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Ahexanucleotide (G4C2) repeat expansion (HRE) within intron
one of C9ORF72 is the leading genetic cause of amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia (FTD).
C9ORF72 haploinsufficiency, formation of RNA foci, and pro-
duction of dipeptide repeat (DPR) proteins have been proposed
as mechanisms of disease. Here, we report the first example of
disease-modifying siRNAs for C9ORF72 driven ALS/FTD.
Using a combination of reporter assay and primary cortical
neurons derived from a C9-ALS/FTD mouse model, we
screened a panel of more than 150 fully chemically stabilized
siRNAs targeting different C9ORF72 transcriptional variants.
We demonstrate the lack of correlation between siRNA efficacy
in reporter assay versus native environment; repeat-containing
C9ORF72mRNA variants are found to preferentially localize to
the nucleus, and thus C9ORF72 mRNA accessibility and intra-
cellular localization have a dominant impact on functional
RNAi. Using a C9-ALS/FTD mouse model, we demonstrate
that divalent siRNAs targeting C9ORF72 mRNA variants spe-
cifically or non-selectively reduce the expression of C9ORF72
mRNA and significantly reduce DPR proteins. Interestingly,
siRNA silencing all C9ORF72 mRNA transcripts was more
effective in removing intranuclear mRNA aggregates than tar-
geting only HRE-containing C9ORF72 mRNA transcripts.
Combined, these data support RNAi-based degradation of
C9ORF72 as a potential therapeutic paradigm.

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) and frontotemporal dementias
(FTDs) are recognized as two ends of a clinical continuum of disease.
ALS is characterized by the degeneration of upper and lower motor
neurons, leading to progressive paralysis and ultimately death,
whereas FTD is characterized by focal degeneration in the prefrontal
and/or temporal lobes, resulting in changes in personality, language,
social behaviors, and other abnormalities. Clinical observations show
that 50% of patients diagnosed with ALS also display FTD-associated
cognitive impairment,1 and 37% of FTD cases display motor dysfunc-
tion.2 Globally, approximately 40,000 people die of ALS each year,
with an incidence of 18,000 new diagnoses each year.3 Despite the
growing interest in this disease, there is still a large unmet medical
need. Currently, only three therapeutics for ALS have received US
Food and Drug Administration approval—riluzole, edaravone, and
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relyvrio which has since been removed from the market. None of
these therapeutics are disease modifying, and they provide only
limited benefit.4–6

A hexanucleotide repeat expansion (HRE) of GGGGCC (G4C2)
within intron one of chromosome 9 open reading frame 72
(C9ORF72)7,8 is the leading genetic cause of ALS and FTD, account-
ing for 35% of all ALS cases (57% of familial, 14% of sporadic) as well
as 6% of all FTD cases (9% of familial, 4% of sporadic).9 It is estimated
that �4,500 people live with C9ORF72-driven ALS (C9-ALS),10 with
an earlier age of disease onset and a shorter survival time than ALS
patients without the HRE. Specifically, C9-ALS patients have a
younger age at disease onset of 56.3 versus 61.3 years, with a survival
of 20 months vs. 26 months without C9ORF72 expansion.11

The C9ORF72 gene contains two alternative promoters, three alterna-
tive first exons, and two alternative last exons producing three tran-
script variants: V1, V2, and V3 (Figure 1A). Across diverse cell line-
ages, V2 is the primary transcript variant, representing 92.6% ± 1.2%
of all C9ORF72 transcripts,12 and along with V3, produces the
C9ORF72 protein, which regulates autophagosomal and lysosomal
biogenesis and function, inflammation, and trafficking.13–18 V1 and
V3 share a common promotor, and pre-mRNA, which contains the
HRE, have alternative exon 1 30 splice sites.

While the exact mechanism of C9ORF72-mediated neurodegenera-
tion is still unclear, three non-mutually exclusive pathogenic mecha-
nisms have been proposed. The G4C2 expansion, due to its localiza-
tion 50 to the promoter of V2, is proposed to be involved in
hypermethylation leading to reduced expression of the C9ORF72
protein, and therefore the implied loss of function called haploinsuf-
ficiency.19–21 Genetic knockout of the mouse ortholog of C9ORF72
(3110043O21Rik) specifically in neuronal cells does not induce motor
neuron degeneration,22 and whole-mouse ablation does not
affect motor function. Interestingly, C9ORF72-null mice develop
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Figure 1.C9ORF72mRNA transcriptional variants are

differentially expressed throughout the mouse CNS

(A) Schematic of differential processing of repeat-containing

and non-repeat-containing C9ORF72 mRNA variants. (B)

C57BL/6J-Tg(C9orf72_i3) mice harboring the human

C9ORF72 transgene were assessed for C9ORF72 mRNA

throughout the CNS. QuantiGene probes were designed to

specifically identify mRNA variants containing the G4C2

expansion, or non-selectively identify all C9ORF72 mRNA

variants. (C) Relative level of expression of repeat-

containing and total C9ORF72 mRNA in primary cells

and mouse tissues. Error bars represent biological

variation. n = 3-7.
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non-CNS complications that are not associated with ALS, including
splenomegaly and infiltration of macrophages into multiple organs
such as liver, kidney, and lung.13,23

Toxic RNA caused by aberrant bilateral transcription of the HRE has
been proposed to cause toxicity through an RNA-mediated dynamic
sequestration of RNA-binding proteins such as hnRNP H1/F and
ALYREF24 or disruption of nucleocytoplasmic transport.25 The
HRE can itself be trafficked into the cytoplasm through inappropriate
association with mRNA export adaptor proteins,24 leading to the for-
mation of toxic dipeptide repeat (DPR) proteins.26 DPR proteins have
been shown to exert toxicity through the disruption of protein synthe-
sis, mitochondrial damage, impairing nucleocytoplasmic transport
and other cellular processes.27–31
2 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
Given that evidence of all three mechanisms
cause some form of dysregulation, it is possible
that all three contribute to toxicity. Indeed, syn-
ergistic mechanisms between haploinsufficiency,
RNA toxicity, and DPR toxicity has been pro-
posed recently.32,33

Different classes of therapeutic oligonucleotides
have been developed for genetically defined dis-
eases, including antisense oligonucleotides
(ASOs) and small interfering RNAs (siRNA).
ASOs were one of the first developed and act
through RNase H-mediated mRNA cleavage or
non-cleaving steric blockage mechanisms.
siRNA are small double-stranded oligonucleo-
tides, where one of the strands loads into a pro-
tein complex, RNA-induced silencing complex
(RISC), and guides endogenous RNAi enzymatic
activity to cleave target mRNAs.34 Both ap-
proaches allow the modulation of disease-linked
mRNAs, blocking progression of genetically
defined disorders.

