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Mutations within the chromosome 9 open reading frame 72 (c9orf72) gene are associated with both familial
amyotrophic lateral sclerosis and frontotemporal dementia. The mutation leads to an expanded GGGGCC hex-
anucleotide repeat within the first intron of c9orf72 and an expanded CCCCGG repeat within a corresponding
antisense transcript. Both the mutant intronic and antisense RNAs have been implicated in disease. We have
previously reported that duplex RNAs complementary to the repeats can recognize disease-causing RNA and
block detection of nuclear foci formed by the mutant transcripts. Here, we test the hypothesis that inhibition can
also be achieved by single-stranded silencing RNAs (ss-siRNAs). ss-siRNAs are single-stranded antisense oli-
gonucleotides (ASOs) that function through RNAi interference (RNAi) to silence gene expression. ss-siRNAs can
block the expanded repeats within both intronic RNA and the antisense transcripts. Inhibition is more potent than
by analogous duplex RNAs. Our data suggest that the potent effects on foci are caused by a combination of
mechanisms including RNAi and direct binding of the ss-siRNA to the target transcripts. These findings reinforce
the suggestion that ss-siRNAs combine the favorable properties of duplex RNA and single-stranded ASOs.

Keywords: RNA interference, single-strand silencing RNA, c9orf72, antisense oligonucleotide

Introduction

Progress toward capturing the potential of RNA in-
terference (RNAi) as a mechanism for delivering thera-

peutic nucleic acids has been slowed by difficulties
delivering sufficient amounts of duplex RNA to target tissues
[1]. One approach to improving delivery uses galactose
conjugates [2] that target the asialoglycoprotein receptor, a
protein that is highly expressed on the surface of hepatocytes.
An alternate approach to therapeutic gene silencing involves
single-stranded antisense oligonucleotides (ASOs) [3]. One
advantage for ASOs relative to duplex RNA is that they re-
quire only one nucleic acid strand rather that two. The ability
to function with just one strand simplifies synthesis and ASOs
can be delivered to tissues after administration in saline.
While conjugation with galactose can improve delivery of
ASOs to the liver [4], it is not necessary.

One option for increasing the value of the RNAi mecha-
nism for therapy is to combine the strengths of the duplex
RNA and ASO approaches. This goal can be achieved using
single-stranded silencing RNAs (ss-siRNAs) [5–15]. ss-
siRNAs are chemically modified single-stranded oligonu-
cleotides that silence gene expression through RNAi in cell
culture and animals.

ss-siRNAs are a useful scientific tool and an intriguing
starting point for therapeutic discovery. Decisions regarding

preclinical development of ss-siRNAs, however, must con-
front the fact that competing ASO and duplex RNA tech-
nologies have been optimized for many years. By contrast,
much more fundamental research is needed to understand the
potential of ss-siRNAs as an approach for drug discovery.
This research will involve medicinal chemistry aimed at
improving the characteristics of ss-siRNAs [13,14] and
studies that test the boundaries of ss-siRNA function on
varied gene targets.

Amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD) are devastating disorders that lack treatment
options. Recently, an expanded hexanucleotide repeat has
been found to be implicated in one-third of familial ALS and
one-quarter of familial FTD, making it the single largest
genetic factor known to contribute to these diseases [16,17].
For mRNA transcribed in the sense direction, the repeat is
composed of GGGGCC hexanucleotides and is located in
intron 1 (Fig. 1A). There is also an antisense transcript with a
CCCCGG hexanucleotide repeat that has been implicated as
contributing to disease [18].

We had previously demonstrated that duplex RNAs com-
plementary to the hexanucleotide repeat could block both the
sense and antisense transcripts, causing a substantial reduc-
tion in nuclear RNA foci [19]. We had also previously ob-
served that ss-siRNAs could inhibit expression of genes
(Huntington, atrophin-1, and ataxin-3) containing expanded
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CAG trinucleotide repeats [7,8,14,15]. Our goal here is to test
the hypothesis that ss-siRNAs can also block the sense and
antisense repeats within the c9orf72 gene.

