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Abstract

C9orf72 ALS/FTD patients show remarkable clinical heterogeneity, but the complex biology of the repeat expansion mutation
has limited our understanding of the disease. BAC transgenic mice were used to better understand the molecular
mechanisms and repeat length effects of C9orf72 ALS/FTD. Genetic analyses of these mice demonstrate that the BAC
transgene and not integration site effects cause ALS/FTD phenotypes. Transcriptomic changes in cell proliferation,
inflammation and neuronal pathways are found late in disease and alternative splicing changes provide early molecular
markers that worsen with disease progression. Isogenic sublines of mice with 800, 500 or 50 G4C, repeats generated from
the single-copy C9-500 line show longer repeats result in earlier onset, increased disease penetrance and increased levels of
RNA foci and dipeptide RAN protein aggregates. These data demonstrate G4C, repeat length is an important driver of
disease and identify alternative splicing changes as early biomarkers of C9orf72 ALS/FTD.

Introduction Proposed molecular mechanisms include C9orf72 protein loss-
The intronic C9orf72 G4C2 expansion mutation is the most of-function, RNA gain-of-function and repeat-associated non-
common known genetic cause of both amyotrophic lateral ATG (RAN) protein toxicity (1-12). Numerous mouse models have
sclerosis (ALS) and frontotemporal dementia (FTD) (1,2). been developed to better understand the relative contributions
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of loss-of-function and gain-of-function mechanisms in disease
(13-23). While C9orf72 protein levels measured in autopsy
samples are lower in C9 patients (24), C9orf72 knockout mice
develop peripheral immune phenotypes but not ALS/FTD-
related phenotypes (15,16,18,20), making it unlikely that C9orf72
loss-of-function alone is a major driver of disease. In contrast,
Drosophila and mouse models that overexpress specific RAN
proteins develop neurodegenerative and motor phenotypes (13-
23,25), indicating RAN proteins can be toxic and may play a
role in disease. RNA gain-of-function effects may cause RNA
processing abnormalities that contribute to disease through
the sequestration of RNA-binding proteins by the repeat-
containing sense and antisense transcripts. Studies of C9
iPSC-derived neurons (iPSNs) and C9-ALS autopsy tissue have
reported transcriptomic changes (26-28). Additionally, a number
of RNA-binding proteins (RNA-BPs) that interact with short
stretches of G4C, repeats have been identified through unbi-
ased interactome screens, including Pur-o«, ADARB2, hnRNPH,
hnRNPA1, hnRNPA2/B1, ALYREF, nucleolin and RanGAP1 (26,29
36). Crosslinking immunoprecipitation (CLIP) analyses using
autopsy material from the frontal cortex of C9-ALS patients
shows that hnRNPH binds to G,C, transcripts with short repeats
(37). Since there is little consensus on which RNA-binding
proteins are sequestered by the G,C, repeats, the relative
contribution of RNA gain-of-function mechanisms in C9orf72
ALS/FTD remains unclear.

There is remarkable clinical heterogeneity among C9orf72
expansion carriers with clinical presentations ranging from
muscle wasting characteristic of ALS in some patients, to dis-
inhibition and cognitive deficits characteristic of FTD in others.
While some expansion carriers remain asymptomatic into their
90s, the frequency of reduced penetrance is not yet clear. The
C9orf72 expansion mutation is found in approximately 7% of
sporadic ALS cases, in which there is no family history of the
disease (38). Because asymptomatic expansion-positive relatives
and asymptomatic expansion carriers in general are unlikely to
be tested, the frequency of the C9orf72 expansion mutation is not
yet clear (39,40). Repeat length and somatic repeat instability,
which are known to contribute to Huntington disease and
other repeat expansion disorders (41-43), may contribute to the
reduced disease penetrance of C9orf72 ALS/FTD, differences in
age of onset and the wide-ranging clinical effects of the C9orf72
expansion mutation (4,40). However, because of ascertainment
bias, technical difficulties in measuring repeat length and
somatic instability in patients, it is challenging to study the
effects of repeat length as a modifier of C9orf72 ALS/FTD (44,45).

To better understand the molecular mechanisms of disease,
we and others generated bacterial artificial chromosome (BAC)
transgenic mouse models that show molecular phenotypes of
the disease including sense and antisense RNA foci and RAN
protein aggregates, although the relative levels of these molecu-
lar phenotypes have not been directly compared (18-21). In the
C9-BAC transgenic mice developed at the University of Florida,
mice from several independent lines established on the FVB
background (19) developed both the molecular and behavioral
features of ALS/FTD including the accumulation of sense and
antisense RNA foci and RAN proteins, movement abnormalities,
motor neuron loss and decreased survival (19,46,47).

Here, we describe the transgene integration sites of these C9-
BAC lines (19), further establishing that the ALS/FTD phenotypes
in these lines occur independent of integration effects. RNAseq
analyses, using the most penetrant single copy C9-500 line, show
transcriptomic profiles consistent with neuronal loss, microglia
and oligodendrocyte changes that are distinct at different stages
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of disease. Additionally, alternative splicing abnormalities are
prevalent prior to onset of overt disease features, suggesting
their potential utility as early biomarkers of ALS/FTD. Using
the single copy C9-500 line, we generated an allelic series of
mice containing 800, 500 or 50 repeats and demonstrate that
longer repeat tracts in an isogenic background increase disease
penetrance and decrease age of onset and survival. These data
demonstrate that the ALS/FTD phenotypes in FVB C9-BAC mice
are driven by gain-of-function effects of the expansion mutation;
these effects occur independent of integration site and repeat
length is a major driver of disease.

Results

Phenotypes in C9-BAC mice independent
of integration sites

We previously reported the development of a BAC transgenic
model of C9orf72 ALS/FTD on the FVB/N]J background (19). Four
independent lines were generated by pronuclear injection of
a circularized BAC containing a 98.3 kb human DNA insert,
including a large G4C, repeat-expansion mutation (Fig. 1A). To
further characterize these mice, we performed whole genome
sequencing to determine transgene break points, genomic inte-
gration sites and number of transgene copies for each of the four
BAC transgenic lines. Transgene break and genomic integration
sites were identified by computational analyses of discordant
read-pairs from transgenic DNA compared to mouse and human
reference genomes. Transgene copy number for each of the lines
was determined by comparing the regional coverage depth of
the BAC with the average coverage depth of the mouse reference
genome. These data show that the transgenes in all four BAC
lines were inserted into distinct single integration sites. Trans-
gene copy number for each of the lines was consistent with
previous estimates based on Southern blot and quantitative real
time polymerase chain reaction (QRT-PCR) analyses (19).

In the single-copy C9-500 line, the BAC transgene inserted
between Chr 6(+): 114939871 and Chr 6(+): 114939853 in the
mouse genome within the first intron of the annotated tumor
suppressor gene vestigial like 4 (Vgll4) (Fig. 1B and C). The break-
point on the circular BAC transgene occurred 19,097 bp upstream
of C9orf72. At the site of integration, the C9-500 line contains
the full-length C90rf72 gene containing ~500 G4C, e G,C, repeats
with ~19.1 kb of 5 human flanking sequence and ~19.4 kb of
3’ human flanking sequence. The remaining sequence includes
the pCC1BAC backbone followed by 32.0 kb of human DNA
originally 5 of the breakpoint on the BAC. gRT-PCR using primers
targeting Vgll4 shows no significant differences in expression of
Vgll4 in C9-500 mice compared to controls (Fig. 1C). In summary,
the BAC transgene in the C9-500 line has a single integration
site containing a full-length copy of the C9orf72 gene, substantial
human flanking sequence and ~500 G4C, e G,C, repeats.