Several ASOs have been developed to selectively
silence C9ORF72 mRNA. They demonstrate
great potential to reduce C9ORF72 mRNA and
DPR proteins in preclinical models.35–38 Selective silencing of
repeat-containing isoforms in clinical trials by ASOs has resulted in
potent reduction of DPR proteins.39,40 Unfortunately, this reduction
in DPR proteins has not translated into a therapeutic benefit. In one
clinical trial, C9-ALS patients treated with an ASO showed no benefit,
with worsening of clinical score and a significant increase in neurofi-
lament light,41 a common biomarker of general neurodegeneration.
While the interpretation of the clinical data is ongoing, it highlights
the requirement to develop novel strategies.

Many groups have identified functional ASOs against C9ORF72;
however, developing the ability to identify effective siRNAs has
been unsuccessful.35–37,40,41 One study was able to identify siRNAs
that reduce C9ORF72 by 70% in patient induced pluripotent stem
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cell-derived neurons. RNA foci were unaffected, however.36 This
discrepancy was explained by the assumed preferential activity of
siRNAs in the cytoplasm, while RNA foci are found in the nucleus
and therefore unavailable to RNAi-mediated reduction.

We have recently identified a novel siRNA scaffold that enables wide-
spread distribution in the brains of rodents and sheep and efficiently
reduces the expression of target genes in the CNS of rodents and non-
human primates (NHPs) for 6 months after a single injection.42,43

Here, we report extensive screening of a panel of fully chemically sta-
bilized siRNAs that efficiently silence C9ORF72 mRNA variants in
primary neurons and in vivo. siRNAs designed to target exon 1 selec-
tively reduce HRE-containing transcripts while sparing transcript
variant 2. Additionally, siRNAs were designed to target exon 2 or
exon 4 to reduce all C9ORF72 transcript variants. The vast majority
of reporter-active siRNAs targeting C9ORF72 variants failed to
silence the target in a native context. Preferential nuclear localization
and clustering of mutant C9ORF72 mRNA is likely limiting accessi-
bility of the transcript to the RNAi machinery. In vitro and in vivo ex-
periments in a preclinical mouse model of C9-ALS/FTD presented
here demonstrate the reduction of C9ORF72 repeat-containing tran-
scripts and/or all C9ORF72mRNA transcripts in addition to reducing
C9-ALS/FTD markers of disease, RNA foci and DPR proteins.
RESULTS
Screening and identification of fully chemically stabilized

siRNAs selectively and non-selectively targeting C9ORF72

mRNA transcriptional variants

A panel of siRNAs was designed to target either all C9ORF72 mRNA
isoforms or only mRNA isoforms containing the HRE (Figure 1A).
The sequences and chemical modification patterns of all compounds
used in the study are shown in Tables S1 and S2. To detect C9ORF72
expression, branched DNA probes (Quantigene 2.0) were designed to
detect HRE-containing C9ORF72 mRNA via binding to exon 1 or all
C9ORF72 mRNAs via binding to exon 2 (Figure 1B). The relative
abundance of exon 1-containing transcripts compared to total
C9ORF72 mRNA was measured across multiple neuronal cell types
and tissues from an ALS/FTD mouse model (Figure 1C). Consistent
with previously published data demonstrating HRE-containing RNA
composes a small portion of total C9ORF72 RNA,44 the relative
expression of exon 1-containing C9ORF72 mRNA was around 10%
of total C9ORF72 expression in all cell types and tissues assessed.
As such, it is expected that siRNA designed to target exon 1 or intron
1 (i.e., HRE-containing C9ORF72 mRNA) will have little effect on
overall C9ORF72 mRNA levels.
Figure 2. Screening and identification of fully chemically stabilized siRNAs sel

variants

(A) Chemical configuration of siRNAs used for screening. (B and C) Primary neurons

targeting siRNAs (exon 1, intron 1, and exon 2) and levels of full-length C9ORF72 mRN

QuantiGene (n = 3–9, mean ± SD, one-way ANOVA, Dunnett’s multiple comparison

compounds show concentration-dependent reduction of C9ORF72 total (D) and exon
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We designed a panel of 48 siRNAs using an algorithm that filtered
and scored all possible C9ORF72 target sequences using previously
published criteria.45 The top 36 sequences targeting either exon 1
or intron 1, and the top 12 sequences targeting exon 2 were synthe-
sized onto a fully chemically stabilized scaffold (Figure 2A). siRNAs
were tested in primary cortical mouse neurons derived from an estab-
lished ALS/FTD mouse model (C9-BAC [C57BL/6J-Tg(C9orf72_i3)
112Lutzy/J]),46 and C9ORF72mRNA levels were quantified 72 h later
using the QuantiGene assay (Figure 1B).

Of the 37 siRNAs designed to target exon 1 or intron 1, none showed
significant reduction of total C9ORF72 mRNA (Figure 2B), an ex-
pected result given that exon 1-containing C9ORF72 composes 10%
of total C9ORF72. When assessing the expression of exon
1-containing RNA, however, two siRNAs targeting exon 1 achieved
a 50% reduction (Figure 2C).

For exon 2-targeting siRNAs, 7 out of 12 significantly reduced both
total C9ORF72 mRNA and exon 1-containing C9ORF72 mRNA
(Figures 2B and 2C, respectively).

Three lead siRNAs were further examined using concentration
response curves to determine relative siRNA potency. The top-per-
forming siRNA targeting exon 2 is shown in Figure 2D, and the other
lead siRNAs targeting exon2 are shown in Figures S1A–S1D and
Table S3. The top-performing siRNAs targeting exon 1 are shown
in Figure 2E.

Interestingly, the functional hit rate (i.e., the number of active siRNAs
in the panel) was much lower than anticipated for this class of com-
pounds (data not shown). Only 2 out of 14 siRNAs targeting
C9ORF72 exon 1 and 0 out of 23 siRNAs targeting C9ORF72 intron
1 showed significant efficacy. While the hit rate is highly affected by
the target, it usually ranges between 5% and 60%.47–49 The unusually
low siRNA hit rate suggests that factors other than efficient RISC in-
teractions may be limiting the efficacy of C9ORF72 targeting via
siRNAs.
C9ORF72 targeting siRNA efficacy from a reporter system does

not correlate with silencing efficacy in primary neurons

To confirm that our chemically modified siRNAs targeting C9ORF72
were able to load into Ago2 and form an active RISC capable of
reducing target RNA, we evaluated efficacy of the siRNA panel in a
luciferase reporter assay. A reporter construct was generated by clon-
ing siRNA-targeted regions into the 30 UTR of the Renilla luciferase of
the psiCHECK2 plasmid50–54 (Table S5). This plasmid contains
ectively and non-selectively targeting C9ORF72 mRNA transcriptional

derived from C57BL/6J-Tg(C9orf72_i3) mice were treated with 1.5 mM C9ORF72

A (B) and exon 1-containing C9ORF72 transcripts (C) were evaluated at 1 week by

correction; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). (D and E) Lead

1-containing (E) variants.
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Renilla luciferase and an independently transcribed firefly luciferase
reporter gene, which can account for variation in transfection effi-
ciency and cell viability. Efficacy of siRNA in this system was defined
as a reduction in luminescence from Renilla luciferase.

