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Abstract

G4C2 repeat expansions in an intron of COORF72 cause the most common familial amyotrophic lateral sclerosis and
frontotemporal dementia (collectively, COALS/FTD). Mechanisms and mediators of COALS/FTD pathogenesis remain poorly
understood. C9orf72 and Smcr8 form a protein complex. Here, we show that expression of Smcr8, like C90rf72, is reduced in
C9ALS/FTD mouse models and patient tissues. Since Smcr8 is highly conserved between human and mouse, we evaluated
the effects of Smcr8 downregulation in mice. Smcr8 knockout (KO) mice exhibited motor behavior deficits, which resemble
those of CO9ALS/FTD mouse models, and displayed axonal swellings in their spinal cords and neuromuscular junctions.
These deficits are caused by impaired autophagy-lysosomal functions due to disrupted axonal transport in mutant motor
neurons. Consistent with its interaction with C9orf72 and their downregulation in patient tissues, Smcr8 deficiency
exacerbated autophagy-lysosomal impairment in C9orf72 KO mice. The disease relevance of Smcr8 downregulation was
reflected by exacerbated axonal swellings and gain of toxicity pathology arising from Smcr8 haploinsufficiency in a mouse
model of CO9ALS/FTD. Thus, our in vivo studies suggested that Smcr8 deficiency impairs axonal transport dependent
autophagy-lysosomal function and exacerbates axonal degeneration and gain of toxicity in C9ALS/FTD mouse models.

Introduction and about 5-10% of sporadic ALS cases (4,5). Haploinsufficiency

Frontotemporal dementia (FTD) and amyotrophic lateral of C90ORF72 protein is a key proposed disease mechanism, which

sclerosis (ALS) are neurodegenerative disorders that occur
simultaneously in certain populations of patients (1,2). G4C2
hexanucleotide repeat expansion in a noncoding region of the
gene chromosome 9 open reading frame 72 (C9ORF72) is the
most common cause of familial ALS and FTD (COALS/FTD) (3-6).
C90RF72-associated ALS accounts for around 40% of familial ALS

may act in parallel with gain of toxicity from toxic RNAs of repeat
transcription and dipeptide repeat proteins (DPRs) from repeat-
associated non-AUG (RAN) translation (1,2). Consistent with
this loss-of-function notion, C9ORF72 expression is reduced
in C9ALS/FTD patient tissues (3,5,7,8); haploinsufficiency of
CI90RF72 is considered to contribute to the degeneration of
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motor neurons (MNs) derived from induced pluripotent stem
cells of ALS patients (9); C9orf72 deficiency exacerbates motor
behavior deficits of a COALS/FTD mouse model in vivo (10).
Therefore, studying C9orf72 biology may provide new insights
into pathogenesis of C9ALS/FTD from the perspective of
loss-of-function.

C9orf72 forms a protein complex with Smcr8 (11-17). They
are both DENN domain-containing proteins (18,19) and regulate
autophagy, a lysosome-dependent degradation process (20,21).
Enlarged lysosomal sizes and impaired lysosomal degradation
have been observed in cells deficient in C9orf72 or Smcr8 (22,23).
These results suggest the possibility that autophagy-lysosomal
function may be impaired in CO9ALS/FTD. Interestingly, neither
heterozygous nor homozygous knockout (KO) of C90rf72 in neu-
rons leads to MN degeneration or motor deficits in mice at
advanced ages (24). This raises the question whether and to what
extent C9orf72’s functions are dysregulated in C9ALS/FTD in vivo.
Consequently, the potential autophagy-lysosomal deficiency in
COALS/FTD in vivo is unclear, and the mediators and underlying
mechanisms remain poorly understood.

Using a C90RF72 bacterial artificial chromosome (BAC)
transgenic mouse model (C9-BAC) (25), we recently generated
a genetic mouse model (C9orf72+/~;C9-BAC) of COALS/FTD
with both loss- and gain-of-function features. We found that
C9orf72 deficiency and haploinsufficiency exacerbate motor
behavior deficits of C9-BAC mice in a dose-dependent manner,
and this occurs early in the course of pathogenesis (10). To
investigate the mechanisms underlying these motor deficits,
we examined Smcr8 and found that it, like C9orf72, is reduced
in C9ALS/FTD mouse models and patient tissues. Smcr8 mutant
mice developed motor behavior deficits, suggesting that Smcr8
downregulation could be a mediator of motor deficits in
C9orf72*/~;C9-BAC mice. Mechanistic studies revealed that
Smcr8 deficiency disrupted axonal transport in MNs, impaired
autophagy-lysosomal function, and led to abnormal axonal
swellings in spinal cords and neuromuscular junctions (NMJs)
in mice. These deficits were more severe in the background of
C9orf72 KO. Smcr8 deficiency also exacerbated the accumulation
of DPRs in C9-BAC mouse models, suggesting the interaction
between loss- and gain-of-function in the pathogenesis of
C9ALS/FTD.

