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Motor dysfunction and neurodegeneration in a
C9orf72 mouse line expressing poly-PR
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A GGGGCC hexanucleotide repeat expansion in intron 1 of chromosome 9 open reading frame
72 (COORF72) gene is the most common genetic cause of amyotrophic lateral sclerosis (ALS)
and frontotemporal dementia. Repeat-associated non-ATG translation of dipeptide repeat
proteins (DPRs) contributes to the neuropathological features of c9FTD/ALS. Among the five
DPRs, arginine-rich poly-PR are reported to be the most toxic. Here, we generate a transgenic
mouse line that expresses poly-PR (GFP-PR,g) specifically in neurons. GFP-PR,g homozygous
mice show decreased survival time, while the heterozygous mice show motor imbalance,
decreased brain weight, loss of Purkinje cells and lower motor neurons, and inflammation in
the cerebellum and spinal cord. Transcriptional analysis shows that in the cerebellum, GFP-
PR,g heterozygous mice show differential expression of genes related to synaptic trans-
mission. Our findings show that GFP-PR,g transgenic mice partly model neuropathological
features of cOFTD/ALS, and show a role for poly-PR in neurodegeneration.
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myotrophic lateral sclerosis (ALS) is a devastating neu-

rodegenerative disease characterized by defects in upper

and lower motor neurons. Mostly, the patients died of
failure of the respiratory muscles within 1 to 5 years of disease
onset!)2. Frontotemporal dementia (FTD) is a group of neuro-
degenerative disease characterized by progressive defects in
frontal and temporal cortices>. Recent studies in ALS and FTD
reveal that both diseases share many common genetic mutations
and pathological features. A GGGGCC hexanucleotide-repeat
expansion in COORF72 gene is the most common genetic cause of
ALS and FTD#-%.

The proposed pathological mechanisms of C9ORF72 gene
mutation can be classified into three prototypes. First, loss of
C90RF72 protein function associates with cell death. Although
C90RF?72 functions in endosome mature” and lysosome autop-
hagy®-10, C9orf72 null mice do not show motor neuron degen-
eration!!-14, Second, RNA foci gain-of-function links to the
pathology of cOFTD/ALS. The sense and antisense RNA foci have
been found to sequester RNA-binding proteins in induced plur-
ipotent stem cell (iPSC)-differentiated neurons!>-17, suggesting a
gain of RNA toxicity. The BAC transgenic mouse lines display
RNA foci and dipeptide-repeat protein (DPR) inclusions of
c9FTD/ALS, either with or without a phenotype or neurode-
generation that may be associated with expression level, age, and
repeat length in animals!>18-20, Third, gain of function by repeat-
associated non-ATG initiated translation of five DPRs (poly-GA,
GR, GP, PA, and PR) leads to DPR toxicity to neurons?!-%7.
Notably, a recent publication demonstrated that C9ORF72
insufficiency causes neuron deficiency in coordination with toxic-
repeat peptides’, suggesting an involvement of multiple
mechanisms.

Among the five DPRs, arginine-rich GR and PR DPRs have
been reported to be highly toxic. Expression of GR or PR causes
significant cell death in vitro?32%. In addition, the specific
expression of GR or PR in Drosophila eyes causes severe
degeneration?3-2>27-28, What is more, several groups have gen-
erated C9ORF72 BAC transgenic mice, which suggest that gain of
function may be a primary cause of c9FTD/ALS!>18-20, In GFP-
GAsg-expressing mice, the mice developed poly-GA inclusions
and behavioral abnormalities?®. Recently, a long poly-GR mouse
model, which was infected with adeno-associated virus (AAV)
containing 100 repeats of GR, shows neurodegeneration and
behavioral defects’®. Expression of DPRs in primary cultured
neurons and flies, especially poly-PR and poly-GR, is toxic to
neurons?3. However, it remains unclear whether the poly-PR is
sufficient to induce neurodegeneration and behavioral changes
in mice.

Here, we establish GFP-PR,g transgenic mice which express
poly-PR under the control of neuronal Thyl promoter. Our
results show that GFP-PR,g homozygous mice decrease survi-
val, while GFP-PR,g heterozygous mice develop DPR inclusions
and show atrophy of the cerebral cortex and loss of Purkinje
cells in the cerebellum and motor neurons in the spinal cord.
The GFP-PR,g heterozygous mice have motor imbalance and
ataxia-like phenotype. Gene Ontology (GO) analyses after RNA
sequencing suggest a dysregulation of synaptic transmission-
related genes and activation of inflammation in the GFP-PR,g
heterozygous mice.

Results

Distribution of GFP-PR,g in the heterozygous mice. To eluci-
date the pathological characters of poly-PR underlying cOFTD/ALS,
we established GFP-PR,¢0¥/flox transgenic mice by inserting the
GFP-PRy, construct into the Rosa26 site. We bred GFP-PR,gflox/flox
mice with Thyl-Cre mice, so that the stop codon before GFP-PR,g

was eliminated by Cre recombinase, leading to a specific expression
of GFP-PR,g in neurons under the control of Thyl promoter
(Fig. 1a, b). After crossing, we got the GFP-PR,¢0%/+; Thyl-Cret/~
mice and GFP-PR,¢0%+; Thyl-Cre~/~ mice. The GFP-PR,g™0%/;
Thy1-Cre?/~ mice were the heterozygotes expressing poly-PR, and
the littermates of GFP-PR,g/10%/+;Thyl-Cre =/~ mice were used as
control. The produced GFP-PR,s/0%/+; Thyl-Cre™ mice (hetero-
zygote) were further crossed with GFP-PR,g10¥/fl0x transgenic mice
to produce GFP-PR,,flox/flox, Thyl-Cre™ mice (homozygote).

We examined the distribution of GFP-PR,s aggregates in
different regions of GFP-PR,g heterozygous mouse brain at
2 months of age. The intranuclear aggregates of GFP-PR,g were
presented in the hippocampus, motor cortex, brainstem, and
cerebellum of GFP-PRyg heterozygous mice (Fig. 1c), and the
aggregates co-localize with nucleolin (Supplementary Fig. 1a, b).
Moreover, the expression of GFP-PR,s was also confirmed by
immunohistochemical analysis with poly-PR antibody (Supple-
mentary Fig. 1c). Besides intranuclear aggregates, a diffused
cytoplasmic distribution of GFP-PR,s was also observed in
lumbar motor neurons (Fig. 1¢c; Supplementary Fig. 1d). Surpris-
ingly, in the cerebellum, the expression of GFP-PR,g was majorly
observed in Purkinje cell layer, but little expression in the
granular layer and molecular layer (Fig. 1c). To exclude the effects
of Thyl promoter on cellular distribution of GFP-PR,g in the
cerebellum, the distribution of Cre was examined using
immunostaining with Cre recombinase antibody. Immunostain-
ing showed an extensive expression of Cre recombinase in the
cerebellum of 2-month-old Thyl-Cre transgenic mice, abundant
in the granular layer and Purkinje cell layer (Supplementary
Fig. le). The expression pattern in the cerebellum was further
confirmed using immunostaining with antibody against calbin-
din, which is a specific marker of Purkinje cells in the cerebellum
(Supplementary Fig. 1f). Moreover, the aggregates were presented
in Neu-N-positive neurons (Supplementary Fig. 1g), but not in
GFAP or Ibal-positive glia (Fig. 1d). Using quantitative real-time
PCR, the GFP-PR,g was identified to be expressed in the brain but
not in peripheral tissues (Fig. 1le), further suggesting a neuronal-
specific expression.

We also examined the distribution of GFP-PR,g in the
cerebellum and motor cortex of GFP-PR,g heterozygous mice at
12 months of age. Poly-PR remained intranuclear and formed
aggregates in both regions (Fig. 1f). The percentage of cells with
GFP-PR,g aggregates in major brain regions of 2-month-old
transgenic mice were examined. Among the four regions,
cerebellar Purkinje cells had the highest number harboring
aggregates of poly-PR (Fig. 1g). Similar results were obtained in
the heterozygous mice of GFP-PR,g at 12 months of age (Fig. 1g).

