAM1, and the interacting protein complexes were retrieved
with protein A/G magnetic beads. As expected, the STAM1 antibody
efficiently isolated both STAM1 and its ESCRT-0 binding partner HGS
from the spinal cord lysates (Fig. 7H). In contrast, we were unable to
detect any interaction between VTI1A and STAM1 (Fig. 7H), which
suggests that either STAM1 does not associate with VIT1A or that the
interaction was not stable enough to detect by this assay.

4. Discussion

Deletion of STAM1 impaired muscle growth, strength, coordination
and tactile sensitivity in Stam1®° mice. These neuromuscular defects
were not associated with motor neuron loss but did correlate with an
increase in spinal cord gliosis. Although STAM1 deficiency did not have
widespread effects on all endosomal proteins, this study demonstrated
that, in addition to affecting the expression of its binding partner, HGS,
loss of STAM1 also reduced the expression of the presynaptic SNARE
proteins VAMP2 and VTI1A, implicating STAM]1 in the stable sorting of
Golgi cargo necessary for synaptic stability and function. The most
profound defect observed in the Stam1X© mice was the degeneration of

10

1%© mice.

NMJs that occurred as early as 1 month of age, suggesting that the
neuromuscular disease in the Stam1%° mice may initiate from a “dying-
back” axonopathy, as is seen in other motor neuron diseases (Fischer
et al., 2004).

We set out to investigate the effects of loss of STAM1, a component of
the ESCRT-0 complex, on the neuromuscular system. Our previous
studies demonstrated that HGS deficiency causes a motor and sensory
neuropathy in mice that is associated with functional and structural
changes at the NMJ (Watson et al., 2015). The Stam1¥© mice resembled
several aspects of the HGS-deficient mice, including reduced neuro-
muscular strength, muscle atrophy, motor endplate degeneration,
increased GFAP staining in the spinal cord (Watson et al., 2015), and
altered expression of the ERBB3 receptor (McLean et al., 2022). How-
ever, unlike HGS deficiency, loss of STAM1 did not alter the myelination
of the sciatic nerve, possibly due to compensation by STAM2 in Schwann
cells (Yamada et al., 2002). Alternatively, the additional myelination
defect in the teetering mice may indicate that HGS has a role in Schwann
cell myelination that does not rely on its association with STAMI.
However, our demonstration of motor endplate disease in both the
Stam1%0 and teetering mice suggests that this neurological phenotype is
due to deficits in the same endosomal pathway.

The ESCRT pathway has been shown to sort proteins through the
endolysosomal pathway in order to maintain presynaptic protein ho-
meostasis (Sheehan et al., 2016; Sheehan and Waites, 2019; Birdsall
et al., 2022). In an activity-dependent manner, RAB35 recruits HGS to
synaptic vesicles, and disruption of this interaction results in reduced
degradation of VAMP2 and SV2 (Sheehan et al., 2016). Interestingly,
RAB35 only weakly recruits STAM1 to synaptic vesicles following
neuronal activity (Sheehan et al., 2016), which implied that STAM1 was
not required for the correct sorting of VAMP2 and SV2. However, when
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Fig. 6. STAM1 deletion causes NMJ and muscle defects in Stam1%© mice. (A) Representative muscle fibers from tibialis anterior muscles of 3-month-old wild-type

(wt) and Stam1¥© mice containing the ThyI-Yfp transgene were stained with TRITC-a-bungarotoxin (red) to label the postsynaptic AChRs. The presynaptic axons and
terminals were visualized by fluorescence from the Thy1-Yfp transgene (green). # represents swollen terminals and * represents synaptic terminal sproutings in the
Stam1*° mice. Quantitation of NMJs from (B) 1-month-old or (C) 3-month-old wt and Stam1*° mice that showed denervation (1 month p = 0.1483, 3 month p =
0.0007), swellings (1 month p = 0.001, 3 month p = 0.0012) or terminal sproutings (1 month p = 0.0068, 3 month p = 0.0005). Quantitation of NMJ area from (D) 1-
month-old (p = 0.7007) and (E) 3-month-old (p = 0.03) wt and Stam1%© mice. Quantitation of cross-sectional area from gastrocnemius muscles of (F) 1-month-old (p
= 0.0659) and (G) 3-month-old (p = 0.0011) wt and Stam1 KO mice. qPCR analysis of AChR expression in gastrocnemius muscles of (H) 1-month-old and (I) 3-month-
old wt or Stam1¥° mice (AChR-: 1 month p = 0.066, 3 month p = 0.2428; AChR-f: 1 month p = 0.055, 3 month p = 0.4802; AChR-5: 1 month p = 0.0351, 3 month
p = 0.00364; AChR-¢: 1 month p = 0.2638, 3 month p = 0.0036; and AChR-y: 1 month p = 0.0788, 3 month p = 0.0002). Open boxes indicate wt mice and grey boxes