Results

Smcr8 is downregulated in C9ALS/FTD mouse models
and patient tissues

C9orf72 dose reduction exacerbates motor deficits of C9-BAC
mice at an early stage (10), when C9-BAC mice display no behav-
ior deficits (25). To investigate mechanisms underlying these
motor deficits, we focused on Smcr8. Smcr8 and C9orf72 form
a protein complex that regulates autophagy-lysosomal func-
tions (11-17). They stabilize each other; Smcr8 protein level is
reduced in C9orf72-deficient cells (13,15,26). However, it remains
unknown whether the Smcr8 protein level changes under patho-
logical conditions in which C9orf72 protein is partially lost.
Therefore, we examined Smcr8 expression in spinal cords from
C9-BAC mice with different C9orf72 dose reductions. Western
blot analyses confirmed C9orf72 protein dose reduction with
or without the presence of C9-BAC (Fig. 1A and B). Interestingly,
Smcr8 protein levels were reduced accordingly in response to
C90rf72 dose reduction. In contrast, the level of Atg101, another
complex-associated protein, did not change (Fig. 1A and B) (12),
suggesting the specificity of Smcr8 downregulation.
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To investigate whether Smcr8 downregulation exists at the
mRNA level, we performed RT-PCR analyses and found that there
were no significant changes of Smcr8 mRNA levels (Fig. 1C).
These results suggest that Smcr8 downregulation may occur
post-transcriptionally. To determine whether SMCR8 downreg-
ulation occurs in patient tissues, we performed western blot
analyses using postmortem patient brain tissues. As reported in
published data (3,4,7), COORF72 protein levels were reduced in
patient brain lysates (Fig. 1D). Consistent with Smcr8 downregu-
lation from mouse models, SMCR8 protein expression was also
decreased in patient brain tissues (Fig. 1D). Together, our studies
revealed a Smcr8 protein reduction in COALS/FTD mouse models
and patient brain tissues.

Smcr8 deficient mice exhibit motor behavior deficits

To investigate the importance of Smcr8 downregulation, we
generated Smcr8 null mice in which the majority of Smcr8 exon
1 was replaced by a LacZ cassette (Fig. 1E). Western blot anal-
yses confirmed the absence of Smcr8 proteins in the homozy-
gous mutant mice (Fig. 1F); therefore, we refer to these mice as
Smcr8~/~. To guide our functional studies, we examined Smcr8’s
expression pattern by performing X-gal staining. We found that
Smcr8 was ubiquitously expressed in the spinal cords and in dif-
ferent brain regions including the cerebral cortex, hippocampus
and cerebellum (Fig. 1G, Fig. S1A). Immunohistochemical (IHC)
staining revealed that Smcr8 was expressed in the cytoplasm of
NeuN-positive neurons (Fig. S1B), including SMI32-labeled MNs
(Fig. S10Q).

Smcr8~/~ mice were fertile, viable and displayed no visiable
developmental defects. Offspring from heterozygous matings
were born in the expected Mendelian ratios. To assess motor
behaviors, we examined motor strength by measuring fore-
limb grip strength. Smcr8~/~ mice exhibited a decrease in motor
strength compared to WT controls, in both males and females, at
9 months of age (Fig. 2A). Grip strength deficits could be detected
at 3,9 and 12 months of age (Fig. 2B). After detecting grip strength
deficits in both sexes, we focused on female mice because C9-
BAC female mice exhibited more consistent behavior deficits
than male mice (25). To measure motor coordination and motor
learning, we performed an accelerating rotarod test. Smer8+/~
and Smcr8~/~ mice had a significant reduction in latency to fall
compared to age-matched WT controls (Fig. 2C). WT mice exhib-
ited an increased trend of latency to fall in the rotarod test over
a 4-day test period, indicating an active learning process during
this period of time (Fig. 2C). In contrast, Smcr8~/~ mice failed to
display an increase in latency to fall, suggesting motor learning
deficits. Open field analyses revealed that Smcr8/~ mice had
a decrease in the total distance traveled and the percentage
of time spent in the center (Fig. 2D-F). Together, these results
suggest that Smcr8 deficiency developed motor behavior deficits
in mice.

Smcr8 deletion disrupts autophagy-lysosomal
degradation and leads to axonal swellings

To identify the cellular basis of motor deficits in Smcr8~/~ mutant
mice, we first examined the central nervous system in 7-month-
old mice. H&E staining did not reveal obvious loss or disorganiza-
tion of major brain or spinal cord regions; NeuN-positive neurons
were not lost in the cortex or spinal cord of Smcr8~/~ mice. Next,
we assessed nerve fibers in spinal cords using Bielschowsky sil-
ver impregnation analysis, which is used for the visualization of
neuronal processes including axons. Although swollen neuronal
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Figure 1. Smcr8 downregulation in C9ALS/FTD and mutant mouse generation. (A) Western blot analysis of protein expression in spinal cords. g-Actin serves as
the loading control. (B) Quantification of protein levels of Smcr8 and other proteins in spinal cords. (C) RT-PCR analysis of Smcr8 mRNA expression. (D) Western
blot analysis of the protein expression of Smcr8, C9orf72 and Atgl01 in COALS/FTD patient brain tissues. g-Actin serves as the loading control. (E) Diagram of the
generation of Smcr8~/~ mutant mice. (F) Western blot analysis confirmed the absence of Smcr8 protein in mutant mice. g-actin serves as the loading control. (G) LacZ
staining of coronal sections from 2-month-old heterozygous mice shows Smcr8 expression in spinal cord. Scale bars: 100 um. Data are presented as mean + SEM from
three independent experiments containing one WT and one mutant mice in each experiment (n = 3). Statistical analyses were performed with one-way ANOVA with
Bonferroni’s post hoc test (***P <0.001, n.s. represents no significant difference detected).

processes were seldom detected in WT controls, there was a
robust increase in swollen neuronal processes in mutant spinal
cords (Fig. 3A and B). We used antibodies against neurofilament
(NF) to label axons. Smcr8~/~ spinal cords exhibited mainly NF-
positive swellings (white arrowheads in Fig. 3C). These results
suggest that these neuronal processes were of axonal origin;
therefore, we refer to them as axonal swellings. Statistical

analysis revealed that axonal swellings increased as age
advanced in Smcr8~/~ spinal cords (Fig. 3D).