Homozygous mice display decreased survival time. To deter-
mine the effects of GFP-PR,g on mice, we examined the pheno-
types of GFP-PR,s homozygous mice. Surprisingly, the
homozygous mice showed smaller body size accompanied by
smaller brain volumes at 20 days of age than control mice
(Fig. 2a; Supplementary Fig. 2a). GFP-PR,3 homozygous mice
displayed lower body weight at 20 days of age than control mice
(Fig. 2b), while no significant difference between control and
GFP-PR,3 heterozygous mice was observed at that age, suggesting
a possibility that the expressing GFP-PR,s at high levels is highly
toxic. Furthermore, the expressing GFP-PR,g largely shortened
the lifespan of the homozygous mice, since the homozygous mice
died prematurely, averagely at day 36 after birth. In contrast, the
control mice exhibited normal longevity (Fig. 2¢).

Heterozygous mice show motor deficits. As GFP-PR,3 homo-
zygous mice showed obvious decreased survival, the GFP-PR28/0x/+;
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Fig. 1 Distribution of GFP-PR,g in heterozygous mice. a Diagram of the construct containing GFP-PRs/0%/floX in Rosa26 site. b Breeding scheme for
producing GFP-PR,gf10%/+:Thy1-Cre + heterozygous mice driven by ThyT promoter for neuronal expressions. ¢ Representative images showing distribution of
poly-PR aggregates in different brain regions of GFP-PR,g heterozygous mice at 2 months of age. GFP (green), Hoechst (blue). Scale bar represents 50 pm.
d Representative images showing the distribution of GFP-PR,g in GFAP or Ibal-positive glia in the motor cortex of 6-month-old GFP-PR,g heterozygous
mice. GFP (green), Hoechst (Blue), GFAP/Ibal (Red). Scale bar represents 10 pm. e Relative mRNA levels of GFP in different brain regions and tissues of
20-day-old control, GFP-PR,g heterozygous and homozygous mice. Hippocampus (Hippo), spinal cord (SC), brainstem (BS), olfactory bulb (OB). One-way
ANOVA, Bonferroni post hoc test; n =3-4 mice per group. f Representative images showing the distribution of poly-PR aggregates in the cerebellum and
motor cortex of GFP-PR,g heterozygous mice at 12 months of age. GFP (green), Hoechst (Blue). Scale bar represents 50 pm. g Percentage of cells
containing GFP-PR,g in different brain regions of GFP-PR,g heterozygous mice at 2 and 12 months of age. Two-way ANOVA, Bonferroni post hoc test; n =5
mice per group. All data were displayed as mean £s.e.m. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s. not significant
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Fig. 2 GFP-PR,s homozygous mice display reduced body weight and decreased survival. a Representative image showing the body size of the control and
homozygous mice at 20 days of age. b Body weight curves of control, heterozygous, and the homozygous mice from postnatal day 11 to 33. Two-way
ANOVA, Bonferroni post hoc test; n =4, 6, 6, 6 mice. ¢ Kaplan-Meier survival curve of the control and homozygous mice. Gehan-Breslow-Wilcoxon test,
n=12, 11 mice. Control: GFP-PR,gflox/flox-Thy1-Cre-, Homo: GFP-PR,gflox/flox-Thy1-Cre + (c). All data are displayed as mean +s.e.m. *P < 0.05, **P < 0.01,
***P<0.001, ****P < 0.0001
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Fig. 3 GFP-PR,g heterozygous mice show motor deficits. a Representative images of male control and GFP-PR,g heterozygous mice at 2 months of age in
tail-suspension test. b Quantification of the clasping time of mice in (@) during 2 -min test. Mann-Whitney test, n=8, 6 mice. ¢ Body weight of male
control and GFP-PR,g heterozygous mice at 2, 4, 6, and 12 months old. Two-way ANOVA, Bonferroni post hoc test; n =5, 7 mice. d Quantification of time
keeping on the edges of cages of male control and GFP-PR,g heterozygous mice at 6 months of age. Mann-Whitney test, n =19, 18 mice. e The numbers of
hind limb foot slips on the balance beam test of male control and GFP-PR,g heterozygous mice at 6 months of age. Mann-Whitney test, n =19, 18 mice.
f Representative images of male control and GFP-PR,g heterozygous mice at 12 months of age in footprint test. Fore paws (red), hind paws (blue). Black
squares indicate localization of hind paws. g Back stride length (left) of 6-, 12-month-old male control and GFP-PR,g heterozygous mice measured in
footprint test. Two-way ANOVA, Bonferroni post hoc test; 6 months, n =22, 14 mice; 12 months, n =16, 8 mice. h Back stride length (right) of 6-, 12-
month-old male control and GFP-PR,g heterozygous mice measured in footprint test. Two-way ANOVA, Bonferroni post hoc test; 6 months, n =22,
14 mice; 12 months, n =16, 8 mice. i Back-front distance measured in footprint test of male control and GFP-PR,g heterozygous mice at 6, 12 months of
age. Two-way ANOVA, Bonferroni post hoc test; 6 months, n =22, 14 mice; 12 months, n =16, 8 mice. All data are displayed as mean +s.e.m. *P<0.05,
***P<0.001, ***P<0.0001, n.s. not significant

Thyl-Cre™ (heterozygote) mice were utilized for exploring the
pathological and behavioral features. To determine whether the
heterozygous mice expressing GFP-PR,g show motor defects, we
first performed tail-suspension test. Hind limbs clasping and sus-
tained trembling were found in GFP-PRyg heterozygous mice at
2 months of age, but not in control mice (Fig. 3a). We supposed that

4

motor neurons are involved in the phenotypes, so we performed
hind and fore limbs grip strength test. Surprisingly, GFP-PRyg het-
erozygous mice performed as well as control mice at 6 months of
age (Supplementary Fig. 2b, c). Meanwhile, there was no significant
difference in the body weight between control and GFP-PRyg het-
erozygous male mice at 2, 4, and 6 months of age (Fig. 3¢c). However,
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Fig. 4 GFP-PR,g heterozygous mice show progressive motor deficits and anxiety-like behaviors. a Latencies to fall from the accelerated rotating beams of
male control and GFP-PR,g heterozygous mice at 6 months of age. Two-way ANOVA, Bonferroni post hoc test; n =18, 18 mice. b, ¢ Open-field test
showing the ratio of time in the center area and total ambulatory distance of male control and GFP-PR,g heterozygous mice at 6 months of age. Two-tailed
t test, n =20, 18 mice. d Latencies to fall from the accelerated rotating beams of control and GFP-PRyg heterozygous mice at 3, 6, 10, and 12-16 months of
age. Two-way ANOVA, Bonferroni post hoc test; 3 months, n =17, 9 mice; 6 months, n =12, 11 mice; 10 months, n =17, 11 mice; 12-16 months, n =17, 10
mice. e Kaplan-Meier survival curve of control and heterozygous mice. Gehan-Breslow-Wilcoxon test, n =32, 24 mice. f Diagram of the disease
progression of GFP-PR,g heterozygous mice. All data are displayed as mean +s.e.m. *P<0.05, ***P<0.001, ****P < 0.0001, n.s. not significant

at 12 months of age, the body weight of male heterozygous mice
significantly decreased as compared with control mice (Fig. 3c).