In the C9-500/32 line, two copies of the transgene were
integrated between mouse chromosome 18 (—) 17919900 and
the flipped chromosome 18 (+) strand at position 18526504
(Supplementary Material, Fig. S1A). No annotated genes were
found in this region and no decrease in coverage between the
breakpoints was observed, indicating a small mouse chromo-
somal rearrangement but not a mouse chromosomal deletion
occurred in this region (Supplementary Material, Fig. S1A). In the
C9-500/32 line, the first copy of the integrated human transgene
contains 46.6 kb of upstream and 19.4 kb of downstream
flanking sequences and the full-length copy of the CYorf72
gene. The second transgene copy contains the full 51.6 kb
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Figure 1. Characterization of transgene integration site, and C9orf72 protein levels in C9-BAC mice. (A) BAC construct containing human C9orf72 gene and 51.6 kb and
19.4 kb of upstream (orange) and downstream (blue) flanking sequence, respectively. (B) Map showing breakpoint and integration of the BAC on mouse chromosome 6.
(C) Map showing insertion of C90rf72 transgene in Vgll4 gene and qPCR showing expression of Vgll4 in NT and C9-500 mice. (D, E) Protein blots showing NT, C9-500 and
Baloh-Jax mice probed with «-C90rf72 antibody. (F) Protein blot quantitation. Data information: Statistical analyses for panel F were performed using one-way ANOVA
with Bonferroni correction for multiple comparisons with mean +/— SEM shown; not significant (ns) =P > 0.05.

upstream flanking region and a small portion of C9orf72 which
terminates 3’ of the repeat within the first intron. Southern
blot analyses show that the larger repeat expansion is located
in the full-length C9orf72 copy and the shorter expansion
in the second copy containing the truncated C9orf/72 gene
(Supplementary Material, Fig. S1B and C).

The C9-36/29 line has three copies of the full-length C9orf72
gene, and one truncated copy inserted into the second intron
of metallophosphoesterase 1 (Mppel) (Supplementary Material,
Fig. S2A). Although the deletion of exons 3-4 of Mppel is pre-
dicted to lead to the expression of a truncated protein lack-
ing the N-terminal region and a portion of the metallophos-
phoesterase domain, gRT-PCR and RNA sequencing detected
no significant differences in transcript levels including over
exons 3 and 4 (Supplementary Material, Fig. S2B and C). While it
is possible that a truncated metallophosphoesterase protein is
expressed and could cause some type of deleterious effect, no
overt phenotypic differences were found in this line compared
to the other phenotypic lines.

The C9-37 line has a single transgene insertion site on
chromosome 4 at a position with no annotated genes. This
insertion contains a partial copy of C9orf72 extending from
exon 1 into intron 9 plus 19.5 kb of endogenous human
upstream flanking sequence. Due to the position of the
transgene break, the pCC1BAC backbone plus an additional
17.3 kb of 3’ sequence is integrated further upstream of C9orf72
(Supplementary Material, Fig. S2D). The C9-37 line, which lacks
the 3’ end of C9orf72, is the only line that does not contain a
full-length copy of the transgene, and the only line that does not
develop overt ALS/FTD phenotypes.

To further compare these transgenic lines, we measured
the levels of exonla-containing sense RNA transcripts by
gRT-PCR and polyGP RAN protein levels using a meso scale
discovery (MSD) assay (Supplementary Material, Fig. S3). As
previously described (19), qRT-PCR shows that the levels of
sense expansion-containing RNA transcripts in the brain from
each of the four C9-BAC lines correlate with the number of
transgene copies (Supplementary Material, Fig. S3A). In contrast,

the levels of polyGP RAN proteins are the highest in the
most penetrant C9-500 line in both the cortex and cerebellum
(Supplementary Material, Fig. S3B).

In summary, three independent C9orf72 BAC lines show simi-
lar ALS/FTD phenotypes (19), strongly supporting the hypothesis
that these phenotypes are caused by the repeat expansion muta-
tion and not gene disruptions or other changes at the various
integration sites. Of the two lines with relatively short repeats
(C9-36/29 vs C9-37), only the C9-36/29 line containing 4 copies of
transgenes showed significant differences in survival from NT
mice (19). This difference could result from the higher expression
of the relatively small G4C, expansions in the phenotypic
C9-36/29 line (4 transgene copies) compared with the C9-37
line (1 transgene copy), the accumulation of GA RAN protein
aggregates (19) and higher GP RAN protein levels in some
C9-36/29 compared to C9-37 animals (Supplementary Material,
Fig. S3B) or the truncation of the C9orf72 gene found in the C9-
37 line. The C9-500 line has one copy of the full-length human
transgene, no evidence of integration effects on phenotypes,
the most penetrant phenotype among the lines (19) and the
highest expression of RAN proteins, making the C9-500 mice an
attractive model for therapeutic development. We focused our
subsequent analyses on mice from the C9-500 line.

C90rf72 protein overexpression not associated
with disease in C9-500 mice

Similar to the C9-500 mice developed at UF (19), O'Rourke et al.
(20) developed an independent C9-BAC mouse model (Baloh-Jax)
using a different BAC construct with the full-length C9orf72 gene
and additional flanking sequence on the C57BL/6 background.
In contrast to our model, these mice carry multiple copies of
the BAC transgene containing ~100-1000 G,C, repeats and do
not develop behavioral or neurodegenerative features of C9orf72
ALS/FTD. To study if the integration of the transgene results
in an upregulation of C9orf72 protein levels that might con-
tribute to phenotypes seen in the C9-500 line, we compared
the levels of the C9orf72 protein in 20-week-old female C9-500
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mice with age-matched NT mice and Baloh-Jax transgenic mice.
Splice variants of the C9orf72 mRNA generate two isoforms of
the protein with predicted sizes of ~55 kDa and ~35 kDa (48).
Commercially available antibodies detect the long isoform. We
used the C9orf72 Genetex antibody that detects both human and
mouse C9orf72 protein (49) and confirmed antibody specificity
by showing that the 55 kDa protein is detected in the control
but not C9orf72 KO brain lysates (generously donated by Dr
Robert. H. Baloh) (Fig. 1D). Cortical brain lysates from the Baloh-
Jax mice show a 3.4-fold elevation of C9orf72 protein compared
to NT controls (P < 0.003). In contrast, no significant upregulation
in C9orf72 protein was found in C9-500 compared to NT mice
(Fig. 1E and F) and the Baloh-Jax mice had a 1.6-fold elevation of
protein compared to the C9-500 mice (P < 0.019).

In summary, elevated levels of C9orf72 protein found in the
asymptomatic Baloh-Jax mice, but not the phenotypic C9-500
mice, suggest any modest elevations of the C9orf72 protein
found in the UF C9-500 line are unlikely to contribute to the
ALS/FTD phenotypes.

Neuroinflammatory transcriptome changes
predominate at end-stage

RNA dysregulation is thought to play a role in C9orf72 ALS/FTD
(27,50,51) but little is known about how the transcriptome is
affected early in the course of disease or how these changes
progress during the course of disease. In our initial description
of these mice (19), we showed that a subset of C9(+) females
develop acute phenotypes that progress rapidly, while other
mice develop phenotypes later in life and generally have a more
slowly progressive disease course. To understand transcriptomic
changes that occur in early versus later stages of disease, we
performed RNA sequencing on frontal cortex samples from C9-
500 mice with similar ages but at different stages of disease
compared to NT controls. These groups included 10 female
C9-500 mice at 20 weeks of age with no overt cage behavior
abnormalities (C9+ presymptomatic), four C9+ animals that had
developed acute rapidly progressive phenotypes (20-22 weeks
old) (Acute) and three NT controls.

Sample to sample correlation based on differential gene
expression measured using DESeq2 shows that the Acute cohort
of C9-500 mice have unique gene expression profiles. Addition-
ally, global gene expression changes in the NT animals are sim-
ilar to the C9(+) animals but Acute animals were significantly
different from both the NT and C9(+) presymptomatic animals
(Fig. 2A). In the Acute mice, we identified 2514 upregulated
and 2921 downregulated genes compared to NT animals, with
false discovery rate (FDR) <0.05 (Fig. 2A). A heat map of the
top 50 significant genes in the Acute vs NT mice is shown in
Supplementary Material, Figure S4. Gene ontology (GO) analyses
in the Acute vs NT mice shows that the upregulated pathways
include negative regulation of cell proliferation, inflammatory
response and actin cytoskeleton organization (P-values indi-
cated on the left) (Fig. 2B). Significantly downregulated pathways
include brain development, synaptic organization and neuron
projection development (Fig. 2B). Since the Acute C9-BAC mice
mimic the neuropathology seen in end-stage C9-ALS patients,
we compared the gene expression profiles of the cortex from
Acute mice and C9-ALS patients. RNA sequencing data obtained
from the Prudencio et al. (27) study were reanalyzed using STAR
(52) for alignment and Kallisto (53) to obtain transcript per
million (TPM) values. Using these parameters, we identified 36
genes that were consistently dysregulated between C9-ALS and
unaffected individuals in this dataset. Of these, 15 of the 36
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were also dysregulated in our Acute mice, an ~2-fold greater
overlap than expected by chance (P < 0.04, hypergeometric test),
including SerpinH1 (Supplementary Material, Fig. S5). This gene
belongs to the serine protease inhibitor family, and several
members of this gene family, including SerpinA3 and SerpinAl
are hypothesized to disrupt neuronal function and have been
found to be differentially expressed in C9orf72 ALS patient
autopsy tissue (27,28). In contrast, no significant differences
in overall gene expression were observed between NT and C9(+)
presymptomatic mice.

