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Abstract

G4C2 repeat expansion in C9orf72 causes the most common familial frontotemporal dementia and amyotrophic lateral sclerosis
(C9FTD/ALS). The pathogenesis includes haploinsufficiency of C9orf72, which forms a protein complex with Smcr8, as well as G4C2
repeat-induced gain of function including toxic dipeptide repeats (DPRs). The key in vivo disease-driving mechanisms and how loss-
and gain-of-function interplay remain poorly understood. Here, we identified dysregulation of a lysosome-ribosome biogenesis circuit
as an early and key disease mechanism using a physiologically relevant mouse model with combined loss- and gain-of-function across
the aging process. C9orf72 deficiency exacerbates FTD/ALS-like pathologies and behaviors in C9ORF72 bacterial artificial chromosome
(C9-BAC) mice with G4C2 repeats under endogenous regulatory elements from patients. Single nucleus RNA sequencing (SnRNA-seq)
and bulk RNA-seq revealed that C9orf72 depletion disrupts lysosomes in neurons and leads to transcriptional dysregulation of ribosomal
protein genes, which are likely due to the proteotoxic stress response and resemble ribosomopathy defects. Importantly, ectopic
expression of C9orf72 or its partner Smcr8 in COFTD/ALS mutant mice promotes lysosomal functions and restores ribosome biogenesis
gene transcription, resulting in the mitigation of DPR accumulation, neurodegeneration as well as FTD/ALS-like motor and cognitive
behaviors. Therefore, we conclude that loss- and gain-of-function crosstalk in COFTD/ALS converges on neuronal dysregulation of a

lysosome-ribosome biogenesis circuit leading to proteotoxicity, neurodegeneration and behavioral defects.

Introduction

G4C2 hexanucleotide repeat expansion in the first intron of chro-
mosome 9 open reading frame 72 (CO9ORF72) causes the most com-
mon familial frontotemporal dementia (FTD) and amyotrophic
lateral sclerosis (ALS) (collectively, COFTD/ALS) (1,2). FTD repre-
sents the second most common dementia in patients under age
60 years with degeneration of cortical neurons in frontal and
temporal lobes. ALS is a common motor neuron (MN) disease
that affects the upper and lower MNs and the corticospinal tract.
Dysfunction of cognitive behaviors and language in FTD can often
be detected in up to 50% of ALS patients (3,4). In addition to
clinical overlap, FTD and ALS also share pathological hallmarks
(5,6).Ithas been estimated that COORF72-associated ALS accounts
for about 40% of familial ALS and about 5-10% of sporadic ALS
cases (1,2). Therefore, mechanistic and therapeutic studies of
COFTD/ALS could have broad implications for neurodegeneration
and neurodegenerative disorders.

COFTD/ALS pathogenesis is considered to be attributed to
C90RF72 haploinsufficiency (loss of function) and gain of toxicity.
The latter acts through toxic RNAs from repeat transcription as
well as dipeptide repeat proteins (DPRs) due to repeat-associated
non-AUG (RAN) translation (7-10). RNA foci containing sense
G4C2 and antisense G2C4 are detected in patient tissues and may
sequester RNA-binding proteins (RBPs) leading to a loss of normal
RBP function (2,11-13). RAN translation produces various DPRs,
including poly-glycine-arginine (GA) and poly-glycine-arginine

(GR) from sense G4C2 transcripts, poly-proline-alanine (PA) and
poly-proline-arginine (PR) from antisense G2C4, and poly-glycine-
proline (GP) from both sense and antisense repeat transcripts.
DPR accumulation has various pathological consequences,
including deficits in mitochondrial function, ER/oxidative stress,
nucleocytoplasmic transport, proteasome regulation and stress
granule dynamics (7,8,10). Among these gain-of-toxicity mech-
anisms, ribosome biogenesis and translational dysregulation
are well described. Poly(GR) and poly(PR) are enriched in the
nucleolus, the site of ribosome biogenesis. They directly bind
to ribosome proteins (RPs) and inhibit ribosome, disrupt stress
granule dynamics and translation, leading to neurotoxicity and
neurodegeneration (14-16). In spite of these studies, the early
and key in vivo disease mechanisms driving gain of toxicity in
CO9FTD/ALS remain unclear.

C9orf72 forms a protein complex with Smcr8, both of which are
downregulated in CO9FTD/ALS patient tissues and mouse models
(10). C9orf72 or Smcr8 depletion exacerbates the gain of toxicity
(17-19), leading to more severe neurodegeneration and behavioral
deficits compared to that in loss- or gain-of-function mouse
models alone (18,20). These studies suggest loss- and gain-of-
function crosstalk in COFTD/ALS pathogenesis, but the underlying
mechanisms remain largely unclear. C9orf72/Smcr8-containing
complex regulates autophagy-lysosome functions, disruption of
which leads to proteotoxic stress. We previously reported that
C9orf72 or Smcr8 depletion leads to mTORC1 overactivation due
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to impaired lysosomal degradation and exocytosis (21), while
mTORC1 activation inhibits autophagy-lysosomal functions and
promotes protein synthesis (22), which further strengthens
proteotoxic stress. These studies have been performed in
macrophages from C9orf72 and Smcr8 knockout (KO) mice (21).
Interestingly, another contributing factor to proteotoxic stress
may be ribosome biogenesis dysregulation (23,24) which can occur
in COFTD/ALS due to DPR binding and sequestering of RPs, leading
to abnormal orphan RP accumulation (14,15). These studies
raise the possibility that DPR accumulation-mediated ribosome
biogenesis defects overload a C9orf72-deficient autophagy-
lysosome system and leads to exacerbated proteotoxic stress.
This may underlie the gain- and loss-of-function crosstalk in the
neurodegeneration characteristic of the disease.

Here, we report that C9orf72 deficiency promotes DPR accu-
mulation and behavioral deficits in C9-BAC mice, revealing loss-
and gain-of-function crosstalk. Conversely, ectopic expression
of C9orf72 or Smcr8 in CO9FTD/ALS mutant mice mitigates
DPR accumulation, neurodegeneration and behavioral deficits.
Mechanistic studies reveal that the combinatorial dysregulations
in autophagy-lysosome system and ribosome biogenesis lead
to exacerbated proteotoxic stress and COFTD/ALS pathologies,
which results in neurodegeneration and abnormal cognitive and
motor behaviors.