Smcr8 is a lysosome-associated protein and regulates
autophagy-lysosomal functions (12, 13). Massive accumulation
of Lampl-positive axonal lysosomes has been reported in
patients with neurodegenerative conditions (27). Therefore, we
examined Lamp1 and found that it mainly co-localized with NF
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Figure 2. Smcr8 KO mice exhibit motor behavior deficits. (A) Forelimb grip strength assay on 9-month-old WT (n =9 females, 13 males) and Smcr8—/~ (n=8 females, 12
males) mice. (B) Forelimb grip strength is reduced in Smcr8~/~ (n=11) female mice compared to WT Smcr81/+ (n=10) mice at 3, 9 and 12 months of age. (C) Rotarod
assay reveals the decreased latency to fall in Smcr8~/~ (n=11) female mice compared to WT Smcr8/+ (n=10). Smcr8—/— mice exhibited a decreased rate of motor
learning in the rotarod test over a 4-day test period compared to WT controls. (D) Representative traces showing the paths of mice in the open field chambers (snapshots
taken at 5-minute intervals). (E) Smcr8/~ (n=12) mutant mice traveled less distance (5-minute interval) compared to Smcr81/F (n=10) control mice. (F) Smcr8 /=
(n=12) mutant mice spent less time in the center of the open field chambers in every 5-minute trial compared to Smcr8/+ (n=10) control mice. Statistical analysis
was performed by one-way ANOVA analysis with Bonferroni correction; n.s. represents no significant difference detected (*P < 0.05, **P <0.01 and ***P < 0.001).

in the axonal swellings (Fig. 3E), and was barely detected in GFAP-
labeled astrocytes and Ibal-labeled microglia (Fig. S2A and B).
Lamp1l-positive aggregate numbers were significantly increased
in mutants (Fig. 3F). Lamp1-positive aggregates in mutant spinal
cords were scattered in the cytoplasm without the perinuclear
concentration seen in WT (Fig. 3E), suggestive of immature
lysosome precursors with deficient degradation capacity. In
support of this notion, Smcr8~/~ spinal cords displayed abnormal
accumulation of p62, a substrate and receptor of autophagy
degradation (Fig. 3G and H). Mutant spinal cords also exhibited
an increase in the numbers of LC3-positive aggregates, which
co-localize with Lamp1 (Fig. 3l and J). These results suggested
impaired autophagy-lysosomal degradation coupled with
axonal swellings in Smcr8~/~ spinal cords. To determine whether
these deficts occur at the axonal terminals of MNs, we examined
the NMJs. The presynaptic terminals of mutant MNs exhibited
swellings with NF accumulation (white arrowheads, Fig. 3K).
Quantification confirmed that the numbers of axonal swellings
were significantly increased in mutant NMJs (Fig. 3L).

To further investigate autophagy-lysosomal deficits, we
examined axons using transmission electron microscopy (TEM)
for the presence of autophagic vacuoles (AVs). Multiple criteria
have been used to define AVs, including size, the presence of a
double membrane, and the existence of multiple membrane-
derived structures within a single vacuole (28). WT spinal
cords had axonal structures that appeared typical, with no
abnormal accumulation of organelles or vesicles (Fig.4A).
In contrast, Smcr8~/~ spinal cords displayed swollen axons
accompanied by large numbers of accumulated organelles
and vesicles, including mitochondria (black arrows in Fig. 4B),
double-membrane AVs containing engulfed organelles in the
early stages of autophagy (green arrowheads in Fig. 4B and C),
and late-stage autolysosomes containing degraded organelles

(red arrowheads in Fig. 4C). Together, these results suggest that
Smcr8 deletion disrupted autophagy-lysosomal degradation
and led to axonal degeneration characterized by dystrophic
neurites.