Achieving this goal is challenging because, in contrast to
our earlier use of ss-siRNAs to target genes containing ex-
panded CAG repeats within mature mRNA to block gene
translation [7,8,10,11], successful targeting c9orf72 requires
(1) recognition of a hexanucleotide; (2) recognition of a se-
quence that is entirely composed of cytosine and guanine; (3)
recognition of a target within an intron or an antisense tran-
script; and (4) recognition of a target within the nucleus.
Here, we show that ss-siRNAs inhibit the detection of foci
formed by mutant c9orf72 sense and antisense transcripts.
Inhibition by ss-siRNAs was more potent than inhibition by
analogous duplex RNAs and occurs through both RNAi and
RNAi-independent mechanisms.

Materials and Methods

Cell culture and siRNA transfection

Mutant c9orf72 patient-derived fibroblast cells (provided
by Dr. John Ravits of UCSD) were maintained at 37�C and
5% CO2 in Minimal Essential Media Eagle (MEM) (M4655;

Sigma) supplemented with 15% heat inactivated fetal bovine
serum (Sigma) and 0.5% MEM nonessential amino acids
(Sigma). ss-siRNAs were synthesized at Ionis Pharmaceutics
(Carlsbad, CA) and reconstituted in nuclease-free water. ss-
siRNAs were transfected into patient-derived fibroblast cells
with lipid RNAiMAX (Life Technologies) as previously
described [19]. Cells were plated at a density of 80,000 per
well of a six-well plate 48 h before transfection and subse-
quent quantitative polymerase chain reaction (qPCR) analy-
sis. Cells were typically harvested 2 days after transfection.

qPCR analysis

c9orf72 expression was analyzed by qPCR on a 7500 real-
time PCR system (Applied Biosystems) using iTaq SYBR
Green Supermix (Bio-rad). Data were normalized relative to
levels of GAPDH mRNA. Primers specific for c9orf72
mRNA all three variants are as follows: F 5¢-AGAAGG
CACAGAGAGAATGGAA-3¢; R 5¢-TCATCATCATTGAG
TACTGTATCAGC-3¢. Primers for c9orf72 intron1: F 5¢-
ACGCCTGCACAATTTCAGCCCAA-3¢; R 5¢-CAAGTCT
GTGTCATCTCGGAGCTG-3¢. Primers for GAPDH: F 5¢-
GTCATCAATGGAAATCCCATCAC-3¢; R 5¢-TTCTCCA
TGGTGGTGAAGAC-3¢.

FIG. 1. Experimental out-
line. (A) Diagram of c9orf72
sense and antisense transcripts
containing the repeat region.
(B) Example of ss-siRNA se-
quence and chemical modi-
fications used to synthesize
ss-siRNAs. P indicates phos-
phate. (C) Examples of FISH
detection of c9orf72 intronic
sense foci [with (CCCCGG)4-
Cy3 probe] or antisense foci
[with (GGGGCC)3.3-Cy3probe]
in patient-derived or healthy
control fibroblast cells [with
(CCCCGG)4-Cy3 probe].
FISH, fluorescent in situ
hybridization.
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RNA FISH and imaging

RNA fluorescent in situ hybridization (FISH) was per-
formed as described by the probe manufacturer (Biosearch
Technologies) with minor modification. Fibroblast cells were
plated at a density of 10,000/well into Lab-Tek 8-well
chambered cover glass slides. After 1 day, siRNA/lipid
complex were added at 50 nM final concentration. Forty-
eight hours after transfection, cells were fixed with 4%
formaldehyde in 1· phosphate-buffered saline (PBS) and
permeabilized in 70% ethanol at 4�C overnight. Cells were
washed with wash buffer (10% formamide in 2· saline-
sodium citrate buffer [SSC]) for 5 min, and then incubated
with prehybridization buffer (40% formamide in 2· SSC) at
60�C for 20 min. A (CCCCGG)4-Cy3 DNA probe or a
(GGGGCC)3.3-Cy3 probe in hybridization buffer (100 mg/
mL dextran sulfate and 40% formamide in 2· SSC) was
added. The slide was placed in a humidified chamber and
incubated in the dark at 37�C overnight. On the next day, cells
were washed twice with wash buffer at 37�C, and then stained
with mounting media with DAPI (H-1500; Vector Labs).

Cells were imaged at 60· magnification using a Widefield
Deltavision microscope. Images were processed by blind
deconvolution with AutoQuant X3. Visualization of RNA
foci were made using ImageJ. For quantification, at least 20
pictures were taken from randomly chosen microscopic
fields, containing 100–300 cells for each treatment. Counting
of foci was performed by different investigators. All data
were generated by at least three independent experiments.