Since a large number of neuroinflammatory and neurode-
generative gene expression changes in the Acute cohort may
have resulted from inflammatory and neurodegenerative pro-
cesses that cause loss of neurons or increases in inflammatory
cells, we estimated cell type changes in each sample. For this
analysis, we used publicly available datasets that had charac-
terized gene expression in seven different cell types (neurons,
microglia, astrocytes, endothelial cells, oligodendrocyte precur-
sor cells, myelinating oligodendrocytes and newly formed oligo-
dendrocytes) in the mouse brain (55). Because there is a consider-
able overlap between the expression profiles of oligodendrocyte
precursor cells, myelinating oligodendrocytes and newly formed
oligodendrocytes, we combined these cell types into a single
category called ‘oligodendrocytes’. We observed an increase in
the estimated proportion of gene expression changes specific for
microglial, oligodendrocyte and endothelial cells in Acute vs NT
mice, and a decrease in estimated proportion of gene expres-
sion changes specific for neurons in Acute vs NT mice (Fig. 2C,
Table 1). Consistent with these findings, Acute mice IHC showed
overt loss of immunoreactivity to the neuronal marker NeuN and
increased staining of the microglial marker Ibal in the Acute
mice compared to NT mice (Fig. 2D). Additionally, significant
albeit small differences in gene expression were found between
C9(+) presymptomatic and NT mice in estimated changes spe-
cific to endothelial, oligodendrocyte and neuronal cells, but not
microglia (Fig. 2C, Table 1) and consistent with these more subtle
changes, no overt pathology was found in the hippocampus
(Supplementary Material, Fig. S6) of C9(+) presymptomatic mice
compared to NT mice.

Taken together, robust changes in gene expression were
seen in Acute mice compared to NT littermates. These changes
are consistent with the neuronal loss and increased numbers
of microglia in Acute compared to NT mice. Additionally, both
Acute and presymptomatic C9(+) animals showed changes in
cell type-specific genes associated with neurons, endothelial
cells and oligodendrocytes compared to NT mice, and these
changes increased with increased disease severity.

Alternative splicing changes characterize disease states
in ALS/FTD

Changes in alternative splicing and alternative polyadenylation
were previously reported in autopsy brains from C9-positive
ALS but not C9-negative sporadic ALS cases (27). We examined
alternative splicing variants in C9-500 mice using MISO analyses
and show that 240 and 539 genes showed alternative splic-
ing changes in C9(+) presymptomatic vs NT and C9(+) Acute
vs NT cohorts, respectively (Fig. 3A). These alternative splicing
abnormalities provide a robust molecular signature of C9orf72
ALS/FTD. A total of 83 of these alternative splicing events (inter-
section events) were significantly different in both the Acute
and C9(+) presymptomatic cohorts (Fig. 3A and B) compared to
NT mice, and the psi values of these 83 shared splicing events
was higher in animals with acute disease compared to the
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Figure 2. Prominent neurodegenerative and neuroinflammatory changes in acute end-stage C9-BAC mice (A) Sample-to-sample correlation plot shows increased
correlation in gene expression changes among Acute mice and C9(+) presymptomatic mice but not between groups. (B) Gene ontology analyses of gene expression
changes in Acute vs NT mice. (C) Cell-type enrichment analyses in NT, C9(+) presymptomatic and Acute mice. Statistical tests and significance are shown in Table 1.
(D) Immunohistochemistry of Acute C9-BAC mice stained for neuronal (NeuN) and microglial (Ibal) markers. Inset shows zoom-in of microglial staining. Acute (i) and
(ii) show variations in pathology that are seen in two different Acutely affected end-stage C9-BAC mice.

C9(+) presymptomatic cohort. These data indicate that splicing
changes occur in C9(+) animals prior to the onset of overt pheno-
types and suggest that these changes worsen with disease pro-
gression. For example, Elavl2, an RNA-binding protein enriched
in the neurons that affect neuronal excitability (56), was found
to be alternatively spliced in both C9(+) presymptomatic animals
and Acute animals and the psi values were highest in the acutely
affected animals (Fig. 3C). A summary of the alternatively spliced
events found in both C9(+) presymptomatic and Acute animals
is shown in Figure 3D. Although beyond the scope of this study,
these genes may be useful as biomarkers to monitor disease
progression in C9-ALS/FTD patients (Fig. 3D, Table 2).

GO analyses were used to better understand the categories
of alternatively spliced genes that show changes in presymp-
tomatic and Acute mice and changes common to presymp-
tomatic and acutely affected animals (Fig. 3E). MISO was also
performed to detect alternative splicing changes in previously
published RNAseq data from human autopsy tissue (Fig. 3E).
Splicing changes occurring in both acutely affected mice and

end-stage C9-ALS patients were enriched for several similar GO
categories including genes with alternative splicing abnormal-
ities that are normally involved in neuronal death, oxidative
stress, cytoskeletal pathways and inflammation. In contrast,
pathways dysregulated in presymptomatic mice include synap-
tic transmission and membrane localization.

In summary, we show that alternative splicing abnormali-
ties increase with disease severity in C9-BAC mice and hence
may provide useful biomarkers and tools to understand disease
progression.

Motif analyses of intronic regions flanking exons
dysregulated in C9 ALS/FTD

In myotonic dystrophy, a well-established RNA gain-of-function
disease, CUG or CCUG expansion RNAs sequester MBNL proteins
into intranuclear foci, thus preventing their normal function
in regulating posttranscriptional processing including alterna-
tive splicing and polyadenylation (57). As expected, sequence



Human Molecular Genetics, 2020, Vol. 29, No. 24 | 3905

Table 1. Cell type analysis on transcriptome data from NT, C9(+) presymptomatic and Acute mice

Samples Mean 1 Mean 2 Statistics P-value P adj
Endothelial cells

NT vs C9(+) 0.075 0.084 —13.735 <0.0001 <0.0001

NT vs Acute 0.075 0.106 —31.664 <0.0001 <0.0001

C9(+) vs Acute 0.084 0.106 —27.118 <0.0001 <0.0001
Microglia

NT vs C9(+) 0.025 0.025 —2.22 0.02 1

NT vs Acute 0.025 0.075 —52.523 <0.0001 <0.0001

C9(+) vs Acute 0.025 0.075 —53.598 <0.0001 <0.0001
Astrocyte

NT vs C9(+) 0.037 0.035 0.651 0.5 1

NT vs Acute 0.037 0.034 3.575 <0.0001 0.7

C9(+) vs Acute 0.035 0.034 4.256 <0.0001 0.04
Neuron

NT vs C9(+) 0.68 0.65 25.62 <0.0001 <0.0001

NT vs Acute 0.68 0.52 53.21 <0.0001 <0.0001

C9(+) vs Acute 0.65 0.52 54.08 <0.0001 <0.0001
Oligodendrocytes

NT vs C9(+) 0.186 0.207 —18.742 <0.0001 <0.0001

NT vs Acute 0.186 0.269 —46.016 <0.0001 <0.0001

C9(+) vs Acute 0.207 0.269 —44.485 <0.0001 <0.0001

analyses of abnormally spliced exons from DM1 skeletal muscle
are most significantly enriched for MBNL YGCY binding motifs
(Supplementary Material, Fig. S7).