Axonal transport is disrupted in Smcr8 ~ MNs

Our previous mass spectrometry studies revealed that the
C9orf72/Smcr8 complex associates with Dynein (12). Dynein is
the major motor that drives retrograde transport of autophago-
somes from the distal axons to somas of neurons (29,30). Disrup-
tion of dynein-mediated axonal transport leads to autophagic
stress and axonal terminal enlargement (31,32), which were
observed in Smcr8/~ mice. Therefore, we hypothesized that
Smcr8 promotes axonal transport, disruption of which leads to
impaired autophagy-lysosomal functions and axonal swellings.
To test this hypothesis, we examined axonal transport of
GFP-LC3-labeled autophagosomes in mouse spinal MNs using
time-lapse imaging approaches. In WT MNs, autophagosomes
appeared as smooth vesicular structures distributed evenly
along neuronal processes. In contrast, they were clustered
in Smcr8~/~ MNs (Fig. 5A and B). Time-lapse imaging revealed
that autophagosomes in WT MNs exhibited robust motility
along the processes, with a predominant retrograde direction.
However, the net run speed and run length of autophagosomes
were significantly reduced in Smcr8~/~ MNs (Fig. 5C and D).
The stall numbers per trace were increased in mutant MNs
(Fig. 5E). Smcr8~/~ MNs had a significantly reduced percentage of
retrograde transport accompanied by an increased percentage
of stationary autophagosomes (Fig. 5F). Thus, Smcr8 deletion
disrupted axonal transport in MNs, which could result in
autophagy-lysosomal impairment and axonal swellings in
mutant mice.
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Figure 3. Impaired autophagy-lysosomal degradation leads to axonal swellings in Smcr8~/~ mice. (A) Bielschowsky silver impregnation analyses revealed swelling
neuronal processes in 7-month-old mutant spinal cords. Individual spheroid structures are enlargements of black boxed areas. Scale bars: 20 pm. (B) Quantification
of numbers of swollen neuronal processes in spinal cord sections. (C) Representative imaging of spinal cords stained with antibodies against NF (NF, green). White
arrowheads represent axonal swellings. Hoechst stains nuclei. Scale bars: 10 pm. (D) Quantification of NF-positive axonal swellings per mm? in the spinal cords. Two-
way ANOVA analysis with Bonferroni correction detected a significant difference between 2.5 and 7 months. (E, G, I) Confocal imaging of spinal cord sections stained
with antibodies against NF (NF, green), LC3 (green), Lampl1 (red) and p62 (red). White arrowheads indicate axonal swellings, LC3-positive aggregates, or p62 puncta. Scale
bars: 10 um. (F, H, J) Quantification of Lamp1-positive puncta outside of perinuclear areas per cell (F), the number of p62 puncta per cell (H), and the number of LC3T
aggregate per cell (J). (K) Smcr8~/~ mice display NMJ swellings stained with antibodies against NF (NF, red) and AChR (green). White arrowheads indicate swelling NMJs.
(L) Quantification of numbers of NMJ swellings in Smcr8~/~ mice. For all the experiments, error bars represent SEM using measurements averaged from >3 sections of
each mutant mice (n = 3). Statistical analyses were performed with non-parametric Mann-Whitney test (*P <0.05, **P <0.01 and ***P < 0.001).

C9orf72 loss of function exacerbates
autophagy-lysosomal deficits in Smcr8 mutant mice

C9orf72 depletion in neurons failed to generate neurodegenera-
tion or motor deficits (24); C9orf72’s neuronal functions remain
unknown. C9orf72 and Smcr8 form a protein complex and
belong to the same DENN (differentially expressed in neoplastic
versus normal cells) domain family (18,33). Therefore, we
hypothesized that Smcr8, which has robust neuronal function
as described above, may compensate for the loss of C90rf72 in
C90rf72~/~ neurons. To test this hypothesis, we deleted C9orf72
in the background of Smcr8/~ mice. We examined axonal
integrity and autophagy-lysosomal functions by performing
side-by-side comparisons of spinal cords from WT, C9orf72~/~,
Smer8~/~ and C9orf72~/~;Smcr8~/~ double knockout (dKO) mice.
In contrast to Smcr8~/~ mice, C9orf72~/~ mutant spinal cords
displayed no significant changes in the numbers of Lamp1l-
positive organelles (Fig. 6A and B), NF aggregates (Fig. 6C and D),
or p62 puncta (Fig. 6E and F). However, in the background of

Smcr8~/~, C9orf72 deletion promoted deficits in the numbers
of Lampl- and p62-positive puncta as well as NF aggregates
(Fig. 6B, D, and F). Together, these results suggest that C9orf72
deficiency exacerbates autophagy-lysosomal deficits and axonal
swellings in Smcr8~/~ spinal cords.

Next, we extended our studies to the axonal terminals of MNs
by focusing on diaphragm NM]Js in 7-month-old mice. Similar to
WT animals, C9orf72~/~ diaphragms presented with normal NMJ
morphology. NF-labeled presynaptic terminals were able to form
synapses appropriately with AChR-positive postsynaptic termi-
nals without Lamp1-positive organelle accumulation (Fig. 7A-C),
while the size of NMJ axonal terminal was slightly increased in
C90rf72~/~ mice (Fig. 7E). Smcr8~/~ mice exhibited multiple NMJ
abnormalities, including an increase in the numbers and sizes
of axonal terminals (Fig. 7D and E). In comparison to Smcr8~/~
single mutants, dKO mice displayed a significant increase in
the number of axonal swellings per NMJ receptor as well as an
increase in the axonal terminal sizes (Fig. 7D and E). Together,
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Figure 4. Transmission electronic microscopy (TEM) study reveals swollen axons with organelle accumulation in mutant spinal cords. (A) Representative TEM imaging
of axons in WT spinal cords. Scale bar: 400 nM. (B) TEM images of mutant spinal cords showing an axonal swelling filled with double-membrane autophagosomes
(green arrowhead) and multiple mitochondria (black arrowheads) in mutants. Scale bars: 400 (left panel), and 200 nM (right panel). (C) A typical axonal swelling filled
with large numbers of lysosome-like organelles at different maturation stages. Red arrowheads represent late stage-autolysosomes containing degraded organelles;
green arrowheads represent autophagosomes in the early stage of autophagy. Scale bars: 400 (left panel) and 200 nM (right panel).

these results suggest that C9orf72 has neuronal functions in
promoting autophagy-lysosomal degradation, which are similar
to and dominated by Smcr8 under physiological conditions.