Results

C9orf72 deficiency induces motor and cognitive
behavioral abnormalities in C9-BAC mice

We previously reported that C9-BAC mice with complete C9orf72
loss exhibited motor behavioral deficits (20), but the effects of
C9orf72 haploinsufficiency remained uncharacterized. We gen-
erated C9-BAC mice with different dose reductions of C9orf72.
Western blots (WBs) from central nervous system (CNS) tissues
confirmed C9orf72 and Smcr8 protein dose reduction in the back-
ground of C9-BAC mice (Fig. 1A, Supplementary Material, Fig.
S1A and B). Atg101 is associated with the C9orf72/Smcr8 protein
complex (25), and its protein levels were not changed, suggesting
specificity of C9orf72 dose reduction (Fig. 1A).

To examine how C9orf72 haploinsufficiency affects motor
behaviors of C9-BAC mice, we raised a cohort of WT, C9-BAC
and C9orf72/~;C9-BAC mice. Previous studies reported that
these C9-BAC female mice displayed more robust and consistent
phenotypes than male mice (26). Therefore, we focused on female
mice for behavioral studies. C9orf/2 heterozygous or homozygous
knockout alone in mice did not produce neurodegeneration or
motor deficits (27). C9orf72 complete loss, which does not occur
in CO9FTD/ALS patients, led to autoimmune disorders in mice
(28,29). For these reasons, and for reducing total animal usage,
we excluded C9orf72*/~ and C9orf72~/~ mice from our behavior
studies. There were no significant differences among WT, C9-
BAC and C9orf72+/~;C9-BAC mice in their survival and body
weights around 10-12 months old (data not shown), when motor
behavior tests were started. Aged mice with different genotypes
also exhibited similar body weights (Supplementary Material, Fig.
S1C), although we could not track their survival due to COVID-
19. We measured their motor coordination and balance using an
accelerating (5-40 rpm in 5 min) rotarod test. Mice were given
three to five trials per day for four consecutive days with an
intertrial interval of 20 min. At 10-12 months, C9orf72+/‘;C9—
BAC mice exhibited decreased latency to fall at day 3, while
C9-BAC mice did not (Fig. 1B and C). For the 18- to 20-month-
old group, both types of mice had motor coordination defects at
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day 4 (Fig. 1D). WT and C9-BAC mice at 10-12 months exhibited
an increased time on the rotarod during the course of these
four consecutive days, suggesting a capacity to actively learn
(Fig. 1C). In contrast, C9orf72+/~;C9-BAC mice did not show obvious
improvement (Fig. 1C), indicating motor learnings deficits, which
occurred in both C9-BAC and C9orf72+/~;C9-BAC mice at 18-
20 months (Fig. 1D). Next, we performed grip strength tests and
found that C9orf72 haploinsufficiency induced motor strength
defects in C9-BAC mice (Fig. 1E). Together, these results suggest
that C9orf72 haploinsufficiency induced motor behavioral deficits
in C9-BAC mice.

To determine how C9orf72 haploinsufficiency impacts social
cognitive behaviors of C9-BAC mice, we performed a three-
chamber assay. C9-BAC mice exhibited comparable sociability
as WT mice. Both groups showed stronger preference for the
stranger mouse than the object (data not shown). While in
the social novelty session, WT mice spent significantly more
time interacting with stranger 2 (S2) compared to stranger 1
(S1) mice at both adult and aged stages. In contrast, there
was no significant difference in social interaction time with S1
versus S2 mice for C9-BAC as well as C9orf72*/~;C9-BAC mice
(Fig. 1F and G). These results suggest that C9-BAC mice with and
without C9orf72 haploinsufficiency developed social memory
defects. Next, we performed novel object recognition tests to
measure hippocampus-dependent recognition memory. There
was no difference between WT and C9-BAC mice in novel object
preference (Fig. 1H). In contrast, C9orf72+/~;C9-BAC mice displayed
novel object recognition defects at 18-20 months (Fig. 1H).
Together, these results suggest that C9orf72 haploinsufficiency
induced cognitive behavioral deficits in C9-BAC mice.

C9orf72 haploinsufficiency exacerbates DPR
accumulation in C9-BAC mice

It has been reported that CO9ORF72 activity promotes dipeptide
poly(PR) clearance in motor neurons (MNs) derived from patient
induced pluripotent stem cells (30). We hypothesized that C9orf72
deficiency promotes the accumulation of DPRs, which contributes
to motor and cognitive behavioral abnormalities in C9FTD/ALS
mouse models. To test this hypothesis, we focused on poly(GA)
and poly(GP) due to the commercial availability of their anti-
bodies. In addition, the number of inclusions of poly(PR) and
poly(PA) is relatively low in postmortem COFTD/ALS patient brains
(31,32). It has been reported that poly(GA) is toxic in various cell
types and animal models (33-35); ectopic expression of poly(GA)
triggered motor deficits in mice (36). Immunohistochemical (IHC)
staining showed that poly(GA) and poly(GP) are mainly expressed
in neurons in brains (Supplementary Material, Fig. S2). In contrast
to the absence of poly(GA) in stains of WT mice, poly(GA) was
clearly detected in the motor cortex and spinal cord tissues
of 10- to12-month-old C9-BAC mice (Fig. 2A and C). Importantly,
C9orf72 haploinsufficiency significantly increased the percentage
of poly(GA)-positive cells in C9-BAC mice (Fig. 2A-D). Similar IHC
stains were performed and found that poly(GP) is also expressed
in the motor cortex and spinal cord tissues of C9-BAC mice at a
reduced frequency compared to poly(GA) (Fig. 2E-H). We barely
detected poly(GP) in WT mice, while C9orf72 haploinsufficiency
significantly increased the percentage of poly(GP)-positive cells
in C9-BAC mice (Fig. 2E-H). Interestingly, complete loss of C9orf72
reduced DPRs in C9-BAC mice (Fig. 2B-H), which is likely due to
decreased RAN translation from the loss of ribosome machinery
and will be further discussed below. Together, these results sug-
gest that C9orf72 haploinsufficiency exacerbates DPR accumula-
tion in C9-BAC mice.
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Figure 1. C9orf72 deficiency induces motor and cognitive behavioral abnormalities in C9-BAC mice. (A) Western blot analysis of C9orf72 and Atg101
protein in spinal cord tissues from C9-BAC mice with different C9orf72 dose reductions. g-Actin serves as the loading control. (B) Rotarod tests showed
significant motor coordination defects at day 3 in C9orf72+/~;C9-BAC mice at 10-12 months and at day 4 in both C9-BAC and C9orf72+/~;C9-BAC mice at
18-20 months. (C, D) Learning curves of rotarod test reveal impaired motor learning in C9-BAC mice with C9orf72 half depletion at 10-12 months and
in C9-BAC mice with or without C9orf72 half depletion at 18-20 months. Day 1 (1d) measurement is compared to that of 2d, 3d or 4d. (E) Grip strength
tests reveal motor strength defects in C9-BAC mice with C9orf72 half depletion. (F) Three chamber tests show social memory defects in C9-BAC and
C9orf72+/~;C9-BAC mice. (G) Preference indices in the social memory session of the three-chamber test confirmed the social memory defects in C9-BAC
and C9orf72+/~;C9-BAC mice. (H) Novel object recognition defects in C9orf72+/~;C9-BAC mice but not C9-BAC mice at age of 18-20 months. All data are
presented as mean + SEM using numbers (n=_8-14) of mice as indicated. Statistical analyses were performed with one-way or two-way ANOVA with
Bonferroni’s post hoc test (*P < 0.05, **P <0.01, ***P < 0.001, n.s. represents no significant difference detected).