Using a cage behavior test, a simple and elegant way to assay
motor coordination, we found that GFP-PR,g heterozygous mice,
at 6 months of age, fell down within 2 min when walked along the
edges of cage, but control mice did not (Fig. 3d; Supplementary
Movies 1, 2), suggesting that GFP-PR,g heterozygous mice
developed motor imbalance. Therefore, we conducted rotarod
test, balance beam test, and footprint test, which were three
widely used tests to measure motor functions. GFP-PR,g
heterozygous mice showed significantly increased hind limb slips
on the balance beam (Fig. 3e), age-dependent gait abnormalities
(Fig. 3f-i), and decreased latency to fall off the rotarod (Fig. 4a).
Similar results were obtained using female heterozygous mice
(Supplementary Fig. 2d-h).

We also performed open-field test to measure locomotion
activity. GFP-PR,s heterozygous mice displayed a longer distance
exploring the novel environment, with decreased time spent in
the center region of the chamber compared with control mice
(Fig. 4b, ¢), indicating hyperactivity and anxiety-like behaviors.
To determine the disease progression of GFP-PR,s heterozygous
mice, motor performance was evaluated at 3, 6, 10, and
12-16 months of age. Motor deficiency was observed at 6 months
of age and deteriorated at 10 months of age (Fig. 4d). In addition,
the GFP-PR,g heterozygous mice showed dramatically decreased
survival between 12 and 18 months of age (Fig. 4e). The disease
progression is summarized in Fig. 4f.

Heterozygous mice show motor-related neurodegeneration.
Given that GFP-PR,g heterozygous mice developed motor
behavior defects, we examined brain weight and cerebellum
weight, as well as the body weight of mice at 2, 5, and 12 months
of age. Despite no significant difference of body weight between
control and GFP-PR,g heterozygous mice until 12 months old

(Figs 2b, 3¢; Supplementary Fig. 3a), the brain weight or cere-
bellum weight was significantly reduced as early as at age of
2 months (Supplementary Fig. 3b, ¢). Immunohistochemical
staining further confirmed the atrophy of the cerebellum and
decreased thickness of the molecular layer (Fig. 5a, b). As the
expression of GFP-PR,g was specifically localized in Purkinje cells
of the cerebellum, and GFP-PR g transgenic mice showed obvious
motor imbalance, we evaluated the numbers of Purkinje cell in
the cerebellum. Interestingly, immunostaining showed a sig-
nificantly decreased numbers of Purkinje cell in 6-month-old
GFP-PR,g heterozygous mice compared with control mice
(Fig. 5c¢, d).

As motor behavior defects can be attributed to the loss of upper
and lower motor neurons, we evaluated the number of motor
neurons in the motor cortex and lumbar spinal cord at 2, 6, and
12 months of age. Unexpectedly, the thickness of the motor
cortex significantly decreased in GFP-PR,s heterozygous mice
(Fig. 5e, f). Moreover, immunohistochemical staining showed loss
of ChAT-positive lower motor neurons in the spinal cord of GFP-
PR,g heterozygous mice (Fig. 5g, h). In addition, we also
calculated the number of hippocampal neurons in 6-month-old
control and GFP-PR,g heterozygous mice using Hoechst staining,
no hippocampal neuronal loss was observed (Supplementary
Fig. 4a, b). Given that TDP-43 cytoplasmic inclusions are major
neuropathological feature of c9FTD/ALS?!32, we examined the
cellular distribution of TDP-43 in the cerebellum and lumbar
spinal cord of control and heterozygous mice at 12 months of age.
Immunohistochemical staining showed no cellular inclusion of
TDP-43 in the Purkinje cells of the cerebellum and lower motor
neurons (Supplementary Fig. 4c).

Gliosis in heterozygous mice. Gliosis is a major neuropatholo-
gical feature of neurodegenerative diseases3, we wonder
whether glia are activated in GFP-PR,g heterozygous mice.
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Fig. 5 Expression of GFP-PR,g causes motor-related neurodegeneration. a Representative images showing the size of the cerebellum and the thickness of
the molecular layer of control and GFP-PR,g heterozygous mice at 6 months of age. Neu-N (red), Hoechst (blue). White squares indicates enlarged area.
Green lines indicate the thickness of the molecular layer. Scale bar represents 100 pm. b Quantification of the thickness of molecular layer of control and
GFP-PR,g heterozygous mice at 2, 6, and 12 months of age. Two months, n =5, 5 mice; 6 months, n =5, 5 mice; 12 months, n = 4, 6 mice. ¢ Representative
images showing the numbers of cerebellar Purkinje cells of 6-month-old control and GFP-PR,g heterozygous mice. Calbindin (red), Hoechst (blue). Scale
bar represents 50 pm. d Quantification of the numbers of calbindin positive Purkinje cells of control and GFP-PR,g heterozygous mice at 2, 6 and 12 months
of age. Two months, n=>5, 5 mice; 6 months, n=75, 5 mice; 12 months, n =4, 5 mice. e Representative images showing the thickness of motor cortex
of control and GFP-PR,g heterozygous mice at 6 months of age. Scale bar represents 100 pm. f Quantification of the thickness of the motor cortex of
control and GFP-PR,g heterozygous mice at 2, 6, and 12 months of age. Two months, n =5, 5 mice; 6 months, n =5, 4 mice; 12 months, n=4, 5 mice.
g Representative images showing the numbers of ChAT-positive motor neurons in the lumbar spinal cord of 6-month-old control and GFP-PR,g
heterozygous mice. GM (gray matter), WM (white matter). Scale bar represents 100 pm. h Quantification of the numbers of ChAT-positive motor neurons
of control and GFP-PR,g heterozygous mice at 2 and 6 months of age. Two months, n = 3, 3 mice; 6 months, n =5, 5 mice. All data aredisplayed as mean =
s.e.m. Two-way ANOVA, Bonferroni post hoc test; *P <0.05, **P <0.01, ***P< 0.001, ****P<0.0001, n.s. not significant

Immunohistochemical staining showed higher integrated optical
densities of GFAP (astrocyte marker) (Fig. 6a) and Ibal (micro-
glial marker) (Fig. 6b) in the spinal cord of 6-month-old GFP-
PR, heterozygous mice compared with control mice (Fig. 6a, b).
Unexpectedly, activation of astrocytes in the spinal cord was
presented at 2 months of age (Fig. 6¢, d), although no obvious
neuronal deficiency was observed, suggesting a possibility that
neurodegeneration may occur as early as at 2 months of age. The
activation of astrocytes was also observed in the cerebellum of
GFP-PR,g heterozygous mice at 6 months of age (Fig. 6e).
Quantitative data for the signal densities of cerebellar astrocytes
showed age-dependent activation of inflammation (Fig. 6f).
Increased expression of Gfap and Ibal mRNA further verified the
activation of astrocytes and microglia in the cerebellum (Sup-
plementary Fig. 4d, e). However, only a few of GFAP-positive
astrocytes in the motor cortex were observed (Supplementary
Fig. 4f), and no gliosis in the hippocampus of GFP-PR,g het-
erozygous mice (Supplementary Fig. 4g).

RNA-seq analyses of dysregulated genes in heterozygous mice.
To explore the pathological mechanisms that GFP-PR,g causes
neuronal deficiency, we isolated RNA from the cerebellum of 5-
month-old mice and performed RNA sequencing. We identified
239 genes that were upregulated and 399 genes that were

downregulated in GFP-PR,g transgenic mice relative to control
mice (Fig. 7a, b; Supplementary Data 1). GO analyses of enriched
categories among upregulated genes were translation, immune
system process, and innate immune process, which further con-
firmed the activation of microglia and astrocytes (Fig. 6e, f).
Enriched categories among downregulated genes were calcium
ion-regulated exocytosis of neurotransmitter, intracellular signal
transduction, and neurotransmitter secretion (Fig. 7c). Moreover,
the Reactome pathway analyses identified transmission across
chemical synapses that was a major pathway implicated in cere-
bellar pathology (Fig. 7d). We validated the downregulation of
candidate genes (Camk4, Grin2a, Kcnj9, Rims3, Syt2, and
Uncl3a) associated with synaptic transmission using qRT-PCR
(Fig. 7e). Western blotting assay further confirmed the down-
regulation of CaMK IV labeled with antibody against CaMK IV
(Fig. 7f). These data indicate ongoing neurodegeneration in cer-
ebellar neurons of GFP-PR,g transgenic mice.