In contrast to DM1, sequence analyses of abnormal splicing
events in C9(+) presymptomatic mice and Acute mice shows the
enrichment of a larger number and more diverse set of tetramer
motifs, including AT and multiple types of GC-rich repeat motifs
(Fig. 3F). A diverse set of repeat motifs are also enriched in the C9-
ALS patient splicing data (Fig. 3F). In contrast to the prominent
involvement of a single category of RBP in DM1, the multiple
types of RNA-binding motifs found in the dysregulated genes in
C9 ALS/FTD are consistent with published literature and indicate
that C9orf72 RNA dysregulation may involve a larger group of
RNA-binding proteins, or may reflect concurrent processes that
prevent unambiguous identification of a single RBP driver of
disease (Fig. 3F).

In contrast to DM1, motif enrichment analyses show that
the alternative splicing changes found in our C9-BAC mice are
unlikely to be caused by sequestration of a single category of RBP.

Repeat length increases penetrance and decreases
survival in allelic series of C9-BAC mice

Repeat length is a known modifier of disease severity in multiple
repeat expansion diseases including Huntington disease, DM1
and multiple spinocerebellar ataxias (55,59). Somatic instabil-
ity and technical difficulties measuring G4C, repeat length in
human C9orf72 patients have made the contribution of repeat
length to age of onset and disease severity in C9orf72 ALS/FTD
difficult to determine. To test the hypothesis that the length of
the G4C, repeat is an important modifier of age of onset and
disease risk, we established an allelic series of mice from our
most penetrant BAC transgenic line (C9-500). Taking advantage
of intergenerational repeat instability observed during the main-
tenance of our colony (19), we selected and bred C9-500 animals
that had repeat contractions or expansions and established
sublines with 50 (C9-50) or 800 (C9-800) repeats (Fig. 4A and B).
Limited somatic repeat instability was observed between tail and

brain DNA from the 50 and 800 lines (Fig. 4B). The limited somatic
instability of the G4Cye G,C4 expansion, the single-copy of the
C9orf72 transgene and the identical insertion site shared by the
C9-800, C9-500 and C9-50 sublines make these mice an ideal
resource to test the effects of repeat length on age of onset and
disease penetrance.

To understand the effects of repeat length on disease, we
performed a series of experiments on female mice from this
allelic series. First, we performed DigiGait analyses at an early
timepoint to test if phenotypes in the C9-800 mice were detected
earlier than in the C9-500 cohort. At 12 weeks of age, C9-800
mice showed abnormalities in 9 of 42 DigiGait parameters while
the C9-500 mice showed six differences compared to NT mice
(Table 3). Additionally, 12 parameters were different between
C9-800 and C9-500 mice (Fig. 4C) including three key parameters
typically involved in ALS: swing time, stride time and time
of a stride when paw is in swing motion (60,61). These data
show gait abnormalities are found earlier in mice with longer
repeats.

Open field studies previously showed both slowed movement
and hyperactivity in older C9-500 mice (12-18 months) (19). To
test if increased repeat length causes earlier open field abnor-
malities, we examined the allelic series of mice earlier in disease
at 24 and 40 weeks of age. At 24 weeks there were no differences
in ambulatory distance between any of the C9-50, C9-500 and
C9-800 sublines compared to NT animals. At 40 weeks the
C9-800 group showed a significant increase in ambulatory
distance compared to both the C9-500 and NT cohorts (Fig. 4D).
In contrast, no significant differences were found between the
C9-500 or C9-50 animals and NT controls at this age. Open
field analyses were also used to measure decreases in center
time, a phenotype associate with anxiety-like behavior. At
40 weeks, both the C9-500 and C9-800 animals showed
decreased center time compared to NT controls. Additionally,
center time in the C9-800 animals was decreased compared to
C9-500 mice (Fig.4E). Taken together, these data show open
field abnormalities are found earlier with increased repeat
length.


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa279#supplementary-data
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Figure 3. Abundant alternative splicing changes in C9-BAC mice. (A) Venn diagram showing number of alternative splicing changes in Acute and presymptomatic
mice compared to NT mice. (B) Alternative splicing events found in both presymptomatic and Acute animals show delta psi values for a group of markers increase
with disease severity. (C) Elavl2 is alternatively spliced in both the C9(+) presymptomatic [C9(+)] and Acute mice. (D) Gene IDs and corresponding Apsi values in C9(+)
presymptomatic and Acute animals. Additional information on alternative splicing events is provided in Table 2. (E) Gene Ontology categories are shown for alternatively
spliced events found only in C9(+) presymptomatic mice, both presymptomatic and Acute animals (intersection), only Acute animals and C9-ALS patients. (F) Motif
analysis of significant alternative splicing changes in C9(+) presymptomatic mice, acute mice and C9-ALS patients shows no enrichment of single motif or unique
signature of sequestration of single RNA-binding protein.
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Figure 4. Earlier onset and increased penetrance in isogenic C9 sublines with longer G4C2 expansions. (A) Breeding strategy of expansion and contraction lines
established from the C9-500 animals with spontaneous intergenerational instability. (B) Southern blots of tail and brain DNA from F3 C9-500 mice and C9-800 and
C9-50 sublines. C9-LCL is a lymphoblastoid cell line obtained from a C9-ALS patient. (C) Gait abnormalities in C9-800 mice at 3 months of age. NT n =44, C9-500 n =38,
C9-800 n =24. All parameters listed in Table 3. (D) Open field analyses comparing the percentage change in ambulatory distance in C9-50, C9-500 and C9-800 mice
compared to NT mice at 24 weeks (NT n=9, C9-50 =10, C9-500 =9, C9-800=13) and 40 weeks (NT n=9, C9-50=6, C9-500 = 18, C9-800 = 10). (E) Open field analyses
showing percentage time spent in center of chamber for NT, C9-50, C9-500, C9-800 cohorts (NT n=9, C9-50 =6, C9-500 = 18, C9-800 = 10). (F) Population census with
percentage of female mice that are sick, healthy and phenotypic using multifactorial scoring criteria. (G) Kaplan-Meier survival curves of female mice from NT (n=31),
C9-50 (n=23), C9-500 (n =36) and C9-800 (n =52) cohorts. Data information: Statistical analyses for panels D and E were performed using one-way ANOVA and Tukey’s
multiple comparison test with mean +/— SEM shown; not significant (ns) =P > 0.05; *P < 0.05; **P < 0.01; ***P <0.001; ****P <0.0001. In (F), Chi square test was used,
*EE%P < 0.0001. In (G) Gehan-Breslow-Wilcoxon test, *P < 0.05.

Phenotypic mice show abnormal cage behavior including expression of Vgll4 in the sublines derived from C9-500 mice.
kyphosis, inactivity, severe dehydration and hind-limb paralysis. We observed no significant differences in expression of Vglli4
Population census and cage behavior analyses (19) to compare in C9-50, C9-500 and C9-800 mice compared to NT mice
the percentages of dead, phenotypic and apparently healthy (Supplementary Material, Fig. S8A). At 20 weeks of age, there
animals at 40 weeks showed significant differences between the was a significant increase in sense and antisense foci in
C9-500 and C9-800 cohorts compared to NT controls. In contrast, the C9-800 dentate gyrus compared to mice from the C9-
although several animals in the C9-50 line died, including one 500 line (Fig.5A and B). Similar to our previously published
animal that showed acute phenotypes and paralysis, the overall data on mice with shorter repeat tracts (29-37 repeats) (19),
survival of animals in the C9-50 line was not significantly dif- sense and antisense RNA foci were not detected in animals
ferent from NT animals (Fig. 4F). These data demonstrate that in the C9-50 line (Fig.5A and B). Next, we compared RAN
repeats as short as 50 can cause C9orf72 ALS/FTD phenotypes, protein aggregates in the retrosplenial cortex by immunohis-
but with reduced penetrance compared to the C9-500 and C9- tochemistry (IHC) or immunofluorescence (IF) using human
800 lines. As previously reported (19), death in the C9-500 line «-GA; and o-GP; antibodies (46) (Supplementary Material,
begins at ~20 weeks of age. In contrast, death of animals in Figs 5C and S8B). At 40 weeks of age, there was a significant

the C9-800 line begins earlier, at approximately 12 weeks of age. increase in the percentage of cells with polyGA aggregates (71%
Kaplan-Meier analysis shows a significant decrease in survival vs 40%) and polyGP aggregates (30% vs 15%) detected by IHC
in the C9-800 line compared to C9-500 animals by 52 weeks or IF in the C9-800 compared to the C9-500 mice (Fig. 5C-E).
(Fig. 4G). Taken together, these data demonstrate that increased The levels of soluble GP protein measured by MSD showed
repeat length leads to increased penetrance and earlier disease similar trends at 40 weeks (Supplementary Material, Fig. S8C).
onset. Similarly, IF studies performed at an earlier timepoint (20 weeks)
showed higher levels of aggregates in groups of mice with
longer repeat lengths including C9-800 and C9-500 mice.
Infrequent aggregates were found in mice from the C9-50
subline but these were not significantly different from NT mice