C9orf72 depletion induces transcriptional
downregulation of ribosomal protein genes in
C9-BAC mice

To investigate molecular mechanisms underlying C9orf72 deficiency-

induced pathologies and behavioral abnormalities in C9-BAC
mice, we performed single nucleus RNA sequencing (SnRNA-seq)
on frontal cortex tissues from 10-month-old mice. It is technically
challenging to effectively isolate viable single cells in aged adult
mouse brains, so we chose the single nucleus as opposed to the
single cell approach. Given relatively mild phenotypes induced by
C9orf72 haploinsufficiency, we included C9orf72~/~;C9-BAC in our
snRNA-seq studies. We collected frontal cortex tissues from WT
and C9-BAC mice with different dose reductions of C9orf72 (n=4
per group) to control for variability in the dissection. We captured
about 17 975 single nuclei and sequenced a median of 1885 genes
per nucleus. Considering that nuclear RNAs were profiled, 54.2%
of unique molecular identifiers were mapped to exons and 31.5%

to introns. Therefore, the gene expression profiles of nuclei likely
reflected nascent transcripts and the cellular transcriptome.
After unbiased clustering of nuclear profiles, cell-type identity
was defined based on the top differentially expressed genes
(DEGs) and expression of known cell-type marker genes. We
identified 15 primary cell types (Fig. 3A), including four types
of excitatory neurons (Ex1-4), three types of inhibitory neurons
(In1-3), medium spiny neurons, astrocytes (Ast), oligodendrocytes
(Oligl-2), oligodendrocyte precursor cells, microglia, enteric glia,
and vascular endothelial cells (VECs). These cell cluster markers
and their constituent cell types were well separated (Fig. 3A),
suggesting that our snRNA-seq data were of high integrity.

There were no significant changes in the numbers of individual
cell types among WT and C9-BAC mice with different dose
reduction of C9orf72 (Fig. 3B). In all groups, excitatory neurons
accounted for the most abundant cell types. These results suggest
that there is no significant reduction of specific cell types, which
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Figure 2. C9orf72 haploinsufficiency exacerbates DPR accumulation in C9-BAC mice. (A, C, E, G) Representative confocal images of coronal sections
stained with antibodies against poly(GA) (red) and poly(GP) (green). Age-matched 10- to 12-month-old mice were used to prepare sections in the areas of
the motor cortex (A, E) and spinal cord (C, G). Lower panels are enlargements of white boxed areas in upper panels. Scale bars: 8 um (upper panels); 2 um
(lower panels). (B, D, F, H) Quantification of the relative numbers of GA- and GP-positive cells out of total cells among age-matched mice with different
genotypes as indicated. Error bars represent SEM of four independent experiments; 12-16 CNS sections from each genotype were counted in each
experiment. Statistical analyses were performed with one-way ANOVA with Bonferroni’s post hoc test (n=4-6 mice, *P <0.05, **P <0.01, ***P <0.001),

n.s. represents no significant difference detected.

is consistent with the absence of neurodegeneration in mutant
brains at this stage (Supplementary Material, Fig. S7). Next, we
examined DEGs in each cell type between WT and C9orf72+/~;C9-
BAC mice (Fig. 3C), which is the most representative genotype for
modeling COFTD/ALS. DEGs in C9orf72*+/~;C9-BAC mice overlap
with neurodegenerative disease-related genes, which are obtained
from Neurodegeneration Disease Variation Database (NDDVD)
(Fig. 3C). Hierarchical clustering based on log-transformed
relative (fold) changes of DEGs in each cell type revealed that
the top downregulated genes in C9-BAC with different C9orf72
dose reduction belong to the ribosomal protein (RP) genes,
which are most severely downregulated in C9orf72~/~;C9-BAC
brains at different cell types, including excitatory neurons
(Fig. 3D), microglia (Fig. 3E), astrocytes (Supplementary Material,
Fig. S3A), interneurons (Supplementary Material, Fig. S3B) and
oligodendrocytes (Supplementary Material, Fig. S3C). The number
of upregulated and downregulated DEGs was similar between
WT and C9orf72~/~;C9-BAC mice (Supplementary Material, Fig.
S3D). We also identified upregulated genes enriched in the
cellular stress response in C9orf72~/~;C9-BAC mice, providing a
DEG example for an alternative pathway to proteotoxic stress
(Supplementary Material, Fig. S3E). In addition, the expression of
the housekeeping genes is identical among different genotypes
(Supplementary Material, Fig. S3F). These results support the
idea that there is no systematic bias of our snRNA-seq analysis.
Furthermore, RT-PCR analysis confirmed the upregulation of
ribosome biogenesis genes Rps6 and Rps7a in C9orf72~/~:C9-BAC
mice (Fig. 3F). The loss of ribosome biogenesis machinery due to
RP gene downregulation is expected to decrease RAN translation.
Indeed, we found that poly(GA) and poly(GP) were signifi-
cantly reduced in C9orf72~/~;C9-BAC compared to C9orf72+/~;C9-
BAC mice (Fig. 2D, F, GandH). Together, these results sug-
gest that CY9orf72 depletion induced a robust transcriptional

downregulation of RP genes in C9-BAC brains, connecting
lysosomal dysfunctions with ribosome biogenesis defects in
COFTD/ALS.

