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Abstract Adequate therapies are lacking for Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotrophic
lateral sclerosis, and other neurodegenerative diseases. The ability to use antisense oligonucleotides (ASOs) to target diseaseassociated genes by means of RNA may offer a potent approach
for the treatment of these, and other, neurodegenerative disorders. In modifying the basic backbone chemistry, chemical
groups, and target sequence, ASOs can act through numerous
mechanisms to decrease or increase total protein levels, preferentially shift splicing patterns, and inhibit microRNAs, all at the
level of the RNA molecule. Here, we discuss many of the more
commonly used ASO chemistries, as well as the different mechanisms of action that can result from these specific chemical
modifications. When applied to multiple neurodegenerative
mouse models, ASOs that specifically target the detrimental
transgenes have been shown to rescue disease associated phenotypes in vivo. These supporting mouse model data have
moved the ASOs from the bench to the clinic, with two neurofocused human clinical trials now underway and several more
being proposed. Although still early in development, translating
ASOs into human patients for neurodegeneration appears
promising.
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Antisense Oligonucleotides
Introduction
“Antisense oligonucleotide” or ASO, is a broad term,
encompassing any relatively short string of nucleic acids.
For this specific review, we focus only on those ASOs that
are single-stranded sequences, 8–50 base pairs in length,
and bind to the target RNA by means of standard Watson–
Crick base pairing. Upon binding, the ASOs can alter the
original function of the target RNA through an array of
different mechanisms, many of which we discuss here.
ASO Chemical Modifications
As they are found in nature, short oligonucleotides
possess weak intrinsic binding affinities and are readily
degraded by nucleases. However, there are several ways
to apply chemical modifications to ASOs in order to
overcome these weaknesses. Both the backbone chemistry and sugar moieties are premier targets for ASO
design enhancement.
The phosphorothioate (PS) backbone modification is one
of the earliest and still, to date, one of the most widely used
modifications for ASO drugs (Fig. 1). The nonbridging
phosphate oxygen atoms in natural nucleic acids are replaced with sulfur atoms, equipping ASOs with several
important properties that support their use as a systemic
drug [1]. The PS backbone increases the stability of the
ASO against nuclease degradation [2], ensuring that PS–
ASOs can reach their target RNA in cells and tissues. Of
equal importance, PS-ASOs can recruit the enzyme RNaseH
to promote cleavage of the target RNA, a crucial mechanism
of action for many ASOs. In fact, most ASO drugs in
development use this exact mechanism to reduce total levels
of the target gene [3]. In addition to increasing stability and
recruiting RNaseH, the PS modifications enhance the
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Fig. 1 Antisense
oligonucleotide (ASO)
chemical structures. Schematic
of unmodified DNA/RNA base
pair (left). Different backbone
modifications that can be
applied (top row) and different
2’-sugar modifications that can
be used (bottom row) to
increase nuclease resistance and
RNA binding affinity of the
ASO. Deviations from the
original unmodified DNA/RNA
are highlighted by circles
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attachment of ASOs to plasma proteins, facilitating binding
to cells and uptake into specific tissues [4]. A similar backbone modification, thiophsophoramidate (Fig. 1), also promotes high nuclease resistance. However, this substitution
abrogates any RNaseH activity [5], making the backbone
more suited for nondegrading RNA manipulations, including alternative splicing changes, translation inhibition, and
microRNA hindrance.
ASO backbone chemistries have also been modified
through replacing the sugar phosphate backbone with an
isostere, such as with a Morpholino ASO (Fig. 1). Morpholino
ASOs are neutral and, like the phosphoramidates, do not
activate RNaseH. Thus, Morpholinos are often used in translation inhibition or other steric blocking mechanisms, including mostly alteration of gene splicing [6, 7]. Morpholinos
have been reviewed in detail by others [8] and show promise
for altering splicing and inhibiting translation in vivo [7–9].
While the backbone of the ASOs is an excellent target for
manipulation, modifications at the 2’-position of the sugar
moiety have also proven to be equally valuable for enhancing drug-like properties of ASOs. Modifications at the 2’
position enhance ASO potency by facilitating target binding. Of the 2’-modifications currently used, the 2’-O-methyl
and 2’-O-methoxyethyl (MOE) sugar modifications are the
most popular and are in multiple ongoing human clinical
trials. MOE modifications not only increase resistance to
nucleases but also reduce nonspecific protein binding,
which can, in turn, reduce the ASO toxicity profile [10].
Another sugar modification, termed locked nucleic acid
(LNA), is an analog of the 2’-O-methyl RNA [11, 12]
(Fig. 1). The main advantage of LNA ASOs is the robust
binding improvement and nuclease resistance compared