indicate Stam1%° mice. *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

we compared the expression of several presynaptic proteins in spinal
cord extracts from Stam1¥° mice and controls, loss of STAM1 resulted in
a reduction in the levels of VAMP2 and VTI1A. Quantitation of VTI1A
levels by immunofluorescence demonstrated an even greater reduction
of VTI1A specifically in the motor neurons of Stam1¥© mice and suggests
that STAM1 may sort VTI1A to the recycling endosome and prevent its
degradation. Interestingly, loss of Vtila/b in hippocampal neuronal
cultures has been reported to result in reduced expression of several
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presynaptic proteins at synapses, including VAMP2 (Emperador-Melero
et al., 2018), suggesting that the loss of VAMP2 in the Stam1%° mice may
be indirectly related to the loss of VTI1A. In addition, in vivo studies
demonstrated severe neurodevelopmental abnormalities in Vtila/1b
double knockout mice, including degeneration of L2 lower motor neu-
rons and impaired axonal growth (Kunwar et al., 2011), which supports
a possible link between reduced VTI1A levels and motor endplate dis-
ease in the Stam1¥° mice. Additional studies are required to determine if
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Viila mRNA levels are reduced in the motor neurons of Stam1¥° mice, as (Brandhorst et al., 2006; Emperador-Melero et al., 2018). It is believed
that could also explain the reduction in VTI1A protein levels. to function in neuronal secretion by modulating the sorting of secretory
VTI1A is an endolysosomal Qb SNARE protein (Brandhorst et al., cargo and proteins into and away from the Golgi apparatus (Xu et al.,

2006) that localizes to both the Golgi apparatus and early endosomes 1998; Kreykenbohm et al., 2002; Ganley et al., 2008a; Hoopmann et al.,
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2010; Emperador-Melero et al., 2018, 2019). VTI1A is also required for
retrograde transport of M6PR from the endosome to the Golgi apparatus
in embryonic fibroblasts and HeLa cells (Medigeshi and Schu, 2003;
Ganley et al., 2008b). Our data indicated that the distribution of VTI1A
in motor neuron cell bodies was predominantly at the Golgi apparatus.
This is consistent with VTI1A playing a role in sorting secretory cargo
and synaptic secretion machinery from the Golgi to the presynaptic
terminal (Emperador-Melero et al., 2018). Since there did not appear to
be any alterations in Golgi morphology in the motor neurons of the
Stam1¥© mice, we speculate that loss of STAM1 and VTI1A expression
causes a functional change in the ability of the Golgi to supply compo-
nents of the neuronal secretory apparatus to the synapse, causing
denervation, endplate swellings and sprouting at the NMJs of Stam1¥°
mice. If STAM1 is also required for the retrograde transport of VTI1A
from the endosome to the Golgi then, in the absence of STAM1, VTI1A
may not be properly sorted back to the Golgi. Consistent with this idea,
STAM proteins contain a 140 amino acid VHS domain that is found in
proteins that are involved in endosomal trafficking and/or localize to
the Golgi apparatus (Dell’Angelica et al., 2000; Wang et al., 2010).
Previous reports utilizing HeLa cells demonstrated that STAM proteins
colocalized with markers for both early endosomes and the Golgi, and
showed that overexpression of either STAM1 or STAM2 resulted in Golgi
fragmentation, suggesting that STAM proteins play a role in Golgi ho-
meostasis (Rismanchi et al., 2009). In addition, ESCRT proteins have
been shown to mediate protein and/or vesicle trafficking from the Golgi
to endosomes/lysosomes (Hirota et al., 2021). While many endocytic
proteins are found at multiple locations, it is unclear if the effects of
STAM1 depletion on VTI1A levels indicate a requirement of STAM1 to
sort VTI1A along the exocytic pathway or are secondary to STAM1
depletion on the endolysosomal pathway. Future experiments could
explore if changes in trafficking of synaptic proteins occur prior to NMJ
degeneration in the Stam1¥° mice.

Our studies demonstrate that STAM1 is essential for maintaining
motor neuron connections at the NMJ. This finding supports previous
studies demonstrating that, in flies, STAM1 is regulated by ISL1-LHX3
homeobox proteins in motor neurons and functions as a crucial regu-
lator of ventral motor neuron axon pathfinding (Nam and Lee, 2016).
We found STAM1 deletion causes a progressive decrease in muscle fiber
size, elevated AChR-y expression, and increased motor-endplate pa-
thology which is similar to that observed in ALS patients (Bjornskov
et al., 1984; Tsujihata et al., 1984; Palma et al., 2016). These results
support a role for STAM1 in the stability of axonal connections in
mammalian motor neurons. With the known requirement of VTI1A in
the development of axonal projections in mice, and VTI1A’s ability to
modulate exocytosis of synaptic vesicles and dense core vesicles, we
suggest that STAM1 plays an important role in regulating the level of
VTI1A, and likely other presynaptic proteins, that are collectively
required for maintaining motor endplate function.
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