Smcr8 deficiency promotes axonal swellings of NMJs in
C9-BAC mouse models

C9orf72 deficiency promotes motor behavior deficits in a gain-
of-function mouse model of C9ALS/FTD (10), but the underlying
mechanisms remain unknown. C9orf72 stabilizes its interaction
protein Smcr8 (13,15); Smcr8 expression is reduced in mouse
models and patient tissues of COALS/FTD. Smcr8 deficiency is
sufficient to disrupt autophagy-lysosomal functions and lead
to axonal swellings and motor deficits, which resemble phe-
notypes in C9orf72+/~;C9-BAC mice. Therefore, we hypothesized
that Smcr8 deficiency promotes autophagy-lysosomal impair-
ment and leads to axonal swellings in C9-ABC mice. To test this
hypothesis, we crossed Smcr8 deficient mice with C9-BAC mice,
and focused our analyses on age-matched WT, Smer8+/~, C9-BAC,
and Smcr8*/~;C9-BAC mice. Impaired autophagy-lysosomal func-
tion led to axonal swellings. In comparison to WT, C9-BAC and
Smcr8+/~ mice exhibited an increase in the percentage of NMJs
with axonal swellings (Fig. 8A-D), which was further exacerbated
in Smcr81/~;C9-BAC mice (Fig. 8E). Together, these results suggest
that Smcr8 deficiency promotes axonal swellings of NMJs in C9-
BAC mouse models.

Smcr8 deficiency exacerbates dipeptide repeat (DPR)
abundance in C9-BAC mice

Gain of toxicity is attributed by DPRs from RAN translation in
COALS/FTD (34,35). Transgenic mice containing C9ORF72 BAC
from patient DNA have been generated to model gain-of-toxicity
(25,36-38). In addition to axonal swellings, we attempted to test
whether Smcr8 deficiency promotes the accumulation of DPRs,
which are toxic to neurons. It has been documented that the
amount of inclusions for poly (PR) and poly (PA) are relatively
rare in postmortem C9ALS/FTD patient brains (39,40). Whereas
the poly (GP) is considered to be benign, both poly (GR) and poly
(GA) have been shown to be particularly toxic in various cell
types and animal models (41-43). We focused our studies on
poly (GA) and poly (GP). We barely detected poly (GA) staining
in 7-month-old WT mouse tissues. In contrast, age matched
C9-BAC mouse spinal cords exhibited robust poly (GA) signals
(Fig. 9A). The percentage of poly (GA)-positive cells was signifi-
cantly increased in Smcr8+/~;C9-BAC mice compared to C9-BAC
mice (Fig. 9B). Next, we examined poly (GP), and found poly
(GP) staining in spinal cord tissues of 7-month-old WT mice
(Fig. 9C). Age matched C9-BAC mice displayed an increase in
the percentage of poly (GP)-positive cells, which was further
increased by the Smcr8 heterozygosity (Fig. 9D). Together, these
results suggest that Smcr8 deficiency exacerbates the DPR gain
of toxicity in C9-BAC mice.
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Figure 5. Axonal transport is disrupted in Smcr8/— MNs. (A, B) Representative time-lapse images and corresponding kymographs of GFP-LC3-labeled autophagosome
transport in spinal MNs isolated from E13.5 spinal cords. Individual autophagosomes marked by white triangles show robust retrograde transport in WT and diminished
motility in mutant MNs. Scale bars: 2 pm. (C) Quantification of net run speed in WT (n=126) and Smcr8~/~ (n=120) MNs. (D) Quantification of total run length in WT
(n=145) and Smcr8~/— (n==87) MNs. (E) Quantification of stall numbers per trace in WT (n=109) and Smcr8/~ (n=125) MNs. (F) Quantification of the percentages of
retrograde, anterograde, and stationary transport in WT (n=20) and Smcr8~/~ (n = 18) MNs. Error bars represent SEM of >5 independent experiments with more than
five mice per group (n > 5). Statistical analyses were performed with non-parametric Mann-Whitney test (*P < 0.05, ***P < 0.001, n.s. represents no significant difference

detected).

Discussion

Here, we discovered that Smcr8 deficiency disrupts MN axonal
transport and lysosomal functions, leading to axonal swellings,
which in turn contributes to motor behavior deficits in mice.
The expression of Smcr8, like that of C9orf72, is reduced in
mouse models and patient tissues. Smcr8 deficiency exacerbates
axonal swellings and DPR gain of toxicity in C9-BAC mouse
models, providing new insights into the pathogenesis of
COALS/FTD.