with other 2’-modifications. LNA ASOs demonstrate much
better potency, though at the price of increased toxicity
liabilities [13]. In more recent years, several analogs of
LNA have been synthesized. Some show improved activity
and/or toxicity profiles in animals [14, 15], demonstrating
potential for LNA ASOs in future years. Additional 2’-sugar
modifications exist, including the 2’-fluoro additive [16], all
with varying degrees of nuclease resistance and target binding affinities.
Although 2’-sugar modifications enhance binding to the
mRNA target, almost all significantly reduce or even
completely obstruct RNaseH from cleaving the target
RNA. One of the most popular strategies used to circumvent
this limitation has been to adopt the “gapmer” design,
whereby regions of 2’-modified residues flank a longer
central unmodified region (Fig. 2). These 2’-modified
“wings” further increase binding affinity and nuclease resistance while still allowing the center gap region to recruit
RNaseH.
While we have briefly highlighted several of the modifications used to develop ASOs, the first ASOs to be studied did
not have the same advanced chemical alterations. Firstgeneration ASOs only have the PS backbone, limiting ASO
use to RNaseH degradation. Additionally, these firstgeneration ASOs produce nonspecific effects in vivo by
interacting significantly with cell surface and intracellular proteins [17]. To improve on this design, second-generation ASOs
incorporated 2’-sugar modifications, including the previously
discussed 2’-O-methyl and MOE additions. As medicinal
chemistry continued to evolve, more advanced modifications,
including the LNA and Morpholino chemistries, were incorporated, resulting in the third generation ASO class.
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Fig. 2 Antisense oligonucleotide (ASO) ‘gapmer’ design. Example of a
20-base pair ASO that would be designed to support RNaseH activity.
The phosphorothioate backbone is used along the entire length of the
ASO to provide nuclease resistance, while the 2’-sugar modification is

used exclusively on the first and last 5 nucleotides, leaving the middle 10
nucleotides unmodified at the 2’-sugar position. This provides increased
target RNA binding affinity on the outer portions of the ASO, while still
allowing RNaseH cleavage at the central region of the ASO

The development of these modifications has helped with
the potency and toxicology profiles of ASOs. As with most
drugs, ASOs demonstrate dose-dependent transient and mildto-moderate toxicities in rodents, primates, and humans. Some
of the most common toxicities associated with ASOs include
inhibition of the clotting cascade and enhanced liver enzymes,
typically seen when the concentration of PS-ASOs is high in
the plasma [18–20]. In addition, a common subchronic toxicity associated with ASO administration is the activation of the
immune system. Specifically, ASOs interact with Toll-like
receptor 9 [21], which can result in splenomegaly, though it
appears that rodents are much more sensitive to this particular
immune response than primates [22]. It should be noted that
more is known in regard to the toxicities of ASOs in rodents
and when delivered to humans peripherally. Thus far, only one
study has been published that has tested the safety of ASOs
when delivered directly to the central nervous system (CNS)
of humans. It found no major side effects of the secondgeneration ASO in the treated human patients at any of the
administered doses [23]. This bodes well for future secondand third-generation ASO studies in the CNS, though new
modifications are continuously being investigated in an effort
to achieve even better tolerated ASOs. While the second- and
third-generation chemical modifications have made it possible
for ASOs to enter into human clinical studies, the single best
chemistry for the human application of ASOs to the CNS may
not yet be known. It is an ongoing process to more fully
understand the tolerability and potency of both old and new
ASO chemistries in an effort to find the most suitable ASO for
human delivery.