In stark contrast to the screen in primary mouse cortical cells in which
only 2 out of 14 siRNAs targeting exon 1 or intron 1 were active, every
single siRNA targeting exon 1 and intron 1 (36 total) displayed efficacy,
with knockdown percentages ranging from 25% to 90% (Figure 3A;
Table S6). Furthermore, 8 out of 36 siRNAs achieved greater than
80% reduction. These findings suggest that our chemically modified
siRNAs are capable of loading into Ago2 and producing active RISCs.

Interestingly, the results from the screen in the reporter system did
not correlate well with results from the screen in the primary neurons.
For siRNAs targeting HRE-containing C9ORF72 (e.g., siRNAs target-
ing exon 1 or intron 1), previously identified lead siRNA 143 from the
neuronal screen did not produce the greatest reduction in the lucif-
erase-based assay (Figure 2C). Four siRNAs that targeted a region
within intron 1 of C9ORF72 between nucleotides 226 and 251, out-
performed previously identified lead compound 143 with half-
maximal inhibitory concentration (IC50) values 100 times lower
than the previously identified lead (Figure S4). The results for the
exon 2 screen were more consistent between the primary neuron
and the Renilla reporter screen, with previous leads from the neuronal
screen appearing among the most efficacious in the reporter assay.
Figure 3D visualizes the relative efficacy of siRNA in these two
screens. There is no correlation between either exon 1- or intron
1-targeting compounds, suggesting that factors other than RISC entry
limits efficacy. The differences in the exon 2 targeting panel were less
pronounced, with at least one of the previous leads (siRNA 7005)
showing efficacy in both systems. Screening in the reporter assay
confirmed that a large fraction of siRNAs designed to target
C9ORF72mRNA is highly efficient in RISC entry and target sequence
cleavage in a context of the reporter. This indicates that factors other
than RISC function limit the ability of siRNA to target C9ORF72
mRNA variants in the native context. These may bemRNA secondary
structure, RNA-binding proteins, RNA aggregation, or intracellular
localization. This emphasizes the importance of using “native”
context when identifying compounds to target potentially structured
RNA variants. At this stage, sequences that showed efficacy in both
screening approaches were chosen as leads.

C9ORF72 repeat-containing and non-repeat-containing

isoforms form nuclear clusters in astrocytes derived from C9-

ALS/FTD mice

The highly divergent results generated from a reporter and native
mRNA context indicate that factors specific to C9ORF72 mRNA
Figure 3. The C9ORF72 targeting siRNA efficacy from a luciferase-based repo

(A) C9ORF72 targeting siRNAs efficacy were evaluated in a dual-luciferase reporter (ps

luciferase. Activity of siRNAs was calculated as a reduction in firefly luciferase, norma

C9ORF72 targeting siRNAs for 72 h (n = 3, mean ± SD). (B and C) Lead compounds sho

(C) variants. (D and E) The relative efficacy of C9ORF72 in reporter and primary neuron
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intracellular localization are primarily limiting siRNA efficacy. The
screen was repeated in a non-neuronal cell type (astrocytes)
(Figures S2 and S3; Table S4) and this confirmed the data observed
in Figure 2. To evaluate intracellular localization of the C9ORF72, as-
trocytes derived from C9-ALS/FTD mice were used to evaluate
C9ORF72 mRNA variants localization using an advanced RNA in
situ hybridization technique (RNAscope) that permits visualization
of single RNA species with high sensitivity and low background.
The RNAscope probes were designed to detect intron 1 (specific to
repeat-containing isoforms), all human C9ORF72 isoforms, mouse
C9orf72, and housekeeping gene Hprt (hypoxanthine-guanine
phosphoribosyltransferase).

In wild-type astrocytes, the mouse C9orf72 mRNA shows unremark-
able distribution, with the majority of individual foci localized cyto-
plasmically (Figure S7). In astrocytes derived from C9-ALS/FTD
mice, the mouse C9orf72 distribution is not perturbed, while the hu-
man transgene shows remarkably different localization patterns. Hu-
man mutant C9ORF72 is preferentially located to the nuclei and
shows a tendency toward aggregate in large intranuclear clusters
(Figure S7).

When cells were simultaneously stained with both intron 1 (repeat se-
lective) and a pan-isoform C9ORF72 probe, a significant colocaliza-
tion was observed. Approximately 80% of clusters were positive for
the intron 1-containing variants. The observed co-localization was
specific and non-random, as rotation of the image in one of the chan-
nels resulted in an almost complete loss of overlap.

The observed intranuclear aggregation of mutant human C9ORF72
explains the low hit rate and relatively lower IC50 values for the
identified siRNAs hits. It is likely that accessibility to the cluster or in-
tranuclear mRNA is significantly limiting observed RNAi-based
reduction of C9ORF72 expression.

C9ORF72 targeting siRNA injected into a C9-ALS mouse model

displays robust mRNA reduction

To investigate the ability of siRNA to reduce C9ORF72 transcripts
in vivo, we transferred the sequence onto a chemical scaffold that dem-
onstrates distribution and efficacy throughout the mouse brain after a
single intracerebroventricular (ICV) injection42 (Figure 4A). This
configuration utilizes the divalent scaffold, which slows cerebrospinal
fluid (CSF) clearance and enhances neuronal uptake.42,43 In addition,
the incorporation of the 50 vinyl phosphonate as the guide modifica-
tion enhances RISC affinity, provides phosphatase resistance, and en-
hances in vivo efficacy.55,56 Ninety-day old C9-ALS/FTD mice were
dosed using a bilateral ICV injection containing 10 nmol (�240 mg,
�120 mg per ventricle) total siRNA targeted against either C9ORF72
rter does not correlate with silencing efficacy in primary neurons

iCHECK2) system, in which targeting regions were cloned in the 30 UTR of Renilla

lized against the Renilla transfection control. HeLa cells were treated with 1.5 mM