C9orf72 or Smcr8 mitigates lysosomal
abnormalities in COFTD/ALS mutant mice

After C9orf72 loss-of-function perturbation, we investigated
whether C9orf72 ectopic expression can mitigate COFTD/ALS-like
pathologies and behaviors. We previously showed that C9orf72
forms a protein complex with Smcr8 (25), and Smcr8 deficiency
exacerbates DPR accumulation in C9-BAC mice (19). Therefore, our
gain-of-function perturbation includes both C9orf72 and Smcr8.
We raised a cohort of WT and COFTD/ALS mice (C9orf72+/~;C9-
BAC) and performed retro-orbital injection of AAV-PHP.eB viruses
expressing C9orf72 or Smcr8 at 2-3 months followed by analysis
at 18-20 months (Supplementary Material, Fig. S4A). AAV-PHP.eB
viruses can cross the blood-brain barrier and effectively express
target genes in the CNS (37), especially in the brain and spinal cord
(Supplementary Material, Fig. S4C). WBs confirmed the ectopic
expression of C9orf72 and Smcr8 (Supplementary Material,
Fig. S4C and D). From here on, we refer C9orf72+/~;C9-BAC as
mutant, C9orf72+/*;C9—BAC with AAV-PHP.eB-C9orf72 as AAV-C9
and C9orf72%/~;C9-BAC with AAV-PHP.eB-Smcr8 as AAV-SS.

We previously reported that the C9orf72/Smcr8-containing
complex regulates autophagy-lysosomal functions (25), and
their individual or combined KO led to enlarged lysosomes and
impaired lysosomal functions in macrophages (21). Therefore, we
examined lysosomal morphology by IHC staining on motor cortex
tissues with antibodies against Lamp1l. Despite its localization
in microglia and astrocytes, Lamp1 is mainly found in NeuN-
positive neurons (Supplementary Material, Fig. S5), which are the
most abundant cells in brains. Compared to WT controls, mutant
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Figure 3. Single nucleus RNA-sequencing (snRNA-seq) analysis reveals transcriptional downregulation of ribosomal protein (RP) genes in mutant
mice. (A, B) UMAP visualization reveals 15 clusters in the frontal cortex from 10-month-old WT (5093), C9-BAC (3210), C9orf72%/~;C9-BAC (5090) and
C90rf727/=;C9-BAC (4582) mice. (C) Differentiated expressed genes (DEGs) in individual cell clusters between WT and C9orf72+/~;C9-BAC mice. The right
axis indicates the numbers of DEGs that overlap with neurodegenerative disease-related genes, which are obtained from the Neurodegenerative Disease
Variation Database (NDDVD). (D, E) Heatmap illustrating RP gene expression changes in WT, C9-BAC, C90rf72+/~;C9-BAC and C9orf72~/~;C9-BAC mice
within individual excitatory neurons (D) and microglia (E). (F) RT-PCR analysis of Rps6 and Rps7a mRNA expression in frontal cortex. Z-score value is

used for visualization in snRNA-seq data.

brains exhibited a significant increase in the intensity of Lampl,
suggesting increased proteotoxic stress (Fig.4A and B). AAV-C9
and AAV-S8 expression reduced the aberrant Lamp1 upregulation
(Fig. 4A and B). Lipofuscin is an autofluorescent lipopigment
and its accumulation is an indication of aging-related lysosome
dysfunction (38,39). Altered lysosomal morphology prompted us
to examine its function by focusing on lipofuscin intensity and
its distribution pattern. Compared to WT controls, mutant motor
cortices displayed more intense lipofuscin that is mitigated in
AAV-C9 or AAV-S8 brains (Fig. 4C). Statistical analysis showed that
mutant brains displayed a significant increase in the percentage
of lipofuscin-positive cells, which is reduced by AAV-C9 or AAV-
S8 (Fig. 4D). Lipofuscin aggregation is considered an effector of
aging and represents a risk factor for neurodegeneration (39).
Therefore, we monitored relative ratios between sparse and
aggregated lipofuscin. There is a decrease in the percentage of
sparse lipofuscin-positive cells in mutants, which were restored
by AAV-C9 or AAV-S8 (Fig. 4E and F). Compared to WT, mutant
motor cortices exhibited an increase in the percentage of cells

with lipofuscin aggregations, which is significantly mitigated in
AAV-C9 or AAV-S8 brains (Fig. 4E and F). Together, these results
suggest that ectopic expression of C9orf72 or Smcr8 mitigated the
aberrant lysosomal morphologies and functions in mutant brains.

C9orf72 or Smcr8 mitigates gene dysregulations
in COFTD/ALS mutant mice

It has been reported that aberrant ribosome biogenesis leads
to proteotoxicity and induces stress responses including the
transcriptional downregulation of RP genes (40,41). DPRs bind
and sequester RPs in the nucleolus (14,15), and inhibit ribosome
machine functions (16). Therefore, we interpret the transcrip-
tional downregulation of RP genes by CY9orf72 depletion as
a stress response to the DPR-mediated ribosome biogenesis
disruption in C9-BAC mice. To examine how ectopic expression
of C9orf72 or Smcr8 impacts gene expression in mutant brains,
we performed bulk RNA-seq using a 20-month-old mouse
motor cortex. Hierarchical clustering based on log-transformed
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relative (fold) changes of DEGs revealed that AAV-C9 and AAV-S8
partially reversed both downregulated and upregulated genes in
mutant brains (Fig. SA). Among those 564 downregulated genes
in the mutant motor cortex, ribosome biogenesis and lysosomal
functions are the two pathways mainly enriched (Fig. 5B and C).
Importantly, a significant portion of these downregulated genes
in both pathways were normalized close to WT conditions
(Fig.5Band C). Again the number of the upregulated and
downregulated DEGs in C9orf72+/~;C9-BAC compared to WT mice
was similar (Supplementary Material, Fig. S6A), and mutant
brains exhibited an upregulation of cellular stress response genes
(Supplementary Material, Fig. S6B), suggesting no systematic bias
of our bulk RNA-seq analysis. Together, these results suggest that
ectopic expression of C9orf72 or Smcr8 in mutant mice mitigates

transcriptional downregulation of genes involved in ribosome
biogenesis and lysosomal functions.