To exclude the influence of Purkinje cell loss on down-
regulation of genes associated with synaptic transmission, we
performed RNA sequencing using RNA from 2-month-old
mouse cerebellum, in which no degeneration of Purkinje cell
was observed with immunohistochemical staining (Supplemen-
tary Fig. 5a, Supplementary Data 2). We identified 11 genes that
were upregulated and 31 genes that were downregulated
(Supplementary Fig. 5b, c). The genes dysregulated in the
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Fig. 6 Gliosis in the lumbar spinal cord and cerebellum of GFP-PR,g heterozygous mice. a Representative images showing the numbers of GFAP-positive
astrocytes in the lumbar spinal cord of 6-month-old control and GFP-PR,g heterozygous mice. GM (gray matter), WM (white matter). White squares are
enlarged views of corresponding images. GFAP (red), Hoechst (blue). Scale bar represents 100 um. b Representative images showing the numbers of Ibal-
positive microglia in the lumbar spinal cord of 6-month-old control and GFP-PR,g heterozygous mice. GM (gray matter), WM (white matter). White

squares are enlarged views of corresponding images. Ibal (red), Hoechst (blue). Scale bar represents 100 pm. ¢ Relative integrated optical density of GFAP
in the lumbar spinal cord of control and heterozygous mice at 2 and 6 months of age. Two-way ANOVA, Bonferroni post hoc test; 2 months, n =3, 3 mice;
6 months, n =3, 3 mice. d Relative integrated optical density of Ibal in the lumbar spinal cord of control and heterozygous mice at 2 and 6 months of age.
Two-way ANOVA, Bonferroni post hoc test; 2 months, n =3, 3 mice; 6 months, n=3, 3 mice. e Representative images showing the numbers of GFAP-
positive astrocytes in the cerebellum of 6-month-old control and GFP-PR,g heterozygous mice. GFAP (red), Hoechst (blue). Scale bar represents 100 pm.
f Relative integrated optical density of GFAP in the cerebellum of control and heterozygous mice at 2 and 6 months of age. Two-way ANOVA, Bonferroni

post hoc test; 2 months, n=5, 4 mice; 6 months, n=4, 5 mice. All data are displayed as mean +s.e.m. *P < 0.05, **P < 0.01, n.s. not significant

cerebellum of 2-month-old mice were highly associated with
those in 5-month-old mice (Supplementary Fig. 5d). Moreover,
calcium ion-regulated exocytosis of neurotransmitter was also a
major pathway among downregulated genes identified by GO
analyses (Supplementary Fig. 5e). Two downregulated genes
(Rims3, Doc2b) related to synaptic function were identified using
RNA-sequencing analysis and validated with qRT-PCR (Supple-
mentary Fig. 5f, g).

Given that the motor cortex and spinal cord were major brain
regions degenerated in patients, we also performed RNA
sequencing using RNA from 6-month-old mice cortex and
lumbar spinal cord (Supplementary Fig. 6a-f, Supplementary
Data 3, 4). GO analyses of enriched categories identified positive
regulation of neurotransmitter secretion and exocytosis that were
the major pathways implicated in cortical pathology (Supple-
mentary Fig. 6c), this is highly consistent with the results of
synaptic-related genes dysregulation in the cerebellum of
heterozygous mice (Fig. 7c—e). GO analyses of enriched categories
identified immune system process and innate immune process
were major pathway implicated in the spinal cord (Supplemen-
tary Fig. 6f), and a significant overlap of differentially expressed
genes between the cerebellum and spinal cord was identified
(Supplementary Fig. 6g, h). Three upregulated genes (Clqa, Cd68,

and Trem2) related to inflammation were further validated with
qRT-PCR (Supplementary Fig. 6i), and these results are
consistent with the increased activation of glia in the cerebellum
and spinal cord (Fig. 6a-f).

Discussion
We generated a mouse model that the transgenic animals speci-
fically expressed poly-PR (GFP-PRyg), but without repeat RNA in
neurons driven by Thyl promoter. The GFP-PR,s homozygous
mice showed reduced body size, decreased body weight, and
reduced premature survival. GFP-PR,gs heterozygous mice
showed motor deficits, especially in progressive gait and balance
impairment. Consistent with abnormal behaviors that are asso-
ciated with the cerebellum, loss of Purkinje cells, but not hip-
pocampal neurons, were presented in GFP-PR,g heterozygous
mice. Moreover, microglia and astrocytes in the cerebellum and
lumbar spinal cord of GFP-PR,g heterozygous mice were sig-
nificantly activated. Finally, the poly-PR expressing neurons
developed synaptic transmission-related genes dysregulation.
Although c9FTD/ALS pathogenesis may be associated with
multiple mechanisms, including loss of function or gain toxic
functions by formation of RNA foci or expression of DPRs, the
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Fig. 7 GFP-PR,g expression is associated with synaptic transmission-related genes dysregulation. a MA-plot of differentially expressed genes in the
cerebellum of 5-month-old control and GFP-PR,g heterozygous mice. Red blots indicate significant changes, n =3, 3 mice. b Hierarchical clustering of
differentially expressed genes in the cerebellum of 5-month-old control and GFP-PR,g heterozygous mice. ¢ Gene ontology (GO) biological processes
analyses of upregulated and downregulated genes in (b). d The Reactome pathway analyses of top five enriched terms of downregulated genes in (b).
Gene numbers indicate genes that are enriched in this pathway. Rich factor indicates the ratio of enriched genes to total genes in this pathway. e Relative
mRNA expression of six genes (Camk4, Grin2a, Kcnj9, Rims3, Syt2, and Unci3a) in association with synaptic transmission in the cerebellum of 5-month-old
control and GFP-PR,g heterozygous mice. Two-tailed t test, n = 4, 4 mice. f Relative expressing levels of CaMK IV in the cerebellum of 6-month-old control
and GFP-PRog heterozygous mice, determined by western blotting assay. Two-tailed t test, CaMK IV, n=5, 5 mice. All data are displayed as mean £ s.e.m.

*P<0.05, **P<0.01, ****P<0.0001

expression of DPRs is known as one of the causative factor for
c9FTD/ALS, evidenced by identification of DPR pathological
features in patient brains!”-34-36, and expression of DPR without
hexanucleotide-repeat RNA in animal models?”-2%, However, it is
still unknown whether DPR species differentially induce animal
phenotype correlate to regionally neuronal loss in animal models.
Previous studies have indicated that arginine-rich poly-PR is
highly toxic to cells in vitro?>?** and in transgenic Drosophila
models?32>27:28_ Using our poly-PR mouse model, we are able to
explore the role of poly-PR in vivo and to identify susceptible
neurons to poly-PR toxicity.

Surprisingly, GFP-PR,s homozygous mice showed significantly
premature death, which is not observed in BAC transgenic mice
of c9FTD/ALS!218-20, However, this phenotype made us remi-
nisce of the premature death of PRs, expressed flies23, further
suggesting a high toxicity of poly-PR in vivo. While, our GFP-
PR,s heterozygous mice showed no obviously shortened lifespan
until 12 months old, indicating that poly-PR causes neuronal
toxicity in a dose-dependent manner.