w concentration-dependent reduction of C9ORF72 total (B) and exon 1-containing
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exon 1 (divalent [di]-siRNA 143), C9ORF72 exon 2 (di-siRNA 7005),
or dosed with a non-targeting control (NTC) or with PBS. Six weeks
post injection, mice were assessed for siRNA efficacy. siRNA targeting
exon 1 display no reduction in total C9ORF72 mRNA, except for a
modest reduction observed in the striatum, a region proximal to the
site of injection (Figure 4C). Mice treated with siRNA targeting
C9ORF72 exon 2 mRNA display 25%–60% reduction of total
C9ORF72 mRNA throughout the brain, with greater reduction seen
in tissues proximal to the site of administration, as well as 25%–40%
mRNA reduction in the spinal cord (Figure 4C). siRNA targeting
C9ORF72 exon 1 display 40%–50% reduction of transcript V1/V3
around the site of injection and posteriorly in the cerebellum, but
interestingly, only 20% anteriorly in the motor cortex, as well as
20% reduction in the spinal cord. siRNA targeting C9ORF72 exon 2
mRNA display 65%–75% reduction of transcript V1/V3 close to the
site of injection, and 40%–60% reduction distally and throughout
the spine (Figure 4D). These results are consistent with the specific
and non-specific targeting strategies outlined in Figures 1A and 1B
and with our in vitro screening results (Figures 2B and 2C). Investiga-
tion of the clearance organs, such as liver and kidney, reveals that
siRNA administered into the brain through an ICV injection have
no impact on C9ORF72 total mRNA levels or a minimal impact on
C9ORF72 V1/V3 RNA levels (Figure S5).

Targeted siRNA screen around position 136 of C9ORF72 exon 1

identifies region highly accessible to RNAi machinery

To further optimize siRNAs specific for repeat-containing variants,
we utilized primary neurons from C9-ALS/FTD mice to perform a
single nucleotide walk across the exon 1 of C9ORF72 (Figure 5A;
Table S7). All siRNAs targeting exon 1 displayed no total C9ORF72
mRNA reduction (Figure 5B). The two previously identified se-
quences (136 and 143) appear to be the edges of a productive region,
with target sequences flanking this region appearing inactive. Across
the productive region, 136–143, siRNAs display 50%–70% V1/V3
mRNA reduction (Figure 5D), similar to levels observed previously.
siRNA targeting within this region was further investigated using
concentration response curves, with one of the originally identified
sequences among the most potent (Figures 5D–5G and S6;
Table S8). Secondary mRNA structures are known to have a large
impact on siRNA efficacy, and we hypothesize that this region is
more productive for siRNA reduction due to a favorable local
mRNA environment. These data confirm that siRNAs targeting posi-
tions 136, 140, and 143 are the most efficacious and potent V1/V3
variants specific siRNA compounds.

Broad siRNA screens across exons 2,4,5 of C9ORF72 identify

additional non-selective functional siRNAs

Additionally, we expanded the screen for non-selective siRNAs tar-
geting all C9ORF72 mRNA variants. Primary neurons derived from
Figure 4. C9ORF72 targeting siRNAs injected into a C9-ALS mouse model disp

(A) Divalent siRNA scaffold used for in vivo studies. (B) C57BL/6J-Tg(C9orf72_i3) mic

C9ORF72-143 (exon 1), C9ORF72-7005 (exon 2), NTC, and PBS. Levels ofC9ORF72 va

13, mean ± SD; two-way ANOVA, Dunnett’s multiple comparison correction; **p < 0.0
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the C9-ALS/FTD mice were treated with siRNAs targeting
C9ORF72 exons 2,4,5 (Figure 6A; Table S9). Five additional com-
pounds (two in exon 2, two in exon 4, and one in exon 5) showed ef-
ficacy similar or greater compared to our previously identified lead
siRNA, siRNA 7005 (Figure 6B). To define the relative potency, iden-
tified siRNAs efficacy was compared in a wide dose range
(Figures 6C–6E). In this experiment, the relative potency of the pre-
viously identified siRNA 7005 was lower, which is likely due to a
different chemical scaffold used. Within the experiment, the siRNA
targeting the end of the exon 4 (siRNA 11437) was �4-fold more
potent than siRNA 7005 (siRNA 7005, IC50 �1,200 nM vs. siRNA
11437, 450 nM).
C9ORF72 targeting siRNA injected into a C9-ALS/FTD mouse

model display robust RNA and DPR reduction

The new lead siRNA compounds specific for the repeat-containing
(di-siRNA 136) (Figure 5D) and all C9ORF72 mRNA transcripts
(di-siRNA 11437) (Figure 6B) were synthesized in the divalent
CNS-active scaffold (Figure 7A), injected into C9-ALS/FTD mice at
90 days old and assessed for mRNA and DPR reduction 4 weeks later.

siRNA targeting V1/V3 show no impact on C9ORF72 total mRNA
levels across the brain or spinal cord, whereas di-siRNA 11437
(exon 4) show up to 40% reduction in total C9ORF72 mRNA in the
brain as well as in the spinal cord (Figure 7C).

siRNA targeting exon 1 selectively reduces C9ORF72 V1/V3 RNA by
10%–30% throughout the brain, whereas non-selective exon 4 target-
ing siRNA reduces V1/V3 RNA by 50% in regions close to the site of
injection (Figure 7D). In the spine, siRNA targeting exon 1 selectively
reduces V1/V3 RNA by 40%, and non-selective exon 4 targeting
siRNA reduces V1/V3RNA by 50% (Figure 7D).

Mice from this study were further evaluated for DPR protein reduc-
tion, a key marker of C9-ALS/FTD, using an ELISA measuring pol-
y(GP). siRNA targeting exon 1 were able to reduce poly(GP) by
�60% in the motor cortex, which is a disease-relevant region. Consis-
tent with mRNA findings, the exon 4 targeting siRNA reduced pol-
y(GP) to a greater degree, with a reduction of 50%–65% across the
brain (Figure 7E). siRNA targeting exon 4 was also more efficacious
in reducing poly(GP) throughout the spine, with 75%–85% reduction
observed, compared to 30%–60% reduction for siRNA targeting exon
1 (Figure 7E).

The level of observed silencing varied between different brain/spinal
cord regions, but overall, non-selective siRNA was much more potent
in silencing repeat-containing isoforms on both mRNA and peptide
levels.
lay robust mRNA reduction

e were treated via bilateral ICV injection with 10 nmol (240 mg) siRNAs targeting

riant (C, total; D, exon 1) expressionwere evaluated at 6 weeks post-injection (n = 3–

1; ***p < 0.001; ****p < 0.0001).
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C9ORF72-targeting siRNA reduces RNA but not intranuclear

RNA aggregates

Intranuclear RNA aggregates are a hallmark of C9ORF72-driven ALS.
To assess whether C9-ALS/FTD mice injected with di-siRNA 136
(exon 1) and di-siRNA 11437 (exon 4) displayed a reduction in
RNA aggregates, we further evaluated these mice using RNAscope.
Brain sections from mice treated with di-siRNA 136 (exon 1), di-
siRNA 11437 (exon 4), and NTC were stained with pan-isoform
C9ORF72 probes and visualized using confocal microscopy. Stereo-
tactically cut slices from three mice were used for the visualization,
and data from 170 to 220 randomly selected cells were quantified.