C90rf72 or Smcr8 mitigates DPR accumulation
and neurodegeneration in mutant mice

Our C9orf72 loss-of-function perturbation showed that C9orf72
haploinsufficiency exacerbated DPR accumulation in 10- to 12-
month-old C9-BAC mice. Following this, we investigated how
ectopic expression of C9orf72 or Smcr8 impacts DPR accumulation.
There are generally more DPR foci in mutant mice at 20 versus
12-months, suggesting aging-dependent DPR accumulation.
Importantly, the percentage of poly(GA)- and poly(GP)-positive
cells is significantly reduced in AAV-C9 and AAV-S8 mice cortices
compared to mutant motor cortices (Fig. 6A-D). These results
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suggest that ectopic expression of C9orf72 or Smcr8 mitigates DPR
accumulation in C9FTD/ALS mutant brains.

DPR foci reduction in AAV-C9 and AAV-S8 mice prompted us to
examine their impacts on neurodegeneration. We firstly focused
on the motor cortex. IHC staining of NeuN showed that there
was a significant decrease in NeuN-positive cells in mutant mice
compared to WT controls in 18- to 20- but not 10- to 12-month-
old mice (Supplementary Material, Fig. S7A and B). Similarly,
ChAT (choline acetyltransferse)-positive MNs were reduced in
mutant brains in 18- to 20- but not 10- to 12-month-old mice
(Supplementary Material, Fig. S7C and D). These results suggest
that COFTD/ALS-like cortical and motor neurodegeneration can
be modeled in C9orf72+/~;C9-BAC mice. There were no significant
changes in the number of Ibal* microglia and their activation
(Supplementary Material, Fig. S8A-D), nor were there in GFAP*
astrocyte distribution pattern (Supplementary Material, Fig. S8E)
in mutant brains compared to WT controls. This suggests that
cell degeneration is specific to neurons in mutant mice. We also
did not find abnormal expression patterns of nuclear pore protein
Nup98 or TDP-43 in mutant brains (Supplementary Material, Fig.
S8F-H). Importantly, ectopic expression of C9orf72 leads to an
increase in the number of NeuN-positive cells per area, while
AAV-S8 also displayed an increased trend for NeuN-positive cells
(Fig. 7B). Next, we examined ventral horn regions (leftmost panel
in Fig. 7C) of 20-month-old mice. IHC staining of ChAT revealed
a significant decrease in the ChAT-positive MNs in mutants com-
pared to controls (Fig. 7C and D), suggesting MN degeneration in
mutant mice. Both C9orf72 and Smcr8 expression significantly
restored the ChAT-positive MNs (Fig. 7D). These results suggest
that ectopic expression of C9orf72 or Smcr8 is sufficient to reduce
DPR accumulation and neurodegeneration in C9FTD/ALS mice.

C9orf72 or Smcr8 mitigates motor and cognitive
behavioral deficits in COFTD/ALS mutant mice
We previously reported that complete C9orf72 KO induced motor
behavioral deficits in C9-BAC mice (20). Current studies (Fig. 1B-H)
further showed that C9orf72 haploinsufficiency can induce motor
learning and motor strength deficits in C9-BAC mice. Conversely,
we examined how ectopic expression of C9orf72 or Smcr8 impact
motor behaviors in C9orf72+/~;C9-BAC mutant mice. Open field
tests showed no significant differences in total distance traveled
and in time spent in the center zone among WT and mutant
mice with or without AAV-C9 or AAV-S8 (Fig. 8A and B), suggesting
normal locomotion and anxiety. To confirm the anxiety data, we
performed an elevated plus maze test. There were no significant
differences in entries into open arms and in time spent in open
arms among WT and mutant mice with and without C9orf72
or Smcr8 expression (Fig. 8C and D). These results suggest that
there are no increased anxiety defects in mutant mice. We next
performed grip strength assays and found that mutant mice
exhibited reduced motor strength compared to controls (Fig. 8E).
Rotarod assays showed that WT mice displayed a continuous
increase in falling latency, suggesting a normal active learning
process. In contrast, mutant mice had a significant delay in their
motor learning (Fig. 8F). These results suggest that C9orf72+/~;C9-
BAC mutant mice have ALS-like motor behavioral deficits. Impor-
tantly, both motor strength and motor learning deficits were
significantly mitigated by ectopic expression of C9orf72 or Smcr8
(Fig. 8E and F).

To examine cognitive behaviors, we first started with a novel
object recognition test to measure hippocampus-dependent
recognition memory (Fig. 9A). Animal tracks showed that WT
mice spent more time with the novel object versus the familiar
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Figure 6. C9orf72 and Smcr8 reduced DPR accumulation in C9FTD/ALS mutant mice. (A, C) Representative confocal images of motor cortex coronal
sections stained with antibodies against poly(GA) (red in A) and poly(GP) (red in C) in 20-month-old WT and mutant mice with or without the expression
of AAV-C9orf72 or AAV-Smcr8. White arrows represent poly(GA) and poly(GP)-positive foci. White arrows represent poly(GA) and poly(GP)-positive foci.
Scale bars: 20 um. (B, D) Quantification of the percentage of GA- and GP-positive cells out of total cells. Note that AAV-C9orf72 or AAV-Smcr8 significantly
mitigated DPR accumulation in C9TFD/ALS mutant mice. For all analyses, data are presented as mean + SEM. N =3-6 mice with one-way ANOVA with

Bonferroni’s post hoc test (**P < 0.01, ***P < 0.001 and ****P < 0.0001).

one, a pattern which is disrupted in mutant mice (Fig. 9B).
Statistical analysis showed that C9orf72*/~;C9-BAC mutant mice
exhibited reduced preference for the novel object, which is
significantly brought back by ectopic expression of C9orf72 or
Smcr8 (Fig. 9C). Next, we performed a three-chamber test to
examine sociability and social novelty. Compared to the WT
control, C9orf72+/~;C9-BAC mutant mice exhibited a significant
decrease in the discrimination index of sociability and social
memory. Both of these were restored in AAV-C9 or AAV-S8 mice
(Fig. 9D-G). Together, these results suggest that ectopic expression
of C9orf72 or Smcr8 can mitigate cognitive behavioral deficits in
CO9FTD/ALS mutant mice.