Using genetic KO mouse models, for the first time, our studies
discovered Smcr8’s neuronal and behavioral functions in vivo.
Specifically, Smcr8 promotes autophagy-lysosomal functions
in MNs. It has been reported that local homeostasis of axon
terminals, in comparison to dendrites or spines, is particularly
vulnerable to autophagy impairment (45,46). Indeed, progressive
axonal dystrophic swellings were identified as early and
pronounced deficits in Smcr8 mutant mice. Although Smcr8 is
widely expressed, these axonal swellings were mostly detected
in spinal cords and NMJs, not in different brain regions of mutant
mice. These observations are consistent with the notion that

MNs, with their unique long axons, are particularly vulnerable
to the disruption of autophagy-lysosomal pathway (47). With
progressive age, axonal swellings in Smer8~/~ mice become more
severe, which correlates with motor behavior deficits in mutant
mice. Multiple evidences suggest that NF-positive swellings are
axon-derived, including TEM studies and NMJs. Recent studies
suggest that Lamp1l-labeled lysosomal precursors, including
endosomes and autophagosomes, are initiated at the distal
tips of axons and mature via axonal transport toward proximal
regions where luminal proteases can be effectively obtained
(27,29-31). We found that Smcr8 mutant MNs exhibited disrupted
axonal transport of autophagosomes, including reduced net
run speed, run length and retrograde transport. Future studies
should determine the mechanisms underlying the impaired
axonal transport in Smcr8~/~ MNs, such as potential deficits
in motor activities, cargo loading, or cargo releasing. It is
also important to investigate to what extent restoring axonal
transport can rescue autophagy-lysosomal degradation and
axonal swelling deficits in Smcr8~/~ MNs. Overall, Smcr8 deletion
impaired axonal transport and autophagy-lysosomal functions,
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Figure 6. Smcr8 deficiency exacerbates autophagy-lysosomal impairment in C9orf72~/~ spinal cords. (A, G, E) Representative confocal imaging of spinal cords from

wild type (WT,

), Corf72~/=, Smcr8~/~ and C9orf72~/~; Smcr8~/~ dKO mice at 7 months of age. Goronal sections were stained with antibodies against Lamp1 (red),

NF (green), or p62 (green). Hoechst stains nuclei. White arrowheads represent axonal swellings with the co-localization of Lamp1 and NF. Scale bars: 20 pm. (B, D, F)
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area, or numbers of p62-positive puncta per cell (F). All data are presented as

mean + SEM using measurements averaged from >3 sections of each mutant mice (n=3). Statistical analyses were performed with one-way ANOVA with Bonferroni
correction’s post hoc test (*P < 0.05, **P < 0.01); n.s. represents no significant difference detected.

which resulted in axonal swellings contributing to motor deficits
in mutant mice.

Our Smcr8 studies provided new mechanistic insights
into C9ALS/FTD pathogenesis from the loss-of-function per-
spective. We and others previously reported that C9orf72
and Smcr8 form a protein complex and regulate autophagy
(11-17). Although these studies linked C9orf72 with autophagy,
neuronal deletion of C9orf72 failed to produce neurodegen-
eration and motor deficits in mice (24). Whether and how
autophagy-lysosomal functions are impaired in C9ALS/FTD in
vivo remain unknown. We found that expression of Smcr8,
like C9orf72, is reduced in CO9ALS/FTD mouse models and
patient tissues; Smcr8 heterozygous or homozygous mice
displayed motor deficits; Smcr8 heterozygosity exacerbated
axonal swellings in C9-BAC mouse models. Therefore, these
results provide the in vivo evidences that Smcr8 downregulation
impaires the autophagy-lysosomal function, which in turn
promotes axonal degeneration in C9ALS/FTD. In addition
to axonal swellings, Smcr8 deficiency also exacerbated poly
(GA) and poly (GP) gain of toxicity, highlighting the cross
talk between loss- and gain-of-function in the pathogenesis
of CO9ALS/FTD. It is possible that Smcr8 downregulation
impaires the autophagy-lysosomal degradation of poly (GA)/(GP).

Alternatively, Smcr8 deficiency may promote cellular stress
and result in the increased DPR biogenesis. Future studies
should identify mechanisms by which Smcr8 deficiency-
mediated loss-of-function interacts with gain of toxicity in
CO9ALS/FTD.

We uncovered C9orf72’s neuronal functions in promoting
autophagy-lysosomal degradation. Whereas C9orf72 deletion
alone produced no neurodegeneration or MN deficits, its absence
in the background of Smcr8 KO exacerbated Lampl-positive
organelle accumulation, p62 elevation and axonal swellings in
spinal cords as well as NMJ swellings, all of which were more
severe in dKO than single Smcr8/~ mutant mice. These results
suggest that C9orf72, like Smcr8, promotes autophagy-lysosomal
functions and prevents axonal degeneration. C9orf72’s neuronal
functions were manifested in the absence of Smcr8, suggesting
that these neuronal functions are dominated by the presence
of Smcr8 under physiological conditions. We speculate that
Smcr8 has similar but more potent neuronal functions than
C9orf72 in regulating autophagy-lysosomal degradation; they
act in parallel, not in a single linear pathway, such that
Smcr8 can compensate for the loss of C9orf72 but not vice
versa. Overall, our studies provided the first comprehensive
functional studies of Smcr8 in neurons in vivo, and uncovered
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Figure 7. C9orf72 deficiency promotes terminal axon degeneration of Smcr8/~ NMJs. (A-C) Representative confocal imaging of diaphragms from wild type (WT),
C9orj72’/*, Smcr8~/~ and C9orf72~/~; Smcr8~/~ dKO mice. Diaphragms from 7-month-old mice were stained with antibodies against NF (red), Lamp1 (blue), and
acetylcholine receptor AChR (green). Hoechst stains nuclei. Inserts in top panels are enlargements of white boxed areas in individual panels. Scale bars: 50 um. (D,
E) Quantification of the numbers of axonal swellings associated with each AChR receptor, and sizes of axonal swellings. All data are presented as mean =+ SEM using
measurements averaged from >3 sections of each mutant mice (n=3). Statistical analyses were performed with one-way ANOVA with Bonferroni’s post hoc test; n.s.

represents no significant difference detected (*P <0.05, **P <0.01).