Total C9ORF72mRNA shows extreme variability in expression levels,
with some cells having dozens of foci, localized equally between nuclei
and cytoplasm, and others showing no detectable expression (Fig-
ure 8A). Additionally, similar to astrocytes, we observe mutant
C9ORF72 mRNA forming large intranuclear clusters in approxi-
mately half of the assumed neuronal cells (Figures 8A and S7).

Treatment with selective di-siRNA 136 shows no impact on C9ORF72
mRNA nuclear foci and some reduction in the number of the cyto-
plasmic foci. While there is no change in the total C9ORF72 expres-
sion (Figure 7C), the observed reduction in cytoplasmic foci (Fig-
ure 8C) indicates that silencing of the repeat-containing isoforms
might alter the intracellular distribution of the major C9ORF72 iso-
form. Treatment with non-selective di-siRNA 11437 resulted in a sta-
tistically significant reduction of both cytoplasmic and nuclear
C9ORF72mRNA foci and profound changes in the observed distribu-
tion (Figures 8B and 8C).

Quantification of the RNAscope staining (see materials and methods)
reveals that the C9ORF72 exon 2 mRNA is distributed between nuclei
and cytoplasm, with a slight preference for cytoplasmic localization.
After treatment with di-siRNA 136, the slight shift toward nuclear
localization is observed as likely due to a reduction in the number
of the cytoplasmic foci (Figure 8B). Treatment with pan-isoform tar-
geting di-siRNA 11437 resulted in a further shift toward nuclear local-
ization, likely due to the preferential silencing of the cytoplasmic
mRNAs (Figure 8B). This suggests that for both siRNA treatments,
the mRNA residing in the cytoplasmic compartment is preferentially
degraded.

Further analysis reveals that di-siRNA 136 has a minor impact on
C9ORF72 exon 2 mRNA in cytoplasm (�30%, p < 0.05) and no
impact on the nuclear localized variants (Figure 8C). Conversely,
di-siRNA 11437 significantly reduces C9ORF72 exon 2 mRNA in
both the nucleus and cytoplasm, with a larger decrease observed in
the cytoplasm (Figure 8C).
Figure 5. Targeted siRNA screen around position 136 of C9ORF72 exon 1 iden

(A) Design of the single nucleotide siRNA walk around C9ORF72-143 (exon 1) targeti

configuration of siRNA used for screening. (C and D) Primary astrocytes, derived from C

length C9ORF72 mRNA (C), and exon 1-containing C9ORF72 variants (D) were evaluat

comparison correction; *p < 0.05; **p < 0.01; ***p < 0.001). (E–G) Reduction of C9OR
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Interestingly, the number of cells with C9ORF72 exon 2 mRNA clus-
ters appeared unchanged after either di-siRNA 136 or di-siRNA
11437 treatment (Figure 8D), suggesting that the clustered mRNA
species are resistant to the degradation by the RISC machinery.

DISCUSSION
More than 10 years have passed since the original discovery of a hex-
anucleotide G4C2 expansion within intron 1 of C9ORF72 as the lead-
ing genetic driver of ALS and FTD. Loss of function of the C9ORF72
protein is proposed to lead to haploinsufficiency, while sense and
antisense transcription of the G4C2 expansion produces RNA that
form RNA foci, and the expansion can be translated into toxic poly
di-peptide repeat proteins.7,26,35,57–62 More recently, a converging of
these two hypotheses has been proposed where loss of C9ORF72 pro-
tein exacerbates toxicity from the HRE.63,64 An effective therapeutic
strategy may be to reduce the G4C2 expansion-containing transcripts,
while maintaining the main C9ORF72 protein-producing transcript.
Here, we report siRNAs with the ability to reduce C9ORF72 tran-
scripts in a C9-ALS/FTD mouse model. The siRNAs were designed
to specifically target repeat-containing transcripts or non-selectively
target all C9ORF72 RNAs. The silencing of these transcripts is ex-
pected to be achieved through RISC-based targeting, and this has pre-
viously been shown to be specific for the target mRNA42; however, the
specificity of this siRNA was not assessed. ICV administration of
siRNA targeting exon 1 sequences displays reduction in V1/V3 tran-
scripts without impact on overall levels of C9ORF72 transcripts.
These siRNAs also reduce RNA foci, and poly(GP) dipeptides
throughout the brain. siRNA targeting exon 2 or exon 4 reduce V1/
V3 transcripts as well as total C9ORF72 RNA, and profoundly reduce
both nuclear and cytoplasmic RNA and poly(GP) dipeptides
throughout the brain and spinal cord. This proof-of-concept work
supports the further characterization of siRNA-driven C9ORF72
reduction, such as investigation into mRNA, RNA foci, and poly(GP)
reduction in patient-derived cells, and correction of disrupted path-
ways after C9ORF72 reduction in a human background.

Similar to work on other neurological diseases, such as Huntington
and Alzheimer disease,49,65 the intracellular location of the
C9ORF72 target sequence has a profound impact on the efficacy of
siRNA. We find that targeting C9ORF72 non-selectively produces
greater mRNA reduction in vitro and in vivo. This may be explained
by the relatively greater potency of non-selective C9ORF72 siRNA
compared to selective C9ORF72 when targeting mRNA sequences
in their native context. The highly structured RNA surrounding the
HRE may impede RISC loading of target sequences; thus, sequences
further away from the HRE are more accessible to siRNA-mediated
silencing. This is demonstrated in a luciferase reporter assay where se-
quences are taken out of their native context, and siRNA targeting
tifies region efficiently targetable by RNAi machinery

ng position. Exon region (upper case) and intron region (lower case). (B) Chemical

57BL/6J-Tg(C9orf72_i3) mice, were treated with a panel of siRNAs and levels of full-

ed at 72 h (QuantiGene, n = 3–4, mean ± SD, one-way ANOVA, Dunnett’s multiple

F72 exon 1-containing variants by lead exon 1-targeting siRNA.
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Figure 6. Broad siRNA screen across exons 2,4,5 of C9ORF72 identifies new siRNA capable of total C9ORF72 mRNA reduction

(A) Chemical configuration of siRNA used for screening. (B) Primary neurons, derived from C57BL/6J-Tg(C9ofr72_i3) mice, were treated with a panel siRNAs targeting

C9ORF72 exon 2,4,5, and total C9ORF72 mRNA expression was assessed 72 h post-treatment (QuantiGene, n = 3–4, mean ± SD, one-way ANOVA, Dunnett’s multiple

comparison correction; *p < 0.05; **p < 0.01; ***p < 0.001). (C–E) Reduction of total C9ORF72 mRNA by siRNA targeting C9ORF72 exon 2 and exon 4.
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sequences 60 nt upstream of the HRE display similar potency to
siRNA targeting sequences 6,000 nt downstream (siRNA 244 IC50,
7 nM vs. siRNA 6686 IC50, 14 nM).