Results

ss-siRNA design

For duplex RNAs, the passenger strand protects the guide
strand, allowing it to be incorporated into the RNA induced
silencing complex. Single-stranded unmodified RNAs are too
unstable to be efficient silencing agents and ss-siRNAs are
chemically modified to balance being stable inside cells
while maintaining activity through RNAi. Chemical modifi-
cations include 2¢-O-methyl (2¢-O-me), 2¢-fluoro (2¢-F), and
2¢-O-methoxyethyl (2¢-MOE) nucleosides and phosphodie-
ster or phosphorothioate internucleotide linkages (Fig. 1B)
[4,5]. ss-siRNAs were designed to be complementary to ei-
ther c9orf72 GGGGCC sense intronic RNA (ss-siRNA se-
quences listed in Fig. 2A) or the CCCCGG c9orf72 antisense
transcript (ss-siRNA sequences listed in Fig. 3A).

For ss-siRNAs ss7 to ss12, we introduced adenosine bases
at central positions (Fig. 2A). Full complementarity between a
target RNA sequence and small RNA is necessary for cleav-
age of target sequences by the RNAi factor argonaute [20].
We had previously observed that duplex RNAs containing
central mismatches within the small RNA guide strand rela-
tive to trinucleotide [21] or hexanucleotide [19] repeat targets
retain the ability to efficiently recognize mutant expanded
repeat transcripts. Duplex RNAs that were fully comple-
mentarity were either not allele-selective for inhibition of
genes with expanded CAG repeats (21) or were inactive to-
ward blocking the foci formed by mutant c9orf72 (19).

Recognition of c9orf72 intronic transcript

We evaluated recognition of the expanded repeats within
c9orf72 intronic RNA and the antisense transcript by mea-

suring the ability of ss-siRNAs to block foci formation. As-
says were performed in a patient-derived fibroblast cell line
containing a mutant expanded repeat region. ss-siRNAs were
delivered into cells by transfection using cationic lipid.

The mutant c9orf72 transcripts, both intronic and anti-
sense, form foci that can be detected by FISH and appear in
cell nuclei (Fig. 1C). For each compound, it was necessary to
visualize and count several hundred cells to ensure sufficient
statistical power for analysis. We determined the number of
cells with detectable foci and the number of foci per hundred
cells. Our laboratory has recently observed that the number of
foci within cells correlates closely with the number of
c9orf72 mutant expanded repeat transcripts in either the
sense or antisense orientation ( J. Liu, unpublished). These
data suggest that each focus detected by FISH is a single
RNA molecule. This conclusion was drawn from two dif-
ferent methods of quantifying RNA per droplet digital PCR
and qPCR and comparing RNA copy number to the average
number of foci detected within each cell by FISH.

We first tested ss-siRNAs targeting the GGGGCC expanded
repeat with mutant c9orf72 intron 1. The first base of an ss-
siRNA can begin recognizing the hexanucleotide repeat in six
different registers. Therefore, we tested six different fully
complementary ss-siRNAs (ss1–ss6). Each ss-siRNA was more
effective (in terms of reducing the number of cells with foci and
the number of foci per 100 cells) than negative control duplex
RNA C1, which was inactive, and mismatch-containing RNA
R3, a benchmark used in our earlier study [21] (Fig. 2B)
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/nat).

To evaluate the impact of disrupting the potential for target
cleavage, we tested ss-siRNAs that contained 1–3 central
mismatches relative to the expanded repeat target (ss7–ss12)
(Fig. 2B). These mismatched ss-siRNAs were as active as
mismatched duplex R3 but were less active than the fully
complementary ss-siRNAs. Negative control ss-siRNAs cs1,
cs2, and cs3 that lacked complementarity to target did not
affect detection of foci.

Recognition of c9orf72 antisense transcript

We also examined the potential for ss-siRNAs to recognize
the antisense transcript containing the CCCCGG expansion
(Fig. 3A). Mismatched duplex R3 was again used as a
benchmark because, since it has two strands, it targets the
antisense transcript and the sense transcript [19]. Our results
for the c9orf72 antisense transcript were similar to those we
observed for the sense transcript. Both full-complementary
and mismatch-containing ss-siRNAs reduced the total num-
ber of cells with foci and the number of foci per 100 cells
(Fig. 3B). One difference between fully complementary and
mismatch-containing duplex RNAs was that the fully com-
plementary ss-siRNAs were more active than the ss-siRNAs
containing central mismatches.