enzyme RNAseH [24]. As described earlier, these ASOs
must have at least a portion of the ASO unmodified at the
2’ position (Fig. 2) [25]. RNaseH is a mammalian enzyme
that recognizes RNA–DNA heteroduplexes, cleaves the
RNA strand, and releases the intact DNA [3]. More specifically, RNaseH1 is responsible for mediating RNA cleavage
as directed by ASO hybridization [26]. Because RNaseH1
releases the intact ASO upon cleavage of the bound RNA, it
conveniently allows for a single ASO to catalytically cleave
many RNA molecules, further increasing ASO potency.
Activation of RNAseH is extremely sequence specific, as
a single mismatch results in a 3- to 5-fold decrease in
RNaseH cleavage [27–29], and 3 or more mismatches results in a complete loss of RNaseH degrading activity [30].
When designing ASOs, an ideal ASO would have a perfect
match to the target and more than 3 base pair mismatches to
all other genes (Fig. 4). Designing ASOs with at least 2
mismatches to other genes is often achievable.
Nondegrading ASOs, however, are typically fully modified
at the 2’ position and do not activate RNaseH. Instead, they
exert their effect by binding tightly to the target mRNA,
making them extremely useful for inhibiting translation, modulating splicing, and inhibiting microRNAs (miRNAs). Translation inhibitors can theoretically stick directly to the mRNA
and prevent the movement of ribosomes down the transcript,
and/or inhibit the physical assembly of the 40S and 60S
ribosomal subunits onto the mRNA sequence. That being
said, translation inhibition has not been a primary focus of
current ASO therapies.
ASOs that bind, but do not destroy mRNA, may also be
used to preferentially modulate processing of mRNA transcripts. After transcription from the genomic template, newly formed RNA undergoes several complex processing
events in the nucleus, including alternative splicing,
polyadenylation at the 3’ end, and the addition of a 5’-cap
[31]. From some estimates, as much as 90 % of mRNA
transcripts undergo alternative splicing in human cells [32],
affording numerous opportunities for genetic diseases

ASO Mechanisms of Action
ASOs work through a variety of different mechanisms to
achieve target manipulation (Fig. 3), though these can be
broken into two broad categories: those that recruit RNaseH
for degradation and those that do not. RNA-degrading
ASOs cleave the target mRNA by activating the nuclear

DeVos and Miller
Fig. 3 Antisense
oligonucleotide (ASO)
mechanisms of action. ASOs
have been proposed to enter
into cells through high- and
low-binding plasma protein
receptors on the cell surface,
resulting in ASO
compartmentalization into
lysosomes and endosomes [58].
Through a largely unknown
mechanism, ASOs are released
from the vesicles into the
cytoplasm where they can
freely move in and out of the
nucleus [24, 60]. Upon entry
into the nucleus, ASOs can bind
directly to mRNA structures
and prevent the formation of the
5’-mRNA cap (1), modulate
alternative splicing (2), dictate
the location of the
polyadenylation site (3), and
recruit RNaseH1 to induce
cleavage (4). ASOs in the
cytoplasm can bind directly to
the target mRNA and sterically
block the ribosomal subunits
from attaching and/or running
along the mRNA transcript
during translation (5). ASOs
can also be designed to directly
bind to microRNA (miRNA)
sequences (6) and natural
antisense transcripts (NATs) (7),
thereby prohibiting miRNAs
and NATs from inhibiting their
own specific mRNA targets.
Ultimately, this leads to gene
upregulation of the miRNA and
NAT targets
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to manifest from aberrant splicing events [33]. There have
now been several studies showing that ASOs have the
ability to bind pre-mRNA structure and directly modulate
splicing, both in vitro and in vivo, by masking splicing
enhancers and repressor sequences, skipping exons, and/or
forcing inclusion of otherwise alternatively spliced exons [6,
34–39]. In addition to forcing exon inclusion/exclusion,
ASOs can modulate polyadenylation selection in those transcripts with more than one polyA site in the 3’-UTR [40], as
well as inhibit or, surprisingly, promote expression of a
target by binding the target RNA promoter sequence
[41–43].
More recently, ASOs have been developed against
miRNA sequences in an effort to inhibit miRNAs from
binding their own target mRNA molecules. The ASO is
designed such that it binds the full length of the miRNA
and blocks its ability to interact with mRNAs. The ASO can
robustly interfere with the miRNA function while not