Many repeat-expansion neurodegenerative diseases, including ALS
and FTD, feature RNA abnormalities such as RNA foci.7,8,66–69 In
C9ORF72-driven ALS/FTD, transcription of the HRE is thought to
form G-quadruplexes, which form RNA foci and drive disease.70,71

Using RNAscope probes designed against exon 2 of C9ORF72, we
find that C9ORF72 exon 2 mRNA forms large nuclear clusters in
almost half of the cells. These clusters are inaccessible to degradation
and may be sequestering other RNA or protein species, driving dis-
ease. Current clinical ASOs do not target all C9ORF72 mRNA tran-
scripts, and this may explain the lack of clinical efficacy observed.

Early siRNA clinical trials used unmodified or partially modified ol-
igonucleotides. These molecules failed due to extremely low stability,
resulting in limited cellular delivery and on-target efficacy and un-
wanted activation of the immune system. To overcome these limita-
tions, the current generation of oligonucleotide therapeutics use fully
stabilized oligonucleotides.42,72–75 To enable straightforward conver-
sion between in vitro and in vivo experiments, all screens have been
performed in the context of fully chemically stabilized siRNAs. Ribose
sugars were modified with a combination of 20-methoxy (20-OMe)
and 20-fluoro (20-F) ribose modification patterns, compatible with
efficient RISC entry.48,76,77 In addition, the two terminal backbone
linkages are modified, with phosphorothioate providing critical addi-
tional stabilization.78 In a context of hydrophobic conjugate, choles-
terol, these architectures are efficiently internalized by all cell types,
including neurons48,79 (Figures 1D and 1E), and were used for all
in vitro screening. The chemical scaffold from in vitro screening (Fig-
ure 1D) was converted to a CNS-optimized pattern used for in vivo
assessment of siRNA efficacy, divalent siRNAs. The divalent configu-
ration, when injected in the CSF, enable robust distribution and
potent, long-lasting silencing in rodent, NHP, and sheep brains.42,43

One enticing characteristic of oligonucleotide therapeutics including
siRNA is the possibility to independently optimize the chemical scaf-
fold and the targeting sequence. As such, the divalent siRNA scaffold
used in this study can be used for any optimized target sequence,
including targeting the antisense transcript of C9ORF72.

This manuscript describes an siRNA developed for C9ORF72-driven
ALS and adds to the growing field of oligonucleotide therapeutics
developed for CNS indications as well as C9ORF72. Our study pro-
vides proof of concept that siRNA can selectively reduce repeat-con-
taining transcripts or non-selectively target all C9ORF72 RNAs.
siRNA-driven reduction of C9ORF72 is suspected to confer the
Figure 7. C9ORF72 targeting siRNA injected into a C9-ALS mouse model displ

(A) Divalent siRNA scaffold used for in vivo studies. (B) C57BL/6J-Tg(C9ofr72_i3) mic

C9ORF72-136 (exon 1), C9ORF72-11437 (exon 4), or untreated. (C and D) Levels of f

evaluated by QuantiGene assay 30 days post-injection. (Expression was normalized to

**p < 0.01; ***p < 0.001; ****p < 0.0001.) (E) Reduction in poly(GP) after di-siRNA treatme

(n = 5, mean ± SD, one-way ANOVA, Dunnett’s multiple comparison correction; *p < 0
same advantages in rescuing RNA-mediated toxicity and poly-dipep-
tide toxicity, as has been observed with ASOs, which also target the
repeat expansion directly or indirectly through targeting exon
1.35,38 Both siRNAs and ASOs hold promise in developing treatments
for C9ORF72-related ALS and FTD. siRNAs are generally more
potent in the cytoplasm, exhibiting higher stability and prolonged ef-
ficacy. In contrast, ASOs have demonstrated better potency in modu-
lating nuclear targets, with a wide clinical history available. Despite
their advantages, ASOs may induce toxicity, including ventricular en-
largements, and their effects may be less durable. Balancing these con-
siderations, future research will need to define which combination of
technologies provides the best option for developing disease-modi-
fying treatments for ALS.

MATERIALS AND METHODS
Design of chemically modified siRNAs

We designed a panel of 118 siRNA compounds targeting the human
C9ORF72 gene. The siRNAs sequences target across C9ORF72 exon 1,
intron 1, exon 2, exon 4, and exon 5 and were designed according to
previously established guidelines for siRNA design.45 Adherence to
the guidelines influenced the selection of sequences, which were target
specific, contained optimal GC content, contained low seed comple-
ment frequency, removed sequences containing toxic motifs, and
removed sequences containing known miRNA seeds.

Oligonucleotide synthesis

Oligonucleotides were synthesized as previously described.48–50,79

Briefly, oligonucleotides were synthesized by phosphoramidite solid-
phase synthesis on a Dr. Oligo 48 (Biolytic, Fremont, CA) or a
MerMade12 (Biosearch Technologies, Novato, CA) using modified
protocols. Modified 2ʹ-F, 2ʹ-OMe phosphoramidites with standard pro-
tecting groups were used. (ChemGenes, Wilmington, MA, and/or
Hongene Biotech, Union City, CA). Bis-cyanoethyl-N,N-diisopropyl
CED phosphoramidite was used for the addition of the 50-phosphate
for screen compounds (ChemGenes), and 50-(E)-vinyl tetraphospho-
nate (pivaloyloxymethyl) 20-O-methyl-uridine 30-CE phosphoramidite
was used for the addition of 50-vinyl phosphonate (Hongene Biotech).
Phosphoramidites were dissolved at 0.1 M in anhydrous acetonitrile
(ACN), with added anhydrous 15% dimethylformamide in the case
of 20-OMe-uridine amidite. 5-(Benzylthio)-1H-tetrazole was used as
the activator at 0.25 M. Detritylations were performed using 3% tri-
chloroacetic acid in dichloromethane. The capping reagents used
were CAPA (20%N-methylimidazole in ACN) and CAP B (20% acetic
anhydride and 30% 2,6-lutidine in ACN). Phosphite oxidation to
convert to phosphate or phosphorothioate was performed with
0.05 M iodine in pyridine-H2O (9:1, v/v) or a 0.1-M solution of
3-[(dimethylaminomethylene)amino]-3H-1,2,4-dithiazole-5-thione in
ays significant RNA and DPR reduction

e were treated via bilateral ICV injection with 10 nmol (240 mg) siRNAs targeting

ull-length C9ORF72 mRNA (C) and exon 1-containing C9ORF72 variants (D) were

the housekeeping gene Hprt. n = 3–4, mean ± SD, one-way ANOVA; *p < 0.05;

nt, quantified using MSD ELISA poly(GP) assay was assessed 30 days post-injection