Discussion

Here we reported dysregulation of a lysosome-ribosome biogen-
esis circuit, which mediates loss- and gain-of-function crosstalk
and drives COFTD/ALS-like neurodegeneration and behaviors.
Ectopic expression of C9orf/72 or Smcr8 promotes lysosomal
functions and restores transcriptional dysregulation of ribosome
biogenesis genes. This in turn leads to the mitigation of DPR
accumulation, neurodegeneration, and FTD/ALS-like motor and
cognitive behaviors.

Our genome-wide unbiased studies revealed that transcrip-
tional downregulation of RP genes is a major outcome of
C9orf72 depletion in C9-BAC mice, which shows lysosome and
ribosome biogenesis defects converge to cause proteotoxic stress.
Recent research on ribosomopathies (23,24), a group of human
disorders caused by mutations in ribosome biogenesis factors
(42-45), corroborates this idea, showing that ribosome biogenesis
impairment leads to proteotoxic stress, which can be relieved
by promoting autophagy-lysosomal functions (23,24). Similarly,
accumulated DPRs localize to the nucleolus, the site of ribosome

biogenesis, and bind to RPs, causing proteotoxic stress (14,15).
This can be further exacerbated by C9orf72 deficiency-mediated
lysosome impairment. Therefore, it appears that proteotoxicity is
a converging point for both DPR mediated ribosome biogenesis
defects and C9orf72 haploinsufficiency-mediated lysosomal
impairment (Fig. 9H), which underlies the crosstalk between gain
of function and loss of function. Aberrant ribosome biogenesis
leads to proteotoxicity and induces stress responses, including
the transcriptional downregulation of RP genes (40,41). We found
a transcriptional downregulation of RP genes upon C9orf72
depletion in C9-BAC mice. Furthermore, complete C9orf/72 loss
led to reduced, rather increased, DPR accumulation, which
is likely caused by impaired RAN translation due to the loss
of ribosome biogenesis machines. These results suggest that
transcriptional downregulation of RP genes is likely a stress
response to the aberrant ribosome biogenesis in CO9FTD/ALS mice.
Importantly, C9orf72- or Smcr8-mediated lysosomal promotion
not only restores RP transcription, but also mitigates DPR
accumulation, neurodegeneration and behavioral abnormalities
in COFTD/ALS mice, suggesting the functional importance of this
lysosome-ribosome biogenesis circuit. These studies suggest that
COFTD/ALS is a ribosomopathy-like disorder, which echoes the
nucleolar stress in C9orf72 and sporadic ALS MNs preceding TDP-
43 mislocalization (46). Future studies should investigate if abnor-
mal accumulation of orphan RPs due to nucleolar dysfunctions
by DPRs (23,24) overload the autophagy-lysosomal degradation
system, leading to proteotoxic stress and neurodegeneration in
COFTD/ALS.

The C9-BAC mice (26) used in this study were reported to have
inconsistent survival and motor behavioral phenotypes from dif-
ferent laboratories (47,48). Our C9FTD/ALS mouse (C9orf72+/~;C9-
BAC) studies are different from previous research for the following
reasons. First, we changed the background of the original C9-BAC
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Figure 7. C9orf72 and Smcr8 reduced neurodegeneration in COFTD/ALS mutant mice. (A) Representative confocal images of motor cortex coronal
sections (diagram in leftmost panel) stained with antibodies against NeuN (red) in 20-month-old WT and mutant mice with or without the expression
of AAV-C90rf72 or AAV-Smcr8. Scale bars: 200 um. (B) Quantification of NeuN-positive cells per mm?. (C) Representative confocal images of spinal
cord ventral horn sections (diagram in the leftmost panel) stained with antibodies against ChAT (red) in 20-month-old mice. Scale bars: 50 pm.
(D) Quantification of ChAT-positive cells per section. For all analyses, data are presented as mean + SEM. N=4-7 mice with one-way ANOVA with
Bonferroni’s post hoc test (*P < 0.05, **P <0.01 and **P < 0.001, n.s., not significant).

mice from FVB to C57BL/6, as FVB mice are more sensitive to
excitotoxicity and exhibit more extensive neuronal death
compared to C57BL/6 mice (49,50). Second, our mice combined
CYorf72*/~ heterozygous with C9-BAC, while previous studies used
C9-BAC mice alone. Third, we performed studies at 18-20 months,
while previous studies used about 1-year-old C9-BAC mice. In
these C9orf72+/~;C9-BAC mice, we identified COFTD/ALS-like
pathologies, including DPR accumulation and neurodegeneration,
as well as cognitive and motor behavioral abnormalities. However,
we did not detect microglia and TDP-43 abnormalities in these
mice. We did not detect robust poly(PR) and poly(PA) signals
in CNS tissues of C9orf72+/~;C9-BAC mice, which is consistent
with the reports that the number of inclusions for poly(PR) and
poly(PA) is relatively low in postmortem patient brains (31,32).
Due to COVID-19, we were not able to monitor the survival of
CYorf72*/~;C9-BAC mice.

Collectively, our studies identified dysregulation of a lysosome-
ribosome biogenesis circuit in CO9FTD/ALS mouse models in vivo.
Functional studies showed that breaking this vicious circuit is

capable of arresting DPR pathologies and neurodegeneration,
leading to the mitigation of cognitive and motor behavioral
abnormalities. Interventions that promote lysosomal functions,
normalize ribosome defects, or have their combinations could
form the basis of therapeutic strategies for treating COFTD/ALS.

Materials and Methods

Animals

All experimental procedures used in this study were approved by
the Institutional Animal Care and Use Committee at the Univer-
sity of Southern California. C9orf72 knockout (Cat#: 027068) and
C9-BAC mice (Cat#: 029099) were ordered from Jackson laboratory.