C90rf72’s neuronal functions in autophagy-lysosomal pathway.
Furthermore, Smcr8 deficiency exacerbates axonal swellings and
gain of toxicity in C9-BAC mice, suggesting of the interaction
between loss- and gain-of-function in the pathogenesis of
CO9ALS/FTD.

Materials and Methods
Mice

To generate Smcr8P9e/f9e mutant mice, Smcr8™LKOMPVId embry-
onic stem (ES) cells were obtained from the KO mouse project
repository at the University of California, Davis. The majority of

Smcr8 exon 1 was replaced by a cassette containing lacZ-polyA
followed by a loxP-flanked hUbCpro-neo-polyA sequence. The
Mouse Genetics Core Facility at National Jewish Health in Denver
performed the ES cell injections into C57BK/6N blastocysts.
The chimeric offsprings were mated to 129S1/SvimJ mice for
germline transmission. Germline-transmitted heterozygous
females were crossed with CMV-Cre males to remove the Neo
cassette. Smcr8/~ mice were backcrossed into C57BL/6] for
four generations. C9-BAC mice (Cat#: 029099) were ordered from
Jackson laboratory, and were backcrossed into C57BL/6] for four
generations. All animal studies were conducted under protocols
approved by the Institutional Animal Care and Use Committee
at the University of Georgia or University of Southern California.
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Figure 8. Smcr8 deficiency promotes axonal swellings in C9-BAC mice. (A-D) Representative confocal imaging of 9-month-old mouse diaphragms stained with antibodies
against NF (NF, red), and acetylcholine receptor AChR (green). White arrowheads represent NF-positive axonal swellings or Lamp1-positive puncta, which are rarely
detected in WT controls. Upper right panels are enlargements of white boxed areas in merged panels. Scale bars: 10 (upper panels) and 20 pm (bottom panels). (E)
Quantification of NMJs with swellings. All data are presented as mean -+ SEM using measurements averaged from >3 sections of each mutant mouse (n > 3). Statistical
analysis was performed by one-way ANOVA analysis with Bonferroni correction (*P < 0.05).

Mutant characterization, immunofluorescence staining
and western blot analysis

Histological processing and immunohistochemical labeling
of sections were performed as described previously (48,49).
Mice were anesthetized with CO, and perfusion-fixed with
4% paraformaldehyde (PFA). Spinal cords were harvested
and post-fixed in 4% PFA, washed with PBS and immersed
in 25% sucrose overnight at 4°C followed by standard OCT
embedding and coronal sectioning. The following primary
antibodies were used: anti-Lampl (1D4B, DSHB), anti-p62
(610832, BD Biosciences), anti-160 kD NF Medium (ab65845,
Abcam), anti-NF H, Nonphosphorylated (SMI 32, Biolegend),
anti-beta Galactosidase (CGAL-45A-Z, Immune Systems), anti-
GFAP (MAB3402, EMD Millipore), anti-Ibal (019-19741, Wako),
anti-LC3 (5F10, NanoTools), Tuj1 (T3952, Sigma), ChAT (AB144P,
EMP Millipore), GA (MABN889, Millipore) and poly GP (24494-
1-AP, Proteintech). The secondary antibodies used were Alexa
488, Alexa 555 and Alexa 647 conjugated to specific IgG types
(Invitrogen Molecular Probes). Axonal staining was performed
by Bielschowsky staining with Hito Bielschowsky OptimStain™
Kit (Hito Biotec) according to the manufacturer’s protocol. X-gal
activity was assessed by incubating sections with LacZ staining
solution (1 mg/ml of X-gal, 5 mM potassium ferrocyanide, 5 mM
potassium ferricyanide and 2 mM MgCl, in PBS) overnight at
37°C.

TEM

Spinal cords were fixed in 2% PFA plus 2.5% glutaraldehyde
in 0.1 M Sodium Cacodylate buffer (PH=7.4) for 24 h at
4°C. Tissues were embedded and sectioned for TEM by the
Department of Pathology, EM Division at the University of
Georgia.

Mouse MN isolation, transfection and live imaging

Isolation and culture of spinal cord motoneurons from E 13.5
mice were performed as previously described (50). Spinal cords
were isolated and dorsal root ganglia were removed carefully.
MNs were enriched by lectin-based purification. Isolated cells
were plated onto poly-DL-ornithine hydrobromide/laminin
(Sigma) coated 35 mm glass bottom culture dishes (MatTek).
Cells were cultured in Neurobasal medium (Invitrogen) with
1 x B27 supplement (Invitrogen), 5% inactivated horse serum
(Invitrogen), 1% Glutamax (Invitrogen) and 10 ng/ml CNTF at
37°C in a 5% CO, incubator. Half the volume of culture medium
was exchanged every 2 days. At 4 days in vitro (DIV4), neurons
were transfected using NeuroMag transfection reagent (Oz
Biosciences) as previously described (51). Briefly, 1 h before
magnetofection, complete medium was replaced with serum-
free Neurobasal/B27/Glutamax medium. Plasmid DNA (1.5 ng)
was incubated with 4 pl Neuromag in 300 pl OptiMEM for
15 minute, and then added drop-wise to the cultures. Cells
were incubated on top of a magnetic plate (Oz Biosciences) for
15 minute and complete medium was restored after 1 h. For live
cell imaging, 35 mm glass bottom dishes containing normal
growth medium were mounted in a temperature-controlled
stage and maintained at 37°C and 5% CO, conditions. Cells were
visualized at DIV6-9 on a Zeiss LSM 710 confocal microscope
using a 100 x oil-immersion lens. Digital images were acquired
with a camera using ZEN software. Laser lines at 488 nm were
used. Time-lapse sequences of 1024 x 1024 pixels were collected
at 7.8 second intervals for 15 minute.