.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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Figure 8. Intranuclear C9ORF72 mRNA clusters but

not individual foci are resistant to siRNA treatment

C57BL/6J-Tg(C9orf72_i3) mice were treated via bilateral

ICV injection with 10 nmol (240 mg) siRNAs targeting

C9ORF72-136 (exon 1) and C9ORF72-11437 (exon 4). Six

weeks post-injection, localization of C9ORF72 transcript

was visualized by RNAscope in the thalamus (n = 3 mice,

170–220 randomly selected cells, arrows point to intra-

nuclear mRNA clusters). (A) Representative fluorescent

images, scale bar, 10 mm (green, C9ORF72 mRNA; blue,

DAPI). (B) Scatterplot of nuclear and cytoplasmic foci per

cell (170–220 cells per sample, n = 3 mice). (C) Reduction

in cytoplasmic and nuclear foci after treatment with

C9ORF72-136 or C9ORF72-11437 (n = 3 mice, 170–220

cells, one-way ANOVA, Dunnett’s multiple comparison

correction; *p < 0.05; **p < 0.01; ****p < 0.0001). (D)

Reduction in the percentage of nuclei containing

C9ORF72 aggregates after treatment with C9ORF72-136

or C9ORF72-11437 (n = 3 mean ± SD). Aggregates are

defined as having a larger diameter than 0.6 mm. ns, no

statistical difference was observed between the samples.
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pyridine purchased from ChemGenes for 3 min. Coupling times were
4 min. Reagents were purchased from American International Chem-
ical (Westborough, MA) and/or ChemGenes. Unconjugated oligonu-
cleotides were synthesized on 500-Å long-chain alkyl amine (LCAA)
controlled pore glass (CPG) functionalized with Unylinker terminus
(ChemGenes). Cholesterol-conjugated oligonucleotides were synthe-
sized on a 500-Å LCAA-CPG support, where the cholesterol moiety
is bound to tetra-ethylene glycol through a succinate linker
(ChemGenes). Divalent oligonucleotides (DIOs) were synthesized on
custom solid support prepared in-house.

Screen synthesis was made on a 1-mmol scale. Synthesis columns were
custom packed at LGC Genomics (Alexandria, MN).

Deprotection and purification of oligonucleotides for sequence

screening

Oligonucleotides used for in vitro experiments were deprotected with
ammonia gas (Airgas Specialty Gases), and a modified on-column
ethanol precipitation protocol was used for purification.
14 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
Deprotection and purification of

oligonucleotides for in vivo experiments

Vinyl phosphonate-containing oligonucleotides
were cleaved and deprotected with 3% diethyl-
amine in ammonium hydroxide for 20 h at
35�C with slight agitation. DIOs were depro-
tected with 1:1 ammonium hydroxide and
aqueous monomethylamine for 2 h at 25�C
with slight agitation. The controlled pore glass
was subsequently filtered and rinsed with
30 mL 5% ACN in water and dried overnight
by centrifugal vacuum concentration. Purifica-
tions were performed on an Agilent 1290 Infinity
II high-performance liquid chromatography (LC) system using
Source 15Q anion exchange resin (Cytiva, Marlborough, MA). The
loading solution was 20 mM sodium acetate in 10% ACN in water,
and elution solution was the loading solution with 1 M sodium bro-
mide, using a linear gradient from 30% to 70% in 40min at 50�C. Pure
fractions were combined and desalted by size exclusion with Sepha-
dex G-25 (Cytiva).

Purity and identity of fractions and pure oligonucleotides were
confirmed by ion-pair reversed-phase LC/mass spectrometry- (MS)
on an Agilent 6530 Accurate-mass QTOF LC/MS.

Quantigene 2.0 probes

Quantigene 2.0 probes against total C9ORF72 are available for pur-
chase through Thermo Fisher Scientific (assay ID: SA-3015063).
These probes capture mRNA through C9ORF72 exon 2 and detect
through exons 2–4. Quantigene 2.0 probes against exon 1 C9ORF72
were custom ordered and captured mRNA through C9ORF72 exon
2 and detected through exon 1.
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Cell culture for luciferase assays

HeLa cells (American Type Culture Collection CCL-2) were main-
tained in DMEM (Thermo Fisher) supplemented with 10% fetal
bovine serum (FBS; Gibco) and 100 U/mL penicillin/streptomycin
(Invitrogen, Waltham, MA). HeLa cells were grown at 37�C and
5% CO2 and passaged every 2–5 days. Three days prior to treatment,
10-cm2 dishes were plated with 2 � 106 HeLa cells and grown over-
night. The following day, DMEM was replaced with serum-free
OptiMEM (Gibco) containing 20 mg reporter plasmid and 60 mL
Lipofectamine 2000 (Invitrogen). Following a 20-min incubation,
this solution was added dropwise to the dish containing HeLa cells.
The cells were incubated for 6 h, before washing with PBS and
placed in DMEM with 10% FBS overnight. The following day,
50 mL HeLa cells previously transfected with reporter plasmid
were transferred to a 96-well white wall clear bottom tissue culture
plate and treated with siRNA conjugated to cholesterol. This conju-
gation method negates the need for other transfection reagents. Af-
ter 72 h of treatment, cells were washed twice with PBS, then lysed
with 50 mL Dual-Glo reagent. After 15 min, luminescence was read
on a luminometer. A total of 50 mL Dual-Glo Stop & Glo reagent was
added, followed by another 15-min incubation before the assess-
ment of Renilla luminescence. Luminescence values were normal-
ized to untreated controls.
Preparation of primary neurons

Primary cortical neurons and astrocytes were obtained following pre-
viously described protocols.80 Embryos were isolated from embryonic
day 15 heterozygous C57BL/6J-g(C9ORF72_i3)112Lutzy/J mice.
Pregnant C57BL/6J females were anesthetized via inhalation of iso-
flurane, followed by cervical dislocation. Embryos were removed
and transferred to a Petri dish containing cold DMEM. Brains were
removed from embryos and meninges detached. Following cortical
isolation, brain tissue was mechanically disrupted using a fire-pol-
ished pipette tip for neurons or surgical scalpel for astrocytes.