Due to the largely low survival of GFP-PR,3 homozygous mice,
we evaluated the motor function using GFP-PR,g heterozygous
mice. GFP-PR,g heterozygous mice showed obvious motor
imbalance and anxiety-like behavior, which is highly consistent
with previous studies!®2%37 and clinical features of c9FTD/
ALS3839. Moreover, the GFP-PR,5 heterozygous mice developed
deficiency of motor performance at 6 months of age, while no
obvious deficits at 3 months of age, suggesting that poly-PR
causes neuronal deficiency in an age-dependent manner. Despite
body weight remained no changes in 2-month-old GFP-PR,g
heterozygous mice compared with control mice, the brain weight

was largely reduced in GFP-PR,g heterozygous mice. Notably, the
decreased ratio of cerebellar weight (the heterozygous mice vs.
control) was higher than that of whole brain, indicating that the
cerebellar deficiency may be a key contributor to motor coordi-
nation defects. Consistently, pure cerebellar ataxia has been found
in the patients with C9ORF72 hexanucleotide-repeat expansion
mutation3®-41, indicating a direct relationship between C9ORF72
mutation and cerebellar defects. Furthermore, GFP-PR,g hetero-
zygous mice presented a significant Purkinje cells loss, while the
number of hippocampal neurons kept unchanged.

In a poly-GA transgenic mouse model, in which a specifically
neuronal expression is driven by Thyl promoter, the animals
developed gait and balance impairment with inflammation in the
lumbar spinal cord*2. Interestingly, the phenotypes and patho-
logical changes observed in our mouse model are very similar to a
poly-PR mouse model with GFP-PRs, AAVI infected*>. The
typically behavioral changes of animals in both models are motor
dysfunction, with reduced brain weight and decreased numbers of
Purkinje cell. Moreover, a poly-GR AAV-infected animal model
also shows defects in the cerebellum, motor cortex and hippo-
campus?. Taken together with data from mouse models of
(GGGGCC)g6%7, (GR) 10030, and (PR)so*3, which also show loss of
Purkinje cells, we propose that the DPR species, at least arginine-
rich poly-GR and poly-PR, may have similar susceptible subtypes
of neurons, leading to similar phenotypes.

Given that poly-PR transgenic mice showed obvious neuro-
pathology, we performed RNA sequencing to identify patholo-
gical mechanisms. Synaptic transmission-related genes were
significantly downregulated in the cerebellum of heterozygous
mice, suggesting an ongoing neurodegeneration. Unfolded
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protein response (UPR) was identified as a major module both in
the cerebellum and frontal cortex in c9ALS*:. In addition,
endoplasmic reticulum (ER) stress was also found in poly-GA-
infected primary cortical neurons®. Although ER-stress was not
enriched in our poly-PR transgenic mice using GO pathway
analyses, the major genes Chacl and Atf5 that reflect ER-stress
were both upregulated in the cerebellum of 2-month- and 5-
month-old heterozygous mice (Supplementary Fig. 5c, Supple-
mentary Data 1), suggesting that ER-stress is an early event in
poly-PR expressing neurons, which is highly consistent with the
data from others*®. Poly-PR-transfected primary cortical neurons
showed upregulation of ER-stress-related genes*®. Thus, ER-stress
may be a common pathological mechanism in poly-PR expressing
neurons.

In spite of significant intranuclear aggregates of poly-PR in
neurons, no cytoplasmic TDP-43 inclusions were identified in our
GFP-PRg transgenic mice. Cytoplasmic TDP-43 inclusions were
also absent in GFP-GA5y, GA|49-CFP, GFP-GR 4o, and GFP-PRs,
transgenic mice2%30:42:43, while the inclusions can be found in
burden neurons of COORF72 BAC transgenic mice!®. In addition,
a correlation between antisense RNA foci and TDP-43 pathology
in motor neurons of C9ORF72 patients was identified*’, sug-
gesting that RNA foci may be a cause of TDP-43 inclusions.
Given the lowrepeat length of our poly-PR construction, con-
tinuously expressed poly-PR with longer repeat length was nee-
ded. Another possibility is that combined RNA foci and DPRs
may contribute to the pathology of TDP-43.

In conclusion, we have successfully generated poly-PR trans-
genic mice, presenting behavioral and neuropathological features
of c9FTD/ALS. The mice demonstrated significant phenotype and
pathological changes in association with the cerebellum, cortex,
and spinal cord, which can be used as a tool for further investi-
gating the role of poly-PR, the similarity and discrepancy of poly-
PR with other DPR species.

Methods

Animals. The GFP-PR,0¥/flox transgenic mice were constructed by Beijing Bio-
cytogen Co., Ltd. Briefly, the floxed GFP-PR, allele was generated by injecting the
Cas9/sgRNA-embedded GFP-PR,g vector into blastocysts derived from a C57BL/
6 strain. The chimeras were first bred to a wild-type C57BL/6 mouse strain to
generate mice with stabilized expression of GFP-PRyg. The GFP-PR,5 homozygous
or heterozygous floxed mice were crossed with Thyl-Cre mice (Jackson Labora-
tory) for neuron-specific GFP-PR,g overexpression. The primers in Supplementary
Table 1 were used for genotyping. All animal experiments were approved by the
Soochow University Institutional Animal Care and Use Committee, and were
conducted in compliance with all relevant ethical regulations for animal testing and
research.

Construction of plasmids. To construct plasmids GFP-PR,g, the CCAAGA oli-
gonucleotide with 28 repeats was synthesized by Invitrogen and subcloned into the
PEGFP-C1 vector (Clontech Laboratories) through EcoRI and BamHI sites. The
fidelity of sequence of the plasmids was verified using sequencing (GENEWIZ).

Western blotting analysis. Isolated tissues were homogenized by PRO200
homogenizer (PRO Scientific) and lysed in 1 x cell lysis buffer (50 mM Tris-HCI
(pH 7.5), 150 mM NaCl, 1% nonidet P40, and 0.5% sodium deoxycholate) sup-
plemented with a protease inhibitor cocktail (Roche). Approximately 10-20 pg of
protein per sample was separated on 10-12% SDS polyacrylamide gel, and then
transferred onto a polyvinylidene difluoride (PVDF) membrane followed by
blocking in 5% skimmed milk. The following primary antibodies were used: mouse
monoclonal anti-CaMK IV antibody (sc-55501, 1:1000, Santa Cruz), mouse
monoclonal anti-GAPDH antibody (MAB374, 1:2000, Millipore). The membranes
were washed with TBST and incubated with following secondary antibodies:
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (111-035-045,
1:10,000, Jackson ImmunoResearch Laboratories); HRP-conjugated goat anti-
mouse IgG (115-035-062, 1:10,000, Jackson ImmunoResearch Laboratories). Per-
oxidase activity was detected with enhanced chemiluminescence substrate (Ther-
moFisher Scientific) and visualized with ChemiQ4800 imaging system (Bioshine).
Uncropped blots are provided as a Source Data file.

Immunohistochemical analysis. Twenty micrometer-thick sagittal brain sections
were prepared from mice at 2 and 6 months of age. Sections were incubated in
blocking solution (1 x PBS with 0.4% Triton X-100 and 5% normal fetal bovine
serum) for 1 h. The sections were then incubated with following primary antibodies
in blocking buffer: mouse monoclonal anti-Neu-N antibody (MAB377, 1:500,
Millipore), goat polyclonal anti-choline acetyltransferase (ChAT) antibody
(AB144P, 1:300, Millipore), rabbit polyclonal anti-Ibal antibody (019-19741,
1:1000, Wako Chemicals), mouse monoclonal anti-GFAP antibody (MAB360,
1:2000, Millipore), rabbit polyclonal anti-calbindin antibody (13176, 1:1000, Cell
Signaling Technology), rabbit polyclonal anti-PR antibody (23979-1-AP, 1:300,
proteintech), rabbit polyclonal anti-Cre recombinase antibody (15036, 1:500, Cell
Signaling Technology), rabbit polyclonal anti-TDP-43 antibody (10782-2-AP,
1:1000, Proteintech), rabbit polyclonal anti-nucleolin antibody (ab129200, 1:1000,
Abcam), mouse monoclonal anti-GFP antibody (sc-9996, 1:300, Santa Cruz). After
washing, the sections were incubated with anti-mouse/rabbit secondary antibodies
conjugated with either Alexa Fluor 488 (A21202, 1:300, ThermoFisher Scientific) or
Alexa Fluor 594 (111-585-003; 1:300; Jackson ImmunoResearch Laboratories).
Next, the brain sections were incubated with Hoechst 33342 dye (B2261, 1:1000,
Sigma Aldrich) for 10 min. The autofluorescence was quenched by 0.1% Sudan
black B (SBB) in 70% ethanol for 10 min at room temperature, followed by
washing in PBS for 5 min. Finally, the sections were mounted with antifade reagent
(Beyotime Biotechnology). The sections were imaged using either cooled CCD
(DP72, Olympus) on a microscope (IX71, Olympus) or a laser confocal microscope
(LSM 710, Carl Zeiss) with 63 x /1.40 oil DIC M27 objective. The images were
captured and processed using software CellSens standard (Olympus) and Zen (Carl
Zeiss).