Virus injection

Mice were given retro-orbital injection of AAV virus as previously
described (51). Mice were briefly anesthetized with 3% isoflurane.
Then, 200 uL of AAVPhPeB-CMV-C9orf72-EGFP or AAVPhP.eB-
CMV-Smcr8-EGFP with a titer of 1.1E 4 14 gc/ml (Penn Vector Core,
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Figure 8. C9orf72 and Smcr8 mitigated motor behavioral deficits in COFTD/ALS mutant mice. (A, B) Open field assays revealed no differences in total
distance traveled (A) and in time spent in the center (B) among WT, mutant and rescue group mice. (C, D) Elevated plus maze assays revealed no
difference in entries into open arm (C) and in time spent in open arms (D) among WT, mutant and rescue group mice. (E) Grip strength tests showed
that AAV-C9orf72 or AAV-Smcr8 significantly mitigated motor strength defects in COTFD/ALS mutant mice. (F) Rotarod tests showed that AAV-C9orf72 or
AAV-Smcr8 significantly mitigated motor strength defects in COTFD/ALS mutant mice. Behavior tests were performed at 18-20 months. For all analyses,
data are presented as mean + SEM. N=11-17 mice with one-way ANOVA with Bonferroni’s post hoc test (**P <0.01, ***P < 0.001 and ****P < 0.0001).

Philadelphia) was injected into the retro-orbital sinus with a 30 G
needle and a 0.5 ml syringe. The mice were placed on the heating
pad for recovery.

Behavioral testing

The experimenter was blind to the animal’s genotype during
all tests. A cohort of mice was analyzed using the following
behavioral assays. Open field: The subject mouse was placed in
the empty arena (40 cm x 40 cm) and allowed to freely explore
for 15 min. The total distance traveled and time spent in the
center zone were recorded and automatically measured by using
Smart v3.0 (Panlab Havard Apparatus). Elevated plus maze: The
subject mouse was placed in the center platform of the elevated
plus maze apparatus (open arms: 25 x5 x 0.5 cm; closed arms:
25 x 5 x 16 cm) facing the open arm and allowed to freely explore
for 10 min. The number of entries and time spent in center zone,
open arms and closed arms were recorded and measured by
using SMART v3.0 (Panlab Havard Apparatus). Rotarod test: An
accelerating rotarod (Panlab) was used to analyze motor coordi-
nation and balance. Mice were trained three times on the rotarod
with 4 rpm 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-min trial period. Mice were given three or five trials per day,
with an intertrial interval of 20 min. The average of the three
trials was used to evaluate latency to fall. Grip strength: 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 backwards in the horizontal plane until
the pull bar was released. The trial was repeated four times, and
the highest force generated by pulling the animal away from the
wire mesh was recorded. Three-chamber social interaction test:
This was performed in a Plexiglas box containing three compart-
ments connected by small openings that allowed mice free access
to each compartment. The subject mouse was first placed in the
middle chamber with side doors open to allow it to freely explore
the three empty chambers. After 10 min of habituation, the mouse
was gently guided to the middle chamber and side doors were
closed. A stranger mouse was placed in the inverted wire cage
in one side chamber and an empty wire cage was placed in the
other side chamber. Then, the side doors were opened and the
subject mouse was allowed to freely explore the chambers for
10 min. After this period, the subject mouse was again guided into
the middle chamber and the side doors were closed. A second
stranger mouse was placed in the previous empty wire cage.
The side doors were opened, and the subject mouse was allowed
to freely explore for another 10 min. The amount of time that
the subject mouse spent sniffing each wire cage was quantified
and the preference index was calculated as (Ts1— Te)/Ts1+ Te) *
100% and (Ts2—Ts1)/Ts2+ Ts1) * 100%. Here, Te, Ts1 and Ts2
represent the time spent exploring empty, stranger 1 and stranger
2 wire cage, respectively. Novel object test: This test consists of
habituation, familiarization and test phases. In the habituation
phase, subject mice were placed in the center of a clean mouse
cage and allowed to explore freely for 5 min. After 24 h, the
familiarization phase was performed. Two identical objects were
taped to the floor along the long axis, 10 cm away from the south
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Figure 9. C9orf/2 and Smcr8 mitigated cognitive behavioral deficits in CO9FTD/ALS mutant mice. (A) Diagram of the novel object recognition test. (B)
Representative animal tracks in the novel object recognition test. (C) The preference index in the novel object recognition test. (D, F) Representative
animal tracks in the sociability and social novelty tests. (E, G) The discrimination index in sociability (E) and social novelty (G) tests. Three chamber
assays showed that AAV-C9orf72 or AAV-Smcr8 significantly mitigated sociability and social novelty defects in CO9FTD/ALS mutant mice. Behavior tests
were performed at 18-20 months. For all analyses, data are presented as mean 4 SEM. N =14-17 mice with one-way ANOVA with Bonferroni's post hoc
test (*P <0.05 and **P <0.01). (H) A working model suggests that DPRs localize to nucleolus, bind to ribosomal proteins (RPs), disrupt normal ribosome
biogenesis and likely yield excess ‘orphan’ RPs that are not incorporated into ribosome machine leading to the overloading of autophagy-lysosome
function. C9orf72 haploinsufficiency disrupts autophagy-lysosomal degradation and further exacerbates the DPR-mediated gain of toxicity. Therefore,
loss of function and gain of function in CO9FTD/ALS crosstalk and converge on proteotoxicity leading to neurodegeneration and behavioral defects.

and north walls. The mouse was placed in the center of the cage
facing the east or west wall and allowed to explore for 10 min.
The test phase was performed 24 h after the familiarization phase.
One of the identical objects was replaced with a novel object with
a different shape but similar size. The mouse was placed in the
center of the cage facing the east or west wall and allowed to
explore for 10 min. The apparatus and objects were thoroughly
cleaned with 75% ethanol to remove the olfactory cues between
each trial. The entire test phase was videotaped, and the travel
of the subject mouse was manually documented. The preference
index was calculated as (Tn — Tf)/(Tn + Tf) x 100%, where Tn and

Tf represent the time spent exploring novel and familiar objects,
respectively.

Western blot

Mouse tissues or cultured cells were eluted in SDS-PAGE sam-
pling buffer by boiling for 10 min followed by WB analysis. For
individual studies, the densitometry of individual blot signals
from three independent WB experiments was quantified using
Image J software. The individual values for each blot signals
were normalized to respective controls followed by the statistical



analysis among different samples (Student’s t-test). The follow-
ing antibodies were used, including antibodies against C9orf72
(22637-1-AP, Proteintech), rabbit anti-SMCR8 (ab121682, Abcam)
and rabbit anti-ATG101 (SAB4200175, Sigma).