Cortices designated for neuron preparation were transferred to pre-
warmed papain/DNAse solution and incubated for 30 min. Following
rounds of gentle dissociation, neurons were counted using a hemocy-
tometer, and 100 mL containing 1� 105 of neurons was transferred to
each well of a poly-L-lysine precoated 96-well plate. The following
day, 100 mL medium containing anti-mitotics was added to each
well, and every subsequent 2–3 days, half of the volume of media
was replaced with freshly prepared medium.
Preparation of primary astrocytes

Following cortical isolation, cortices were placed in 1.5 mL TrypLE
and incubated for 25 min at 37�C and 5% CO2. The cortices were
then resuspended in 5 mL DMEM containing 10% FBS and centri-
fuged at 1,500 rpm for 5 min. The cellular pellet was resuspended
in DMEM supplemented with 10% FBS and 10 ng/mL of mouse
epidermal growth factor and added to T75 growth flasks. Dividing
primary astrocytes were split every 4–5 days and discarded after 7
passages.
Delivery of siRNA through passive uptake

Cells were plated in appropriate culture media in 96-well tissue cul-
ture plates. siRNA was diluted to twice the desired final concentration
in OptiMEM (Gibco). siRNA used in all in vitro experiments were
siRNA conjugated to cholesterol. This conjugation method negates
the need for other transfection reagents. A total of 50 mL siRNA
was added to 50 mL cells. For HeLa cells maintained in FBS, plating
cells in 6%, which results in a final 3% FBS in the media is important.
Cells for reporter assays or astrocyte assays were incubated for 72 h at
37�C and 5% CO2. Primary neurons were incubated with siRNA for
7 days. All primary screens were performed at a 1.5-mM com-
pound dose.

Quantification of mRNA silencing in cells

mRNA andmRNA silencing was quantified using the QuantiGene 2.0
assay (Affymetrix, Santa Clara, CA), as previously described.80 Cell
lysate was prepared and applied to plates precoated with mRNA-spe-
cific probes: mouse HPRT (SB-15463), human total C9ORF72 (SA-
3015063), and human C9ROF72 exon 1 specific (SA-6000878).
Following overnight incubation, three wash and amplification steps
were performed before detection on a luminometer.

Stereotactic ICV injections

All experimental studies involving animals were approved by the Uni-
versity of Massachusetts Chan Medical School Institutional Animal
Care and Use Committee (protocol no. PROTO202000010 [A-
2411]) and performed according to the guidelines and regulations
described therein.

A total of 10 mL divalent siRNAwas administered bilaterally (5 mL per
ventricle) into the lateral ventricles of mice using a slight adaptation
to a protocol previously described.42 Briefly, mice were anesthetized
using isoflurane and maintained under isoflurane during the proced-
ure. After the identification of bregma, stereotaxic devices were used
to inject siRNA at coordinates from bregma: �0.2 mm
anteroposterior, ±0.8 mmmediolateral, and and�2.5 mm dorsoven-
tral. Injections were performed at 1,000 nL/min. Following comple-
tion of the injection, the mice received saline and subcutaneous
meloxicam SR at 4 mg/kg and were monitored until fully ambulatory.

Collection of tissue

Mice were euthanized using isoflurane overdose followed by bilateral
pneumothorax. Following harvesting, tissues were either flash-frozen
or stored in RNALater (Invitrogen). Brains were sectioned prior to
storage using a brain mold that allowed for creation of 1-mm-thick
slices. These slices were then sectioned using a 2-mm biopsy punch
to produce region-specific tissue samples. Spinal cords were flushed
from the spinal column using PBS and sectioned into regions (cervi-
cal, thoracic, lumbar) before being stored.

Quantification of mRNA silencing in tissue

Tissue collected for mRNA andmRNA silencing was quantified using
the QuantiGene 2.0 Assay (Affymetrix). Tissue punches stored in
RNAlater or flash-frozen were homogenized in QuantiGene 2.0
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 15
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homogenizing buffer (Invitrogen) with proteinase K (Invitrogen) us-
ing mechanical dissociation. Following incubation at 55�C for 1 h,
lysate was used as described for the quantification of mRNA from
cells.
Quantification of DPR protein in tissue

Tissue punches were collected as above and flash-frozen and placed at
�80 C. After addition of radioimmunoprecipitation assay buffer with
protease inhibitors, samples were homogenized and quantified
through Pierce BCA protein sssay (Thermo Fisher). Custom capture
antibody to poly(GP) generated and generously shared by Dr Robert
Brown’s lab at UMass Chan Medical School was added to each well of
a 96-well Meso Scale Discovery (MSD) ELISA plate. Following over-
night incubation at 4�C, the plate was washed, incubated with PBS +
0.1% Tween, and incubated for 1 h. After washing, 50 mg sample in
150 mL PBS + 0.1% Tween plus standards were incubated for at least
2 h. The plate was washed once more and detected immediately on an
MSD plate reader.
RNAscope fluorescence in situ hybridization analysis of

C9ORF72 RNA aggregates

RNAscope (Bio-Techne, Minneapolis, MN) was used to visualize
C9ORF72 RNA abundance, nuclear/cytoplasmic localization, and ag-
gregations in cultured astrocytes and fresh-frozen mouse brain sec-
tions. For astrocytes, cell cultures were prepared according to the
manufacturer’s protocols for cultured adherent cells. Probes detecting
full-length mouse C9orf72 (catalog no. 895781), full-length human
C9ORF72 (catalog no. 895771), and intron 1 of human C9ORF72 (cat-
alog no. 410291) were used to visualize aggregated and unaggregated
RNA. Housekeeping geneHprt (catalog no. 442881) served as a stain-
ing quality control. Images were acquired using a Leica SP8 point-
scanning confocal microscope (Leica Microsystems, Wetzlar, Ger-
many). An ImageJ-based analytical algorithm79 was used to compute
cytoplasmic and nuclear foci abundance. Colocalization analysis was
computed manually and reported as number of mRNA clusters that
contained both C9ORF72 full length and C9ORF72 intron 1 signal.
Colocalization between Hprt and intron 1 after the intron 1 channel
was rotated served as baseline controls.

For frozen brain sections, one hemisphere of the brain was frozen in
optimal cutting temperature compound and cut into 10-mm sections
using a cryostat. Sections containing thalamic regions were prepared
for RNAscope according to the manufacturer’s protocols. Probes de-
tecting the full-length C9ORF72 (catalog no. 895771) were used to
visualize C9ORF72 individual and aggregate RNA. Images were ac-
quired using the Andor Dragonfly 200 spinning disk confocal micro-
scope (Oxford Instruments, Concord, MA). Amodified ImageJ-based
analytical algorithm was used to compute nuclear foci abundance,
foci per cell, and number of cells containing C9ORF72 clusters.
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