RNA foci and RAN protein aggregates increase
with increased repeat length in C9-BAC mice

Next, we performed experiments to understand the molecular (Supplementary Material, Fig. S8D and E).
changes associated with increases in repeat length. Since In summary, our data demonstrate that repeat length is a
the BAC transgene in the C9-500 mice is inserted into the modifier of disease in our C9-BAC transgenic mouse model.

first intron of the Vgll4 gene (Fig.1C), we evaluated the Mice with longer G4C, repeat tracts show increased disease
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Table 3. DigiGait parameters of 12-week-old females

Parameters (41 in total) Unit NT vs C9-500 NT vs C9-800 C9-500 vs C9-800
Significant Parameters (Desired FDR =5%) (real#) 6 9 12

Swing (s) ns *%5P 20,0001 HEEED 20,0001
Swing/Stride (%) ns **P =0.0052 *P=0.0176
Brake (s) ns ns ns
Brake/Stride (%) ns ns ns

Propel (s) ns ns *P=0.0255
Propel/Stride (%) ns ns ns

Stance (s) *P=0.0444 ns **P=0.0020
Stance/Stride (%) ns **P =0.0052 *P=0.0174
Stride (s) ns FHRIEP < 0.0001 **REP <0.0001
Brake/Stance (%) ns ns ns
Propel/Stance (%) ns ns ns
Stance/Swing (real#) ns *P=0.0134 ns

Stride Length (cm) ns *HEAXP < 0.0001 *REXP < 0.0001
Stride Frequency (steps/s) *P=0.0292 *¥#%P =0.0001 *HEEP < 0.0001
Paw Angle (deg) ns ns ns

Absolute Paw Angle (deg) ns ns ns

Paw Angle Variability (deg) ns ns ns

Stance Width (cm) *P=0.0292 ns ns

Step Angle (deg) ns ns ns

Stride Length Variability (cm) ns ns ns

Stance Width Variability (cm) **P=0.059 ns ns

Step angle Variability (deg) ns ns *P=0.0283
#Steps (real#) ns ns ns

Stride Length CV (CV%) #55P < 0,0001 *%%p 20,0001 ns

Stance Width CV (CV%) ***+P=0.0006 ns *P=0.0243
Step Angle CV (CV%) ns ns *P=0.0202
Swing Duration CV (CV%) ns ns ns

Paw Area at Peak Stance (cm?) ns ns ns

Paw Area Variability at Peak Stance (cm?) ns ns ns

Hind Limb Shared Stance Time (s) ns ns ns
Shared/Stance (%) ns ns ns

Stance Factor (real#) ns ns ns

Gait Symmetry (real#) ns *#*p=0.0001 #HEEP < 0.0001
MAX dA/dT (cm?/s) ns ns ns

MIN dA/dT (cm?/s) ns ns ns
Tau—Propulsion (real#) ns ns ns

Overlap Distance (cm) ns ns ns

Paw Placement Positioning (cm) ns ns ns

Ataxia Coefficient (real#) ns ns ns

Midline Distance (cm) ns ns ns

Paw Drag (mm?) ns ns ns

#, number; CV, coefficient of variation; ns, not significant in one-way ANOVA; desired FDR (false discovery rate) set to 5%; NT n =44; C9-500 n = 38; C9-800 n = 24.

penetrance and earlier ages of onset and are characterized by
increased levels of RNA foci and RAN protein aggregates.

Discussion

To understand the complex molecular mechanisms of C9orf72
ALS/FTD, more than a dozen mouse models have been developed
(13-17,19-23,62). Among these, we reported multiple lines
of C9orf72 ALS/FTD BAC transgenic mice that develop the
behavioral, neuropathological and molecular features of disease
(19). To further understand disease in this mouse model,
we performed whole genome sequencing and show four
independent lines of these BAC mice have unique integration
sites. RNA sequencing identified alternative splicing changes
affecting RNA processing and degradation pathways as an
early molecular signature of disease, which worsens with

disease progression. Similar to CO9orf72 ALS/FTD patients
(27,50,51), gene expression changes in neuroinflammatory and
neurodegenerative pathways predominate in severely affected
end-stage animals. Finally, isogenic sub-lines of C9-BAC mice
containing 50, 500 or 800 G4C2 repeats show that animals with
longer repeat lengths have increased levels of RNA foci and RAN
protein aggregates as well as earlier ages of onset and increased
disease penetrance.

Patients with C9orf72 expansion mutations show remarkable
heterogeneity in clinical presentation (9,44) and age of onset
(1,2,4,5,7,8,10,44,58,63), but the potential role of repeat length as
a disease modifier has been difficult to assess for a number
of reasons. First, there is substantial somatic repeat instability
and repeat lengths in blood are likely to be substantially shorter
than those found in affected brain tissue (64,65). Additionally,
Southern blotting is the most common way to measure repeat
length but somatic instability and the variation of repeat lengths



Human Molecular Genetics, 2020, Vol. 29, No. 24 | 3911

T
(2]
1500 < 300 - _kk
g * 5 0 Rk 100 .
5 X KKK Q - 2 ®
3 == § 4_ 3 80 _:LL
©1000- <2004 - < 3
S * ¥ 2 2 604 * °
H+ —_ as £
—_ | o = —
g -— 3 2 @ 40
3 5001 | £ 100+ 3%
£ e 2 e P 201
% % A A O\o e
2 g o 5
w c — = «
o < o=
e & S & Q
S qf"Q QYDQ qug S q,‘bQ %,Q
¢ & G O F
c E
*k*k*
50 1
o (/2]
(D *kk*k
5 T 401 )
% 3
o
E 3 30 *k*k%*
I
2 & 204
SRS
° o
< < @ 10+
9 = £ 10
3 g 0

& S O
) Q,QQ@Q Cb:bQ
CFS

Figure 5. Molecular features of C9orf72 ALS/FTD in C9-BAC mice increase with repeat length. (A, B) Quantification of fluorescence in situ hybridization (FISH) detection
of sense (A) and antisense (B) RNA foci in the dentate gyrus of the hippocampus. (C) Immunofluorescence (IF) showing representative images of GA and GP RAN protein
aggregates in the retrosplenial cortex of 40-week-old female NT, C9-50, C9-500 and C9-800 mice. Scale bar corresponds to 20 pm. (D) Quantification of GA and GP
RAN protein aggregates was done in a blinded fashion and is shown as the percentage of neurons with aggregates in NT, C9-50, C9-500 and C9-800 mouse cohorts.
Data information: Statistical analyses for (A), (B) and (D) done using a one-way ANOVA with Bonferroni correction for multiple comparisons. Mean +/— SEM, *P < 0.05,

**P <0.01, ****P < 0.0001.

within a single individual make comparisons of repeat length
and age of onset in patients inaccurate. Finally, GC-rich expan-
sion mutations are difficult to amplify by PCR and to sequence
making small-pool PCR strategies to accurately measure the
distributions of repeat lengths challenging (66,67).