Quantification. The percentage of cells with poly-PR aggregates in major brain
regions was quantified manually. Briefly, 20-um-thick sagittal brain sections were
prepared from heterozygous mice, the percentage of poly-PR aggregates in the
motor cortex was counted by percentage of GFP-positive cells in Neu-N-positive
neuron. Similarly, the percentage of GFP-positive cells in ChAT-postive motor
neurons and calbindin-positive Purkinje cellls were recorded, respectively. The
percentage of GFP-positive cells in DAPI-positive hippocampal neurons
(CA1-CA3) was also recorded. Five mice were determined for each brain regions,
three sections were counted per mouse.

To quantify the numbers of Pukinje cell in the cerebellum, 40-pum-thick sagittal
brain sections (just along to the midline) were prepared. The numbers of calbindin-
positive Purkinje cell in the four and five lobes of the cerebellum were recorded
using NIS elements (Nikon), and quantitative data were presented as the number of
Purkinje cells per 100 pm, three slides per animal and 4-5 animals per group. The
thickness of molecular layer in the four and five lobes of the cerebellum was
measured in a similar way. Twenty micrometer-thick sagittal brain sections
between lateral 0.72 mm and 1.08 mm were prepared for the quantification of the
thickness of the motor cortex, matching sections through the motor cortex from
bregma —1.0 mm to 0 mm were selected with three sections quantified for 4-5
mice, respectively. The hippocampal neurons in the squares indicated by Hoechst
staining were analyzed using CellSense standard (Olympus). The number of
hippocampal neurons in CA1, CA3, and DG regions was counted using Image J
(National Institute of Health). The number of ChAT-positive motor neurons in
lumbar spinal cord was counted manually. Briefly, 20-pum-thick lumbar sections
(L2-L5) were prepared. The average numbers of motor neurons in nine sections
were counted per mouse, 4-5 mice per group. The relative integrated optical
densities of Ibal and GFAP in the lumbar spinal cord were calculated in a similar
manner. Briefly, images were converted to grayscale, and background was
subtracted using default settings (50 pixels), consistent regions of interest in the
ventral horn were selected using tool ROI manager (Image J, National Institute of
Health). The relative integrated optical densities of Ibal and GFAP in nine sections
were counted per mouse, three mice per group. The relative integrated optical
densities of GFAP in other brain regions were measured similarly (three sections
per mouse, 4-5 mice per group).

RNA sequencing and bioinformatics analyses. The total RNA of each sample
was extracted using TRIzol Reagent (Invitrogen). The total RNA with RNA
integrity number (RIN) value above 9 was used for library preparation. The library
for next-generation sequencing was constructed according to the manufacturer’s
protocol (NEBNext"Ultra™ RNA Library Prep Kit for Illumina®). The libraries with
different indices were multiplexed and loaded on an Illumina HiSeq instrument
according to the manufacturer’s instructions (Illumina, San Diego, CA, USA).
Sequencing was carried out using a 2 x 150 -bp paired-end (PE) configuration.
Image analyses and base calling were conducted by the HiSeq Control Software
(HCS) + OLB + GAPipeline-1.6 (Illumina) on the HiSeq instrument.

FASTQ files were trimmed with Trimmomatic (v0.30) to remove quality of
bases lower than 20, then clean data were aligned to reference genome (Ensembl,
mm10) via software Hisat2 (v2.0.1). The FASTA format was converted from
known GFF annotation file and indexed properly. HTSeq (v0.6.1) was used to
estimate gene and isoform expression levels from the pair-end clean data.
Differentially expressed genes (DEGs) were selected using DESeq24°, DEGs with
adjusted P-values < 0.05 and [log2 (fold change)| > 0.2 were selected for further
analyses. Hierarchical clustering of differentially expressed genes was analyzed
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using pheatmap package in R studio (R Studio, Inc). GO pathway enrichment
analyses were performed with DAVID v6.8°%51, the Reactome enrichment pathway
analyses were performed using Gene Ontology Consortium®2. Top five enrichment
pathways with adjusted P-values < 0.05 were selected.

Quantitative real-time PCR (qRT-PCR). Isolated tissues were homogenized in
TRIzol reagent (Invitrogen) using PRO200 homogenizer (PRO Scientific). The total
RNA was extracted according to the manufacturer’s protocol. Five hundred
nanograms of the total RNA were reverse-transcribed into cDNA with a Trans-
Script First-Strand cDNA Synthesis Kit (Takara). Real-time PCR was performed
with Power SYBR® Green PCR master mix (Applied Biosystems) and Supple-
mentary Table 2 primers (most primers were searched in PrimerBank, GFP pri-
mers??). qRT-PCR was run on an ABI 7500 apparatus (Applied Biosystems). The
expression of mRNA was measured via the AAC, method relative to that of an
endogenous control gene (B-Actin). In addition, the expressions of synatic
transmission-related genes were normalized to Pcp2 gene, which is specifically
expressed in Purkinje cells of the cerebellum.

Behavioral assays. Two-, 6- and 12-month-old Thyl-Cre-positive heterozygous
mice and littermate control mice were subjected to serials of behavioral tests. All
mice were acclimated to the testing room for at least 1 h before formal test. No
more than two tests each day were performed. The testing room was kept quietly
and forbidden to disturb the spontaneous activity of mice.

Tail-suspension test. Two-month-old Thyl-Cre-positive heterozygous mice and
control mice were suspended 50 cm above the surface of a table. Duration time
with hind limb clasping was recorded in 2 min.

Grip strength test. The muscular strength of 20-day-old GFP-PR,s homozygous
mice, 6-month-old GFP-PR,g heterozygous mice, and control mice were measured
with a grip strength apparatus (Bioseb). After the mice grasped the grid with its
hind paws or four paws, pulled backward gently until the mice released, the
strength measured in gram was recorded, and the average strength of each mice
was calculated in five intermittent measures.

Cage behavior test. Cage behavior test is a simple and elegant experiment to
measure motor balance and coordination. Briefly, the mice were put on the edge of
a cage, where is 15 cm above the surface of a table. Importantly, the mice should
never be subjected to this test before. The performance of mice was recorded. The
wild-type mice would walk along or stay on the edge constantly, while the ataxic
mice would fall down due to motor imbalance. Duration time on the cage edge was
recorded in 2 min.

Rotarod test. The mice were placed on the static beam (Ugo Basile), the latency
fell from the beam was recorded when the beam was accelerated from 4 r.p.m. to 40
r.p.m. in 5 min. on day 1. The mice were trained on the beam at 4 r.p.m. constantly
until each mouse stayed on the beam for 5min. On days 2 to 5, the latency was
recorded as same as day 1. Three repeats were performed in 1 day with at least 15-
min break. For the disease progression experiments®3, the motor performance of
mice was recorded in 3 consecutive days, three repeats each day. The average of
nine values was recorded for statistical analysis.