Mechanism of ss-siRNAs

ss-siRNAs are single-stranded oligonucleotides composed
entirely of chemically modified bases. The design for che-
mical modifications was chosen to stabilize ss-siRNAs while
also permitting them to operate through an RNAi mechanism.
However, these modified bases are also used in ASOs that do
not operate through an RNAi mechanism. It is possible,
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therefore, that RNAi may not be the only mechanism in-
volved in gene silencing by ss-siRNAs. Direct recognition of
target RNAs may also occur through a mechanism that is
independent of RNAi factors and this recognition may con-
tribute to the activity of ss-siRNAs. To test this hypothesis,

we tested ss-siRNAs that were disabled with regards to
function through RNAi.

A 5¢-phosphate is required for ss-siRNAs that contain a 5¢-
terminal methoxyethyl base to function through an RNA
mechanism [5]. To test the hypothesis that multiple

FIG. 2. Inhibition of c9orf72 intronic sense foci by ss-siRNAs. (A) List of ss-siRNAs that are complementary to the
expanded GGGGCC repeat and controls. A mismatched base is showed in bold face and underlined. (B) Quantitation
of microscopy showing the percentage of cells with RNA foci and the number of foci per 100 cells. Fifty nanomolar of
ss-siRNAs were transfected into c9orf72 patient-derived fibroblast cells.
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mechanisms contribute to blocking c9orf72 foci, we syn-
thesized single-stranded RNAs ss21 and ss22 lacking a 5¢
phosphate (Fig. 4A). These ss-siRNAs are analogs of active
compounds ss1 and ss8 (Fig. 2). We first tested ss21, a single-
stranded oligonucleotide that was fully complementary to
intronic GGGGCC and lacked a 5¢ phosphate. ss21 was as
potent as analogous ss-siRNA ss1 that possessed an un-
blocked 5¢ terminus (Fig. 4B). This result demonstrates that
anti-GGGGCC ss-siRNAs can act though a non-RNAi anti-
sense mechanism.

Next, we tested ss-siRNA ss22, an oligonucleotide with
three mismatches relative to target and lacking a 5¢-
phosphate. ss22 was much less active than its unblocked
counterpart ss8, both in terms of the total number of cells with
foci and the number of foci per cell (Fig. 4B). When mis-
matches are present, they destabilize interactions with the
target. This destabilization may prevent efficient recognition
in the absence of assistance by RNAi factors. These data
show that a mismatched ss-siRNA that can function through

RNAi is active, whereas the analogous mismatched oligo-
nucleotide that is disabled for RNAi is not active. We con-
clude that involvement of RNAi factors like argonaute may
be indispensable for maximal activity by ss-siRNAs that are
not fully complementary to target.

Fully complementary duplex RNAs have the capacity to
induce cleavage of target RNAs while RNAs that contain
central mismatches do not [20]. We measured levels of
c9orf72 intronic or mRNA after addition of ss-siRNAs
(Fig. 4C). Consistent with the expectation that fully com-
plementary RNAs would induce cleavage of targets, we ob-
served that ss-siRNAs ss1–ss6 reduced levels of both
transcripts while the mismatch-containing RNAs did not in-
duce a significant reduction. For fully complementary ss-
siRNAs, the reduction in RNA levels was *50%. We have
previously observed this partial reduction with other repeat-
containing RNA targets [12]. The partial reduction in RNA
levels may reflect an inefficient cleavage mechanism when
highly structured RNAs are involved. It is also possible that

FIG. 3. Inhibition of c9orf72 antisense foci by ss-siRNAs. (A) List of ss-siRNAs that are complementary to the expanded
CCCCGG repeat and controls. (B) Quantitation of microscopy showing the percentage of cells with RNA foci and the
number of foci per 100 cells. ss-siRNAs were transfected into patient-derived fibroblast cells with lipid RNAiMAX (Life
Technologies) as previously described [19].
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cleavage is less efficient because the c9orf72 intronic target is
nuclear rather than cytoplasmic [22]. We note that reduction
of foci was over 90% while reduction of RNA was *50%.
This difference is consistent with a mechanism that reduced
observation of foci is primarily due to blocking the repetitive
RNA target rather than reducing RNA levels.