Immunohistochemistry

Mouse brains and spinal cords were fixed in 4% paraformalde-
hyde, pH 7.4 for 24 h, and incubated in a 30% sucrose/PBS solution
for 2 days, then embedded in Tissue-Tek OCT compound (Sakura).
Coronal sections were sliced at 40 um using a cryostat (Leica
CM1950). Sections were washed in PBS three times (5 min each
time) and then incubated with blocking solution (5% normal
goat serum, 1% BSA, 0.3% Triton X-100 in PBS) for 2 h at room
temperature. Sections were then incubated with antibodies
against poly(GA) (MABNS889, Millipore; 24 492-1-AP, Proteintech),
poly(GP) (23978-1-AP, Proteintech), Lampl (1D4B, DSHB), pS6
(5364, Cell Signaling Technology), NeuN (MAB377, Millipore),
ChAT (ab178850, Abcam), NUP98 (ab50610, Abcam), Phospho-
TDP43 (Ser409/410) (22309-1-AP, Proteintech), TDP-43 (12892-1-
AP, Proteintech), Ibal (019-19741, FUJIFILM Wako Chemicals),
Olig2 (NBP1-28667SS, Novus Bio), GFAP (MCA1957T, Bio-rad)
and CD68 (MAB3402, Millipore) in blocking solution overnight
at 4°C. After washing in PBS three times (5 min each time),
sections were incubated with species-specific fluorescently
conjugated secondary antibodies (1:200, Invitrogen) and Hoechst
33342 (1:1000) in blocking solution for 2 h at room temperature.
After washing in PBS three times (5 min each time), sections
were mounted on glass slides with mounting medium and
coverslipped. Images of stained sections were acquired using
a Leica DMI6000 CS confocal microscope with a 10x, 20x or
60x objective lens. All images were taken using identical laser
power, gain and offset values. Number of fluorescent positive
signals Figs 2A-H, 4C-F, 5A-C, 6A-D were calculated manually,
and the immunofluorescent intensity was analyzed with ImageJ
Fig. 4A and B.

Nuclear isolation and snRNA-seq

Mice were euthanized by CO, inhalation and then decapitated.
Frontal cortices were cut using a vibratome (10111 N, Ted Pella)
in ice-cold dissection buffer (60 mm NaCl, 3 mm KCl, 1.25 mM
NaH,PO4, 25 mM NaHCOs;, 115 mM sucrose, 10 mwm glucose,
7 mMm MgCly, 0.5 mMm CaCl,; saturated with 5% CO, balanced
O; pH=7.4). Nuclear isolation was performed as previously
described with minor modifications. Briefly, samples from three
mice of each group were combined and Dounce-homogenized
with four strokes of a loose pestle and four strokes of a tight pestle
in ice-cold detergent lysis buffer (0.1% Triton-X, 0.32 M sucrose,
10 mMm HEPES, 5 mM CaCl,, 3 mM MgAc, 0.1 muMm EDTA and 1 mMm
DTT in nuclease-free water, pH 8.0). The lysate was centrifuged at
3200 x g for 10 min at 4°C and the pellet was resuspended with
3 mllow sucrose buffer (0.32 M sucrose, 10 mM HEPES, 5 mm CaCly,
3 mM MgAc, 0.1 mMm EDTA and 1 mM DTT in nuclease-free water,
pH 8.0). The nuclei were isolated and purified by centrifugation
in a sucrose density gradient at 3200 x g for 20 min at 4°C, and
then resuspended with resuspension solution (0.4 mg/ml BSA,
0.2 U/uL RNAse inhibitor in DPBS). Isolated nuclei were loaded
into the 10X Chromium system with a targeted recovery of 10 000
nuclei to be barcoded for snRNA-seq using a Single Cell 3’ Library
Kit v2 (PN-120267, 10x Genomics). Sequencing was performed on
the Illumina Novaseq System. Raw read counts were analyzed
using the Seurat R package.
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snRNA-Seq analysis

Demultiplexing and alignment of sequencing reads to the mouse
transcriptome were performed using Cell Ranger software (ver-
sion 3.0.2, 10X Genomics). We used the option ‘—forcecells 9000’
in ‘cellranger count’ to extract a reasonable number of cell bar-
codes in samples, as we found that the automatic estimate of
Cell Ranger was inaccurate. The top 2000 genes were identi-
fied by variable feature selection based on a variance stabilizing
transformation (‘vst’). Then, 50 principal components (PCs) were
utilized to calculate a k-nearest neighbors (KNN) graph based
on the Euclidean distance in PCA space, and the first 30 PCs
were accordingly selected for the subsequent analysis according
to the Jackstraw function. Clusters were then visualized using
a Uniform Manifold Approximation and Projection (UMAP) plot.
To annotate the cell types by gene markers, MAST was used
to perform differential gene expression analysis by comparing
nuclei in each cluster to the rest of the nuclear profiles. Genes
with FDR < 0.05 and log fold change >1 were selected as cell-type
markers. To identify genes differentially expressed in between two
groups in each cell type, FindMarkers of Seurat were used with
the MAST method. To estimate the relative contribution of dif-
ferentially expressed genes by each cell types, we downsampled
the cell numbers to 500 from each cluster for 10 times before
performing differential expression analysis. Genes with log2 (fold
change of expression) of atleast 0.25 and FDR < 0.01 were selected
as differentially expressed.

RNA-Seq

Two-four biological replicates were subjected to RNA-seq. One
microgram of RNA sample quality was assessed by Bioanalyzer
2100 Eukaryote Total RNA Pico (Agilent Technologies, CA, USA)
and quantified by Qubit RNA HS assay (ThermoFisher). Libraries
were constructed with TruSeq Stranded mRNA library kits (Illu-
mina Inc., San Diego, CA, USA) based on the manufacturer’s rec-
ommendations. Library concentration was measured by gPCR and
library quality evaluated by Tapestation High Sensitivity D1000
screentapes (Agilent Technologies, CA, USA). Equimolar pooling
of libraries was performed based on qPCR values. Libraries were
sequenced on a HiSeq with a read length configuration of 150 PE
targeting 40 M total reads per sample (20 M each direction) by
Admera Health, LLC.

Supplementary Material

Supplementary Material is available at HMG online.

Data availability

RNAseq and snRNA-seq data have been deposited in GEO under
accession number GSE206666.
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