Balance beam test. The balance beam apparatus (SANS Biological Technology)
includes a 50 x 5 cm (length x width) beam that is 50 cm above the floor, and a
dark goal box (10 x 10 x 10 cm) at one end of the beam. On day 1, each mouse was
trained until running through the beam without pausing. On day 2, the process of
each mouse passing through the beam was recorded by video camera. The number
of hind-limb slips of each mouse was calculated for further analyses.

Footprint test. The footprint test was performed in an apparatus constructed
manually>%. A 60 x 5 x 14 cm (length x width x height) corridor with a dark goal
box at the end of the corridor was used. First, the mouse was allowed to habituate
to the apparatus for 5 min prior to training. The mouse was then restrained by the
scruff of the neck for three times to reduce general anxiety. After the mouse
successfully passing through the corridor in the training procedure, a clean sheet of
paper was placed on the corridor floor. Fore paws of mice were painted with red
dye and hind paws with blue dye. The gait of mice was then recorded in formal
tests. The center of each plantar was marked, the distance between the fore paw
and hind paw at the same side was measured as back-front distance, and the
distance between hind paws at the same side was measured as back stride distance.

Open-field test. The open field test was performed in a 40 x 40 x 40 cm (width x
length x height) square box (Xinruan Informatlon Technology Co). A 20 x 20 cm
central region of the box was marked by Anymaze software (Stoelting Co). The
mouse was placed in the corner of the box and recorded by an overhead video
camera for 10 min. Several measures including total distance traveled, mean motor
speed, and center/total ratio were analyzed.

Statistical analysis. Statistical significant was performed using two-tailed,
unpaired Student’s ¢ tests or two-way ANOVA followed by Bonferroni post hoc
test. Two-sided Mann-Whitney testing was used if the data were non-normally
distributed. Survival of mice was measured by Kaplan-Meier method, and the
difference between two groups was analyzed using Gehan-Breslow—Wilcoxon test.
Unless otherwise stated, experiments were performed with male mice in a C57BL/6
genetic background. The data are displayed as mean * s.e.m. and analyzed using
GraphPad Prism 7.00 (GraphPad Software). And P < 0.05 were thought as sig-
nificant difference. *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The data of Figs. le, 1g, 2b, 2¢, 3b, 3¢, 3d, 3e, 3g, 3h, 3i, 4a, 4b, 4c, 4d, 4e, 5b, 5d, 5f, 5h,
6¢, 6d, 6f, 7e, 7f, and Supplementary Figs. 2b, 2¢, 2e, 2f, 2g, 2h, 3a, 3b, 3¢, 4b, 4d, 4e, 5a,
5f, 5g, 6i are provided as a Source Data file. The authors will make all data available to
readers upon reasonable request. A reporting summary for this article is available as a
Supplementary Information file. The RNA sequencing data of this article have been
deposited in the NCBI GEO database under accession number GSE132108.

Received: 19 September 2018 Accepted: 12 June 2019
Published online: 02 July 2019

References

1. Bruijn, L. I, Miller, T. M. & Cleveland, D. W. Unraveling the mechanisms
involved in motor neuron degeneration in ALS. Annu. Rev. Neurosci. 27,
723-749 (2004).

2. Hardiman, O. et al. Amyotrophic lateral sclerosis. Nat. Rev. Dis. Prim. 3,
17085 (2017).

3. Bang, ], Spina, S. & Miller, B. L. Frontotemporal dementia. Lancet 386,
1672-1682 (2015).

4. DeJesus-Hernandez, M. et al. Expanded GGGGCC hexanucleotide repeat in
noncoding region of COORF72 causes chromosome 9p-linked FTD and ALS.
Neuron 72, 245-256 (2011).

5. Renton, A. E. et al. A hexanucleotide repeat expansion in C9ORF72 is the
cause of chromosome 9p21-linked ALS-FTD. Neuron 72, 257-268 (2011).

6.  Gijselinck, I. et al. A C9orf72 promoter repeat expansion in a Flanders-Belgian
cohort with disorders of the frontotemporal lobar degeneration-amyotrophic
lateral sclerosis spectrum: a gene identification study. Lancet Neurol. 11, 54-65
(2012).

7. Shi, Y. et al. Haploinsufficiency leads to neurodegeneration in COORF72 ALS/
FTD human induced motor neurons. Nat. Med. 24, 313-325 (2018).

8.  Sellier, C. et al. Loss of COORF72 impairs autophagy and synergizes with
polyQ Ataxin-2 to induce motor neuron dysfunction and cell death. EMBO J.
35, 1276-1297 (2016).

9.  Webster, C. P. et al. The C9orf72 protein interacts with Rabla and the ULK1
complex to regulate initiation of autophagy. EMBO J. 35, 1656-1676 (2016).

10. Ugolino, J. et al. Loss of C9orf72 enhances autophagic activity via deregulated
mTOR and TFEB signaling. PLoS Genet. 12, €1006443 (2016).

11. Burberry, A. et al. Loss-of-function mutations in the COORF72 mouse
ortholog cause fatal autoimmune disease. Sci. Transl. Med. 8, 347ra393 (2016).

12. Jiang, J. et al. Gain of toxicity from ALS/FTD-linked repeat expansions in
CIOREF?72 is alleviated by antisense oligonucleotides targeting GGGGCC-
containing RNAs. Neuron 90, 535-550 (2016).

13. O’Rourke, J. G. et al. C90rf72 is required for proper macrophage and
microglial function in mice. Science 351, 1324-1329 (2016).

14. Sudria-Lopez, E. et al. Full ablation of C90rf72 in mice causes immune
system-related pathology and neoplastic events but no motor neuron defects.
Acta Neuropathol. 132, 145-147 (2016).

15. Donnelly, C. J. et al. RNA toxicity from the ALS/FTD CIORF72 expansion is
mitigated by antisense intervention. Neuron 80, 415-428 (2013).

16. Lee, Y. B. et al. Hexanucleotide repeats in ALS/FTD form length-dependent
RNA foci, sequester RNA binding proteins, and are neurotoxic. Cell Rep. 5,
1178-1186 (2013).

17. Mori, K. et al. hnRNP A3 binds to GGGGCC repeats and is a constituent of
p62-positive/TDP43-negative inclusions in the hippocampus of patients with
C9orf72 mutations. Acta Neuropathol. 125, 413-423 (2013).

18. Liu, Y. et al. C9orf72 BAC mouse model with motor deficits and
neurodegenerative features of ALS/FTD. Neuron 90, 521-534 (2016).

19. O’Rourke, J. G. et al. C90rf72 BAC transgenic mice display typical pathologic
features of ALS/FTD. Neuron 88, 892-901 (2015).

20. Peters, O. M. et al. Human C9ORF72 hexanucleotide expansion reproduces
RNA foci and dipeptide repeat proteins but not neurodegeneration in BAC
transgenic mice. Neuron 88, 902-909 (2015).

10 | (2019)10:2906 | https://doi.org/10.1038/s41467-019-10956-w | www.nature.com/naturecommunications


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132108
www.nature.com/naturecommunications

ARTICLE

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Kwon, L et al. Poly-dipeptides encoded by the C9orf72 repeats bind nucleoli,
impede RNA biogenesis, and kill cells. Science 345, 1139-1145 (2014).

May, S. et al. C9orf72 FTLD/ALS-associated Gly-Ala dipeptide repeat proteins
cause neuronal toxicity and Uncl19 sequestration. Acta Neuropathol. 128,
485-503 (2014).

Wen, X. et al. Antisense proline-arginine RAN dipeptides linked to COORF72-
ALS/FTD form toxic nuclear aggregates that initiate in vitro and in vivo
neuronal death. Neuron 84, 1213-1225 (2014).

Tao, Z. et al. Nucleolar stress and impaired stress granule formation
contribute to C90rf72 RAN translation-induced cytotoxicity. Hum. Mol. Genet
24, 2426-2441 (2015).