Transport analysis

Kymographs were generated using the Image J plugin Kymo-
graph  (https://www.embl.de//eamnet/html/kymograph.html).
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Figure 9. Smcr8 deficiency exacerbates gain of toxicity in C9-BAC mice. (A) Representative imaging of coronal sections stained with antibodies against poly (GA) (green).
Age-matched 7-month-old mice were used to prepare sections in the area of spinal cords. Scale bars: 5 pm. (B) Quantification of the percentage of cells with poly (GA)
puncta out of total cells from 3 WT, 4 C9-BAC and 4 Smcr81/~;C9-BAC mice. (C) Representative imaging of coronal sections stained with antibodies against poly (GP)
(red). Age-matched 7-month-old mice were used to prepare sections in the area of spinal cords. Scale bars: 5 pm. (D) Quantification of the percentage of cells with poly
(GP) puncta out of total cells from 4 WT, 4 C9-BAC and 3 Smcr81/~; C9-BAC mice. Error bars represent SEM of four independent experiments. Statistical analyses were
performed with one-way ANOVA with Bonferroni’s post hoc test (*P < 0.05, **P < 0.01 and ***P <0.001).

Net run speeds and lengths of vesicle movement were calculated
by drawing a slope from the beginning to the end of the
run on the kymograph. The transport direction was manually
determined: vesicles were classified as retrograde (moved >
1.5 pm in the retrograde direction), anterograde (moved > 1.5 pm
in the anterograde direction) or stationary (moved <1.5 pm
during the duration of the 15 minute video). The percentage
motility of vesicles along the axon (retrograde, anterograde or
stationary) was calculated as a percentage of the total number
of imaged vesicles per neuron. The instantaneous velocities
were quantified by Image J’s TrackMate v3.4.2 plugin (52), and
stalls were defined as a vesicle with velocity < 0.1 pm/s for >8s.
The numbers of stalls per trace were calculated with a custom
Python script.

NM]J analysis

Muscles were fixed for 10 minute in freshly prepared PBS con-
taining 4% (w/v) PFA. After washing with PBS, further connective
tissues were detached from the muscles, and individual fibers
were carefully teased apart to facilitate antibody penetration.
Muscles were permeabilized with 2% Triton X-100 in PBS for

30 minute and then blocked in 4% BSA and 1% Triton X-100 in
PBS for 30 minute. Samples were incubated overnight at 4°C in
blocking solution with a-Bungarotoxin, Alexa Fluor™ 488 con-
jugate (1:500 dilution), and primary antibodies against NF (2H3,
1: 70 dilution) and Lamp-1 (1D4B, 1:70 dilution) to visualize the
AChRs, axons and lysosomes. The following day, muscles were
washed three times for 10 minute each in PBS before incubation
for 2 h with AlexaFluor 555 and 647 secondary antibodies and
a-Bungarotoxin, Alexa Fluor™ 488 conjugate in PBS in the dark.
Last, muscles were washed three times for 10 minute each in
PBS and mounted on slides with coverslips. A Leica TCS SP8
microscope was used to image the NMJs with Z-stacks at 3 pm
intervals.

Behavioral testing

The experimenter was blind to the animal’s genotype during
all tests. Open filed test was performed using an overhead
SMART video tracking system (Panlab), which measures distance
traveled, time spent in each zone, and speed. The apparatus con-
sisted of a gray open top plastic box (w x d x h: 45 x 45 x 40 cm)
divided into four equal arenas. After a 2 h acclimatization to the



behavioral testing room, each animal was placed in the center
of the open field and left undisturbed for 30 minute. The appa-
ratus was wiped between trials with a 70% ethanol solution. For
rotarod test, an accelerating rotarod (Panlab) was used to analyze
motor coordination and balance. Mice were trained three times
on the rotarod with 4 rpm/minute speed 1 day before testing.
During test conditions, we measured the latency (time) to the
mouse falling from the rotating beam while ramping up the
speed from 4 to 40 rpm over a 5-minute trial period. Mice were
given four trials per day, with an intertrial interval of 20 minute.
The average of the three trials was used to evaluate latency
to fall. For grip strength, the grip strength of front paws was
measured using a grip strength meter (Bioseb). Each mouse was
held by the tail and lowered toward the apparatus. Front paws
were allowed to grasp the assembly. The mouse was then pulled
backward in the horizontal plane until the pull-bar was released.
The trial was repeated four times, and the force generated by
pulling the animal away from the wire mesh was recorded.

Supplementary Material

Supplementary Material is available at HMG online.
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