Our generation of an isogenic series of C9-BAC mice with 800,
500 or 50 repeats has allowed us to directly demonstrate that
longer repeat tracts result in earlier onset of behavioral abnor-
malities and decreased survival in mice compared to shorter
alleles. These results, combined with the somatic instability seen
in patients, suggest that targeting DNA repair pathways may
be a viable approach for mitigating disease in C9orf72 ALS/FTD
(41-43). The paralysis phenotype found in a single C9-50 ani-
mal, combined with previously published phenotypes in animals
with four copies of the transgene containing 36 and 29 repeats
(19), suggest additional human studies are needed to understand
the relative risks of shorter repeat expansion mutations and the
potential role of somatic instability to exacerbate disease. This
may be particularly relevant for families with sporadic cases of
C9orf72 ALS/FTD.

Ectopic cytoplasmic localization of mutant TDP43, FUS and
MATR3 or overexpression of wildtype TDP43, FUS and MATR3
protein has been shown to be associated with ALS phenotypes
in patients and model systems, respectively (68-72). C9orf72, a

DENN (differentially expressed in normal and neoplastic cells)
domain containing protein, has been shown to play a role in
autophagy and immune-regulatory functions (73-75). Recently,
it has been shown that a dose-dependent increase in motor
deficits was observed when single copy C9-500 mice were
crossed with C9orf72 heterozygous and homozygous knockout
mice suggesting both loss-of-function and gain-of-function
effects may contribute to C9orf72 ALS/FTD (76). Additionally,
it has been proposed that overexpression of C9orf72 protein
may lead to toxicity in mouse models of disease (77). Our data,
showing that the asymptomatic Baloh-Jax mice have higher
levels of C9orf72 protein levels compared to our C9-500 mice
combined with our allelic series data, indicate that repeat length
and not C9orf72 overexpression is the primary driver of the
ALS/FTD phenotypes found in our mice.

While several BAC transgenic models have been reported
for C9orf72 ALS/FTD, only the mice developed by Liu et al. (19)
and Jiang et al. (18) show neuropathological and behavioral
phenotypes. Several reasons could contribute to the differences
in phenotypes observed in these different mouse models
including repeat length, differences in transgene expression,
regulatory elements or sequence differences within human
transgenes used to generate the models, differences in sense
and antisense RNA foci and DPR protein accumulation and
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mouse background effects. A systematic comparison across
different BAC mouse models would provide an understanding
of the relative contribution of the parameters listed above to
disease.

Substantial data suggest RNA gain-of-function effects con-
tribute to C9orf72 ALS/FTD and a large number of RNA-binding
proteins have been proposed to be sequestered by the repeats.
Circular dichroism studies performed on short stretches of sense
repeats G4C, show that the repeat can adopt G quadruplex, R
loop or hairpin conformations and the antisense repeats likely
adopt a hairpin conformation (25,31,78). Since several of these
predicted RNA-binding proteins also contain low complexity
domains, it is possible that multiple RNA-binding proteins inter-
act with repeat RNAs and form dynamic liquid droplet like struc-
tures that may be complicated to resolve (79-81). The variability
and complexity in secondary structures formed by the repeats
make it more likely that multiple RNA-binding proteins are
sequestered by these repeat motifs (29), a possibility consistent
with our data showing that genes with abnormal splicing events
have a variety of RNA recognition motifs (RRMs).

Transcriptomic data from our acute C9-BAC mice are
consistent with gene expression changes caused by ongoing
apoptotic processes involved in cell death and inflammation
found at end-stage disease. In contrast, transcriptomic profiles
of presymptomatic mice showed minimal changes in gene
expression but abundant changes in alternative splicing. Robust
alternative splicing changes are also detected in neurons
differentiated from C9orf72 patient iPSCs (iPSN), and similarly
showed few gene expression differences compared to C9orf72
patient autopsy tissue (26). In our mice, 240 genes are mis-
spliced in C9(+) presymptomatic animals, and the psi values
of 83 of these genes increase further in mice with acute end-
stage disease. These genes include Elavl2, which has an RRM
and has been predicted to play a role in ALS because of its
similarity to TDP-43, FUS (81) and Pard3, which regulates neuronal
polarity, has also been shown to be mis-spliced in ALS patient
autopsy tissue (83). These results, combined with the 82 other
alternatively spliced genes whose psi values increase with
disease progression, highlight alternative splicing changes as
a novel and early molecular signature of C9orf72 ALS/FTD.

A role of RAN proteins in disrupting alternative splicing has
also been proposed. In cell culture experiments, ~5000 mis-
spliced events were observed when astrocytes were treated with
PR RAN protein (84). Additionally, it has been shown that in
cell culture systems, GR and PR RAN proteins associate with
low complexity domains of RNA-binding proteins (79,80,85) and
can cause mis-splicing in a U2snRNP-dependent manner (83). In
cell culture, these low complexity domain proteins are typically
involved in the formation of membrane-less organelles such as
stress granules and neuronal speckles (38,86). Since splicing fac-
tors normally localize to the neuronal speckles, it is possible that
RAN proteins interact with RNA-binding proteins containing low
complexity domains and disrupt splicing globally. Global splicing
deficits would be likely to cause an increase in overall alternative
spliced changes rather than the disruption of specific set of
events mediated by the sequestration of a single family of RNA-
binding protein as is seen in myotonic dystrophy (57). These data,
combined with our data showing phenotypic C9-500 mice have
more RAN protein aggregates compared to asymptomatic C9-500
(19), suggest that RAN proteins could contribute to the early RNA
splicing abnormalities found in our mice.

Longer repeat lengths result in the expression of both longer
expansion RNAs and increased RAN protein aggregates. Since

both RNA GOF and protein toxicity are closely connected to
repeat length, additional work will be needed to clarify the
relative roles of RNA gain-of-function effects and RAN proteins
in disease. Our mouse model is an excellent platform to address
the contribution of specific disease mechanisms and for the
development of potential therapies. These C9-BAC mice were
recently used in two separate studies that highlight the contribu-
tions of RAN proteins to C9orf72 ALS/FTD. The first study showed
that a human antibody targeting GA RAN proteins is sufficient to
rescue behavior and survival phenotypes, without changing the
levels of their corresponding expansion RNAs (46). The second
study showed reducing RAN translation by targeting the protein
kinase R (PKR) pathway using a dominant negative form of the
protein (PKR-K296R) or metformin mitigated disease (47). These
preclinical data highlight the therapeutic potential of targeting
RAN proteins.

Since the discovery of the CY9orf72 expansion mutation,
research has focused on understanding disease mechanisms
and identifying therapeutic targets. Transgenic mouse models
have contributed to these efforts, but ectopic overexpression
and transgene integration can affect the resulting phenotypes
and suitability for testing potential therapies. This issue is not
restricted to C9-ALS as this issue also occurs in the widely used
R6/2 mouse model of Huntington disease (87). Multiple features
make our C9-500 BAC transgenic mice a valuable tool both
for understanding the biology and time course of the disease
and also for testing novel therapeutic strategies. First, the
phenotypes in our mice, which contain the full-length C9orf72
gene and substantial flanking sequences, are not affected by
integration site. Second, the C9-500 line carries one copy of the
transgene expressed at levels comparable to the endogenous
C9orf72 ortholog in mice. Third, we have identified a group of
alternative splicing as a molecular signature of disease that
worsen with disease progression and may be useful biomarkers
of disease. Finally, we demonstrate that repeat length increases
disease penetrance and that the phenotypes in our mice are
caused by a gain of function of the repeat expansion. Taken
together, our data provide mechanistic insight into C9orf72
ALS/FTD and demonstrate that our mice are a robust tool to
study the disease and to test therapeutic strategies for disease
intervention.

Materials and Methods
Mouse generation and maintenance

C9-BAC transgenic mice were mated with FVB-N/J mice obtained
from Jackson Laboratory. Pups were genotyped based on
genomic DNA (gDNA) extracted from the tail using the primers
C9-GT F and R (Table 3) and the protocol previously described
by Liu et al. (19) NT littermates from each of these lines were
used as controls in the study. The repeat size of each mouse
in the study was determined using Southern blotting described
below. Behavioral tests were performed at 12, 24 and 40 weeks
of age. DigiGait and open field analyses were performed based
on the manufacturer’s protocol. For molecular and pathological
staining, mice were perfused transcardially using 1x PBS and
tissues were embedded in 10% formalin or OCT frozen in cold 2-
methylbutane for further analyses. As originally reported in the
Liu et al. (19) more severe phenotypes were found in female mice,
therefore in this study female mice were used to characterize
the effect of repeat length (Figs 4 and 5) and transcriptomic
abnormalities (Figs 2 and 3).