Lee, K. H. et al. C9orf72 dipeptide repeats impair the assembly, dynamics, and
function of membrane-less organelles. Cell 167, 774-788 €717 (2016).

Lin, Y. et al. Toxic PR poly-dipeptides encoded by the C9orf72 repeat
expansion target LC domain polymers. Cell 167, 789-802 e712 (2016).
Mizielinska, S. et al. C9orf72 repeat expansions cause neurodegeneration in
Drosophila through arginine-rich proteins. Science 345, 1192-1194 (2014).
Freibaum, B. D. et al. GGGGCC repeat expansion in C9orf72 compromises
nucleocytoplasmic transport. Nature 525, 129-133 (2015).

Zhang, Y. J. et al. COORF72 poly(GA) aggregates sequester and impair HR23
and nucleocytoplasmic transport proteins. Nat. Neurosci. 19, 668-677 (2016).
Zhang, Y. J. et al. Poly(GR) impairs protein translation and stress granule
dynamics in C9orf72-associated frontotemporal dementia and amyotrophic
lateral sclerosis. Nat. Med. 24, 1136-1142 (2018).

Murray, M. E. et al. Clinical and neuropathologic heterogeneity of c9FTD/ALS
associated with hexanucleotide repeat expansion in COORF72. Acta
Neuropathol. 122, 673-690 (2011).

King, A. et al. Mixed tau, TDP-43 and p62 pathology in FTLD associated with
a C9ORF72 repeat expansion and p.Ala239Thr MAPT (tau) variant. Acta
Neuropathol. 125, 303-310 (2013).

Glass, C. K., Saijo, K., Winner, B., Marchetto, M. C. & Gage, F. H.
Mechanisms underlying inflammation in neurodegeneration. Cell 140,
918-934 (2010).

Zu, T. et al. RAN proteins and RNA foci from antisense transcripts in
C9ORF72 ALS and frontotemporal dementia. Proc. Natl Acad. Sci. USA 110,
E4968-E4977 (2013).

Gendron, T. F. et al. Cerebellar c9RAN proteins associate with clinical and
neuropathological characteristics of COORF72 repeat expansion carriers. Acta
Neuropathol. 130, 559-573 (2015).

Mackenzie, I. R. et al. Quantitative analysis and clinico-pathological
correlations of different dipeptide repeat protein pathologies in COORF72
mutation carriers. Acta Neuropathol. 130, 845-861 (2015).

Chew, J. et al. COORF72 repeat expansions in mice cause TDP-43 pathology,
neuronal loss, and behavioral deficits. Science 348, 1151-1154 (2015).
Rohrer, J. D. et al. C90rf72 expansions in frontotemporal dementia and
amyotrophic lateral sclerosis. Lancet Neurol. 14, 291-301 (2015).

Goldman, J. S. et al. Multiple system atrophy and amyotrophic lateral sclerosis
in a family with hexanucleotide repeat expansions in C9orf72. JAMA Neurol.
71, 771-774 (2014).

Fogel, B. L. et al. COORF72 expansion is not a significant cause of sporadic
spinocerebellar ataxia. Mov. Disord. 27, 1832-1833 (2012).

Corcia, P. et al. Pure cerebellar ataxia linked to large C9orf72 repeat
expansion. Amyotroph. Lateral Scler. Front. Degener. 17, 301-303 (2016).
Schludi, M. H. et al. Spinal poly-GA inclusions in a C9orf72 mouse model
trigger motor deficits and inflammation without neuron loss. Acta
Neuropathol. 134, 241-254 (2017).

Zhang, Y. J. et al. Heterochromatin anomalies and double-stranded RNA
accumulation underlie C90rf72 poly(PR) toxicity. Science 363, eaav2606
(2019).

Prudencio, M. et al. Distinct brain transcriptome profiles in C9orf72-
associated and sporadic ALS. Nat. Neurosci. 18, 1175-1182 (2015).

Zhang, Y. J. et al. Aggregation-prone cOFTD/ALS poly(GA) RAN-translated
proteins cause neurotoxicity by inducing ER stress. Acta Neuropathol. 128,
505-524 (2014).

Kramer, N. J. et al. CRISPR-Cas9 screens in human cells and primary neurons
identify modifiers of COORF72 dipeptide-repeat-protein toxicity. Nat. Genet
50, 603-612 (2018).

Cooper-Knock, J. et al. Antisense RNA foci in the motor neurons of
C9ORF72-ALS patients are associated with TDP-43 proteinopathy. Acta
Neuropathol. 130, 63-75 (2015).

48. Oliveira, V. C. et al. Sudan Black B treatment reduces autofluorescence and
improves resolution of in situ hybridization specific fluorescent signals of
brain sections. Histol. Histopathol. 25, 1017-1024 (2010).

49. Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

50. Huang da, W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc.
4, 44-57 (2009).

51. Huang da, W., Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment
tools: paths toward the comprehensive functional analysis of large gene lists.
Nucleic Acids Res. 37, 1-13 (2009).

52. Mi, H. et al. PANTHER version 11: expanded annotation data from Gene
Ontology and Reactome pathways, and data analysis tool enhancements.
Nucleic Acids Res. 45, D183-D189 (2017).

53. Ditsworth, D. et al. Mutant TDP-43 within motor neurons drives disease onset
but not progression in amyotrophic lateral sclerosis. Acta Neuropathol. 133,
907-922 (2017).

54. Brooks, S. P., Trueman, R. C. & Dunnett, S. B. Assessment of motor
coordination and balance in mice using the rotarod, elevated bridge, and
footprint tests. Curr. Protoc. Mouse Biol. 2, 37-53 (2012).

Acknowledgements

We thank Yougqiong Ye from the University of Texas Health Science Center at Houston-
McGovern Medical School for her assistance with bioinformatics analyses. This work was
supported by the National Natural Science Foundation of China (Nos. 81761148024 and
31871023), the National Key Scientific R&D Program of China (No. 2016YFC1306000),
Suzhou Clinical Research Center of Neurological Disease (No. Szzx201503) and a Project
Funded by the Priority Academic Program Development of Jiangsu Higher Education
Institutions.

Author contributions

Z.H. and G.W. designed experiments; Z.T. constructed the GFP-PR,g transgenic mice
and plasmids; Z.H., LL.,, HS., Z.Z. and Z.L. performed transgenic mice genotyping,
behavioral tests, and qRT-PCR; L.L. and R-W. contributed to immunohistochemical
experiments; C.M. and H.R. isolated the RNA and assisted with RNA-sequencing ana-
lyses; J.Z. provided Thyl-Cre transgenic mice; G.W. and Z.H. analyzed the data and
wrote the paper.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-10956-w.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer review information: Nature Communications thanks the anonymous reviewer(s)
for their contribution to the peer review of this work. Peer reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

= Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:2906 | https://doi.org/10.1038/s41467-019-10956-w | www.nature.com/naturecommunications 1


https://doi.org/10.1038/s41467-019-10956-w
https://doi.org/10.1038/s41467-019-10956-w
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Motor dysfunction and neurodegeneration in a C9orf72 mouse line expressing poly-PR
	Results
	Distribution of GFP-PR28 in the heterozygous mice
	Homozygous mice display decreased survival time
	Heterozygous mice show motor deficits
	Heterozygous mice show motor-related neurodegeneration
	Gliosis in heterozygous mice
	RNA-seq analyses of dysregulated genes in heterozygous mice

	Discussion
	Methods
	Animals
	Construction of plasmids
	Western blotting analysis
	Immunohistochemical analysis
	Quantification
	RNA sequencing and bioinformatics analyses
	Quantitative real-time PCR (qRT-PCR)
	Behavioral assays
	Tail-suspension test
	Grip strength test
	Cage behavior test
	Rotarod test
	Balance beam test
	Footprint test
	Open-field test
	Statistical analysis
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