Discussion

Expansion of the GGGGCC/CCCCGG hexanucleotide re-
peat within intron 1 of the c9orf72 gene is a major cause of
familial FTD/ALS [16–18]. Both mutant sense intronic RNA
and the overlapping antisense transcript have been implicated
in disease, either directly through binding to proteins or indi-
rectly by encoding toxic dipeptides. Compounds that block
expression or interfere with activity of these mutant RNAs
would have the potential to treat both ALS and FTD. We have
identified ss-siRNAs that can recognize and block either the
mutant intronic transcript or the antisense transcript. Inhibition

by fully complementary, but not mismatched, ss-siRNAs is
superior in potency to inhibition by analogous duplex RNAs.

When duplex RNA is used to silence gene expression,
the guide strand must dissociate from the passenger strand.
For fully complementary duplexes targeting GGGGCC or
CCCCGG hexanucleotide repeats, dissociation is likely to be
inefficient because of exceptionally high C/G base-pairing.
Inefficient dissociation of the guide strand from the passenger
strand probably explains the inactivity of fully complemen-
tary duplexes reported in our previous study (21). ss-siRNAs,
by definition, require no dissociation step because they are
single-stranded. We find that fully complementary anti-
GGGGCC or anti-CCCCGG ss-siRNAs readily recognize the
c9orf72 intronic sense or antisense targets (Figs. 2 and 3).
These data demonstrate that using ss-siRNAs can lead to
more active compounds by eliminating any potential for the
passenger strand to obstruct binding to target.

Inhibition by fully complementary oligonucleotide ss21
can be achieved when the 5¢ terminus is blocked and function

FIG. 4. Mechanism of inhibition of c9orf72 intronic sense and antisense foci. Inhibition of c9orf72 intronic sense foci by
ss-siRNAs. (A) List of ss-siRNAs. (B) Quantitation of microscopy showing the percentage of cells with sense RNA foci and
the number of foci per 100 cells. (C) Quantitative polymerase chain reaction showing levels of sense intron 1 and mRNA
after treating with 50 nM of ss-siRNAs. E34 is a duplex RNA targeting the c9orf72 coding region. ss-siRNAs were
transfected into patient-derived fibroblast cells with lipid RNAiMAX (Life Technologies) as previously described [19].
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through RNAi is not possible (Fig. 4). This result demon-
strates that ss-siRNAs can operate through a mechanism that
is independent of RNAi. It is likely that this independent
mechanism involves binding of oligonucleotide directly to
the repeat sequence, analogous to mechanism of binding
by standard ASOs. This mechanism, however, is not the
primary mode of action when mismatches are introduced,
the 5¢-blocked mismatched RNA ss22 is inactive. From
these observations, we deduce that anti-GGGGCC and anti-
CCCCGG ss-siRNAs can operate by two different mecha-
nisms, one RNAi dependent and the other RNAi independent.
Neither standard ASOs nor duplex RNAs can function
through both mechanisms, and the ability to combine effects
may lead to greater potencies than analogous duplex RNAs.

In a previous study we examined the ability of ss-siRNAs to
modulate expression of ataxin-3 by targeting an expanded CAG
repeat [8]. In that report we observed allele-selective inhibition
of mutant ataxin-3 expression that was dependent on RNAi. We
also observed RNAi-independent production of an alternatively
spliced protein isoform. Multiple mechanisms are likely to be a
common feature of ss-siRNAs and are factors that should al-
ways be considered whenever ss-siRNAs are employed.

Conclusions

Our data provide another example of the activity of ss-
siRNAs against challenging disease-related targets. ss-siRNAs
have been successful as allele-selective inhibitors for expres-
sion of mutant huntingtin, ataxin-3, and atrophin-1. ss-siRNAs
also regulate alternative splicing [12] and transcription [9].
These reports suggest that ss-siRNAs are a broadly useful
platform for controlling gene expression in the laboratory. They
can function against both nuclear and cytoplasmic targets.

For inhibition of c9orf72 sense and antisense transcripts,
the potency was higher than the analogous duplex RNA.
Because ss-siRNAs can combine function through RNAi and
RNAi-independent mechanisms, they may have the potential
to achieve better potencies for other targets in the future
studies. Our current data support the hypothesis that ss-
siRNAs are a promising approach that merits research to
develop new applications.
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