Phenotypic characterization of C9-BAC mice

Cage behavior of animals was regularly monitored, and changes
were recorded on a weekly basis. At 40 weeks of age, two blinded
independent investigators scored a cohort of mice based on
appearance (normal, scruffy and hunched); behavior (normal,
hyperactive, delayed or absent righting response); neurological
changes (clasping, seizures, excessive grooming, paralysis of one
or both limbs) and hydration (normal, mild or significant). A
scoring system was established based on these phenotypes and
animals were euthanized if they suffered >20% weight loss or as
recommended by the veterinarian. For additional details please
see Matters Arising Article by Nguyen et al. (88).

Mate pair preparation and whole genome sequencing

Input DNA was received and quantified using a fluorometric-
based method specific for double-stranded DNA. The quality of
the gDNA was evaluated using capillary electrophoresis-based
technology (Fragment Analyzer, AATI). Four micrograms of good
quality DNA were processed into Illumina-compatible libraries
using Nextera Mate Pair Sample Preparation Kit ([llumina) fol-
lowing the Gel-Plus procedure with the following modifications.
The fragmented DNA was size-selected for a target range of 5-
8 kb fragments using an automated DNA size-selection tech-
nology, BluePippin (Sage Science) and the adapter-ligated mate
pair fragments were enriched using 10 amplification cycles. Final
libraries were quantified using the KAPA Library Quantifica-
tion Kit (KAPA Biosystem), Qubit Fluorometer (Life Technologies)
and 2100 BioAnalyzer (Agilent). Libraries were sequenced on an
Ilumina HiSeq2500 sequencer using 2 x 125 bp cycles.

Bioinformatics analysis for transgene integration

All read data were processed prior to alignment. Processing
included: (1) ab initio duplicate removal using in-house scripts;
(2) adapter identification/clipping and low-quality end trimming
(Q=20) using Cutadapt 1.8.1 (89) and (3) phiX decontamina-
tion by mapping with GEM mapper (90) against the phiX refer-
ence (acc. NC_001422.1). Read pairs were further screened for
the presence of the Nextera ligation adapter, which was also
trimmed. After determination of the library insert size and mate
orientation by mapping a subset of the reads against the mouse
reference genome (mm10) with the GEM mapper, we decided to
consider for downstream analysis the entire set of processed
mate-pairs, given that the overall percentage of reads map-
ping in forward-reverse orientation (representing paired-end
contamination) was low (~1%). Processed read data were then
mapped, using BWA-MEM (91), against a combined index that
included, apart from the full mouse reference genome (mm10),
the human C9orf72 sequence and the pCC1 vector used in trans-
fection. Despite the fact that most duplicate sequences have
been removed in the initial processing of the data, additional
duplicates were identified and marked by the MarkDuplicates
tool from Picard (92) (from Broad Institute). Integration sites
were identified by manual inspection of discordant read-pairs
in which one end mapped to the mouse reference genome and
the other end to the C9orf72 or pCC1 sequences. Analysis of
soft-clipped reads at the integration sites allowed determining,
with base-pair resolution, the exact breakpoint location in both
the mouse genome and the C90rf72 sequence. Further analy-
sis on structure of the integration was based on read-pairing
information and in copy-number analysis of the C9orf72 and
PCC1 sequences. For the latter, both the C9orf72 and the pCC1
sequences were segmented based on integration breakpoints
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and deletion site boundaries and, for each segment, average
depth of coverage was computed using Depth of coverage from
the Genome Analysis Toolkit (GATK) (93) The obtained values
were then compared to the average depth of coverage over the
mouse reference genome, estimated from a set of intervals over-
lapping genic regions. For calling variants over both the C9orf72
and pCC1 sequences, alignments from all four samples were
combined into a single BAM file and GATK’s HaplotypeCaller
was used to produce a gVCF file. Variants were then emitted by
GATK’s GenotypeGVCFs.

Transcriptome sequencing

Animals were perfused transcardially with sterile 1X PBS and the
frontal cortex was harvested for RNA isolation. RNA was isolated
using the Direct-Zol RNA miniprep kit (Zymo Research). RNA-seq
libraries were prepared from total RNA (500-700 ng) using the
directional RNA-seq kit with NEB Ultra Ribominus (New England
Labs) following the manufacturer’s protocol. The RNA was then
sequenced using the Illumina NextSeq500 machine at the Center
for NeuroGenetics, University of Florida.

RNA sequencing data analysis

Reads obtained after sequencing were aligned using STAR
(52) to either the human genome (hgl9) or mouse genome
(mm10). Quality analysis of the reads was performed using
RSeQC. We used Kallisto (53) to obtain TPM values for some
analyses. GENCODE was used for gene annotations from STAR
alignment wand RefSeq was used for Kaliisto gene annotations.
DEseq2 was used to measure gene expression differences, run
using the Bioconductor package for R. We used MISO based on
MISO annotations version 2.0 to identify changes in alternative
splicing (Katz et al.) (54). Only events with Bayes factor>5 for
at least one pair-wise comparison were considered. Events
were filtered with [A¥|> 0.10 compared to the NT mice and the
Venn diagrams were plotted using Biovenn. To identify enriched
biological pathways, gene ontology analysis was performed
using Metascape using gene sets from GO biological processes
and was confirmed using DAVID annotation using default
statistical thresholds (P-value < 0.01, maximum enrichment
>1.5). Graphs were plotted on R using ggplot2. C9-ALS patient
data were obtained from Prudencio et al. (27). Data from frontal
cortex on autopsy tissue samples were filtered based on
RIN scores and samples used were: C9(+)-ALS—SRR1927020,
SRR1927022, SRR1927024, SRR1927026, SRR1927028, SRR1927030,
SRR1927032 and SRR1927034; Control—SRR1927056, SRR1927058,
SRR1927060, SRR1927062, SRR1927064, SRR1927066, SRR1927068,
SRR1927070 and SRR1927071.

Cell-type enrichment analysis

The index for relative expression of genes in different cell types
was set up using publicly available data on cell type enrichment
in the mouse cortex (55). Since the differences between the oligo-
dendrocyte cell types were subtle, we combined myelinating
oligodendrocytes, oligodendrocyte precursor cells and mature
oligodendrocytes into one classification ‘oligodendrocyte’. For
a gene to belong to a particular cell type based on the devel-
oped index, expression had to be >20FPKM and absolute logFC
between any sample and mean of all other samples >2. Bayesian
statistical model was used to calculate the proportions of cell
types within the current dataset. The python package Pymc3
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was used to perform these analyses and Matplotlib was used to
generate the graphs.

Motif analysis

To analyze the number of enriched motifs, we used the
monotonically changing cassette exons from alternatively
spliced events generated from MISO with a Bayes factor>5
and |A¥|>0.10 in NT and Acute animals. Fisher’s exact test
and Bonferroni correction were performed and the P adjusted <
0.05 was set as the significance threshold. The regions 250 bp
upstream, exon, 250 bp downstream were used to count for
all possible combination of 4-mers. We used Fisher’s exact test
to identify motifs that are enriched on depleted specifically in
Acute mice when compared to NT mice.

Splicing analysis

For splicing analyses, mm10 annotated events were run on MISO
to identify alternatively spliced events to identify skipped exon
(SE) events. Delta PSI values for NT vs C9 mean PSIs and NT
vs Acute mean PSIs were calculated and reported in Table 2.
Wilcoxon rank-sum test was also run for both comparisons.
Delta PSI cutoff was set at 0.1 (or—0.1) and a rank sum P-
value <0.05 to establish significance. GO analysis was run with
metascape.org.

Southern blot

Tail gDNA extraction and Southern blot experiments were per-
formed following previously published protocols in Liu et al.
(19). Briefly, 10 pg of gDNA extracted from the tail or brain was
digested with EcoRI and BamHI overnight at 37°C. The digested
gDNA samples were then run on a 0.7% agarose gel for ~5-6 h,
depurinated (0.2 N HCl), denatured (1.5 M NacCl, 0.5 M NaOH) and
neutralized (1.5 M NaCl, 0.5 M Tris HCl) for 15 min each. DNA
was transferred overnight by capillary blotting to a positively
charged nylon membrane and was UV cross-linked the next
morning. For hybridization, the membrane was prehybridized
for 1 h using Amersham Rapid-Hyb buffer (GE Healthcare). The
probe was labeled using dCTP-P3? using the random primed DNA
labeling kit (Invitrogen) and was hybridized to the membrane.
After 3 h of hybridization, the membrane was washed with 2x
SSC, 0.1%SDS for 20 min at room temperatures and then with
0.2x SSC, 0.1%SDS solution at 65°C two times for 15 min each.
Radioactivity was visualized on an X-ray film after 2-3 days of
exposure at —80°C.

Quantitative real time PCR

Total RNA was isolated from mouse frontal cortex and spinal
cord tissues with TRIzol (Invitrogen). Following DNase treat-
ment (Ambion) using manufacturer’s protocol, cDNA was pre-
pared using the SuperScript III RT kit (Invitrogen) and random-
hexamer primers (Applied Biosystems). Two-step quantitative
RT-PCR was performed on a MyCycler Thermal Cycler system
(Bio-Rad) using SYBR Green PCR Master Mix (Bio-Rad). See primer
lists in Table 4.

Fluorescent in situ hybridization (FISH)

Frozen sections measuring 10 pm embedded in OCT were cut
on the cryostat. Frozen sections were fixed in 4% PFA in PBS for
20 min and incubated in prechilled 70% ethanol for 30 min or
longer at 4°C. Following rehydration in 40% formamide in 2x SSC

Table 4. Primers used for PCR

Primer name Sequence

Mppel-F GGCACCATGTCTGGTTTGTT
Mppel-R AGACTGGTCGGTGATCTCGT
Probe-F AGAACAGGACAAGTTGCC
Probe-R AACACACACCTCCTAAACC
CO9GT-F AGTTGGGTCCATGCTCAACAA
C9GT-R ACTGTTCTAGGTACCGGGCT
la-F GCCCACGTAAAAGATGACGC
la-R CCTCCTAAACCCACACCTGC
AS-F AGTCGCTAGAGGCGAAAGC
AS-R CGAGTGGGTGAGTGAGGAG
CO9mRNA-F TCTCCAGCTGTTGCCAAGAC
CO9mRNA-R TCCATTCTCTCTGTGCCTTCT
mACT-F TCGTGCGTGACATCAAAGAG
mACT-R GATCTTCATGGTGCTAGGAG
Vgll4-F CAGGATGCAGACCCTCCC
Vgll4-R TGGTCGTTTTCACAGTCCAAG

at room temperature for 10 min, the slides were prehybridized
with hybridization solution (40% formamide, 2x SSC, 20 pg/ml
BSA, 100 mg/ml dextran sulfate, 250 pg/ml yeast tRNA, 2 mM
Vanadyl Sulfate Ribonucleosides) for 30 min at 55°C and then
incubated with 200 ng/ml of denatured DNA probe (C2G4);-Cy3
for sense foci and (G4C2);-Cy3 for antisense foci) in hybridization
solution at 55°C. After 3 h of hybridization, the slides were
washed three times with 40% formamide in 2x SSC and briefly
washed one time in PBS. Autofluorescence of lipofuscin was
quenched by 0.25% of Sudan Black B in 70% ethanol. Slides
were mounted with ProLong mounting medium containing DAPI
(Invitrogen) and imaged on LSM880 Confocal microscope.

Immunohistochemistry

Sections measuring 5 pm were deparaffinized in xylene and
rehydrated through gradient ethanol solution. Antigen retrieval
was performed by incubating the slides in a steamer with 10 mM
citrate buffer (pH 6.0) for 30 min or with 10 mM EDTA (pH 6.4)
for 12 min. The slides were cooled down to RT and then washed
for 10 min in running tap water. The slides were incubated in
95-100% formic acid for 5 min and subsequently washed for
10 min in running tap water. To eliminate nonspecific binding
and excessive background, slides were blocked with a serum-
free block or rodent block (Biocare Medical) for 15 min. Primary
antibody diluted in 1:10 blocking solution was applied on the
slides and incubated overnight at 4°C (see below for dilution
information). Slides were washed three times with 1XPBS and
incubated with linking reagent (streptavidin or alkaline phos-
phatase; Covance) or biotinylated rabbit anti-goat IgG (Vector
Labs) for 30 min at room temperature. After washing with 1XPBS,
these sections were then incubated in 3% hydrogen peroxide
(in methanol) for 15 min to eliminate any endogenous perox-
idase activity. After washing in running tap water for 15 min,
labeling reagent (HRP, Covance; Vectastain ABC-AP kit) was then
applied to the slides for 30 min at room temperature. The slides
were developed with NovaRed or DAB (Vector Labs) and then
were counterstained with hematoxylin (modified Harris, Sigma
Aldrich), rehydrated in gradient ethanol solution and cover-
slipped for visualization. Images were taken on the Olympus
BX51 microscope using the cellSense software. For hematoxylin
and eosin staining, the slides were deparaffinized in xylene and
rehydrated through gradient ethanol solution. The slides were



then soaked in hematoxylin (modified Harris, Sigma Aldrich) for
1 min and washed in running distilled water for 10 min. Next,
the slides were immersed in Eosin Y (Sigma Aldrich) for 30 s and
washed in distilled water for 10 min. The slides were dehydrated
and coverslipped before visualization. For cresyl violet staining,
slides were deparaffinized in xylene and subsequently rehy-
drated in gradient ethanol solution. The slides were incubated in
0.25% cresyl violet at 60°C for 8-10 min and differentiated in 95%
ethanol for 1-5 min. Slides were then immersed in 100% ethanol
and xylene and coverslipped for visualization.

Immunofluorescence

Frozen sections were warmed up at room temperature for 2 h.
Slides were fixed with 4% PFA at room temperature for 10 min
and immediately permeabilized with ice-cold 1:1 methanol-
acetone for 5 min at —20°C. Slides were blocked with background
sniper at RT for 30 min to 1 h and incubated overnight with
primary antibody (polyGA 1:2000, polyGP 1:1000, generously
donated by Neurimmune Inc.) prepared in a 1:10 dilution of
background sniper. The slides were washed three times with
1xPBS the next day and incubated with secondary antibody
(Cy3-anti-human IgG antibody, 1:5000) for 1-2 h. The slides were
washed with 1x PBS and mounted with Prolong containing DAPI.
Slides were imaged with a Zeiss LSM880 Confocal microscope.

Western blot

Brain lysates were solubilized with RIPA buffer (1% sodium
deoxycholate, 1% Triton X-100, 50 mM Tris pH 7.5, 150 mM NaCl
and proteinase inhibitor). A total of 10 pl of lysates was run on a
4-12% Bis-Tris gel and transferred to a nitrocellulose membrane.
The membrane was blocked in 5% milk diluted in PBST (1XPBS
with 0.05% Tween-20). The membrane was then incubated with
the primary antibody («-C90rf72, 1:1000) overnight at 4°C. The
blots were washed three times with 1XPBS the next morning
and were incubated with secondary antibody for 1 h at RT. The
membrane was developed using ECL prime and was visualized
for signal.

Image ] quantification

Quantification was performed by two independent blinded
investigators using the cell counter plugin in Image] (National
Institute of Health). Serial sections 20-30 pm apart were stained,
imaged and quantified for subsequent analyses.

Behavioral analyses

DigiGait, open field analyses and scoring criteria for cage behav-
ioral assessments were performed as previously described in Liu
et al. (19).

Statistics

GraphPad Prism 7 was used to perform the statistical analyses
in the manuscript. Significance threshold was set at P <0.05.
The significance values were set as ns=not significant
P>0.05, P <0.05—*’, P <0.01—**’, P <0.001—"***’| P <0.0001—
“xkx’ - Comparisons between groups were performed using
mean + SEM values using one-way analysis of variance (ANOVA)
and multiple comparisons. Significance in survival was mea-
sured using the Log Mantel-Cox test. DigiGait analyses were
performed using multiple comparisons.
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