7

Natural antisense
transcript inhibition*

NAT

promoting degradation of the miRNA itself [44]. Inhibiting
miRNA function with ASOs has now been successfully
shown in vitro and in vivo [45–48], and holds great therapeutic promise as the role of miRNAs in neurodegenerative
diseases continues to develop [49].
Pharmacokinetic Properties of ASOs
Intraperitoneal, subcutaneous, or intravenous delivery of
ASOs results in widespread delivery of the ASOs to
many peripheral tissues [50, 51] through binding both
low- and high-affinity plasma proteins [15, 52, 53]. As
might be expected, the highly charged ASOs do not
cross the blood–brain barrier (BBB) [54], thus complicating delivery for neurodegenerative diseases. To circumvent the BBB, ASOs can be delivered directly into
the cerebral spinal fluid (CSF) that, in turn, bathes the
brain and spinal cord, allowing for surprisingly efficient
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Fig. 4 Designing antisense
oligonucleotides (ASOs).
Designing ASOs for a new
genetic target from scratch can
be an overwhelming task.
However, there are certain
guidelines that can be taken into
account that can increase the
chances of generating a
successful ASO. Certain ASO
characteristics need to be first
identified (Step 1) and then
specific ASO sequences can be
generated using the listed
guidelines as a starting point
(Step 2). ASOs should first be
screened in vitro (Step 3) and
then the most successful ASOs
can be moved forward for in
vivo screening, both in the brain
parenchyma (Step 4) and
through intraventricular
delivery (Step 5). These steps
do not guarantee success as
there are many exceptions to the
guidelines when designing
ASOs. Instead, this figure
provides a starting guide for
designing basic ASO sequences
that can be translated to the
central nervous system of in
vivo rodent models

Designing antisense oligonucleotides (ASOs)
Step 1: Identify the basic needs of the ASO
- Is this an RNaseH (knockdown) or non-RNaseH (splicing, miRNA inhibition) ASO?
- What is the species that is being targeted (i.e. human, mouse, rat)?
- Can the full gene be targeted − exons, introns, 3’ untranslated region (UTR) - or just a cDNA
sequence?

Step 2: Design and order 8-10 ASOs for screening [122]
- Factors to keep in mind when designing the ASO sequences:
- Design at regions where mRNA is accessible for hybridization [123/124], typically near the
terminal end, internal loops, hairpins, and RNA bulges [125]
- Highly conserved motifs and the 3’ UTR may be “hot spots” for ASOs [126−128]
- Certain sequences strengthen (i.e. CCAC, TCCC, GCCA) or weaken (i.e. AAA, TAA,
GGGG) ASO potency [129]
- G/C content: a 55% or greater G/C content will facilitate stronger ASO binding [130]
- ASO prediction computer models can aide in designing ASOs [131]
- Check out: www.rslabs.org\software.html
- BLAST the ASO sequences to ensure the gene of interest is the only gene targeted
- An ideal ASO should have a perfect match to the target and > 3
base pair mismatches to all other genes [30]
- ASOs can be commercially ordered from vendors
- Add modified backbone to all base pairs
- For RNaseH ASOs, can use phosphorothioate backbone
- For non-RNaseH ASOs, use phosphorothioate or Morpholino backbone
- Add 2’-O-methyl modifications to either the first and last 5 base pairs (RNaseH) or
all base pairs (non-RNaseH)

−10 ASOs in appropriate cell culture line
Step 3: Screen minimum of 8−
- Ensure the gene of interest is expressed in the cell line being used
- Transfect ASOs using ASO concentrations ranging from 6.0 to 200 nM. Collect
mRNA 24 h later and analyze for desired effect
- Pick the most efficient 4−5 ASOs for further screening in vivo (see below)
- NOTE: While 8−10 ASOs is a good starting point, it may take up to 80 ASOs in cell culture per new
gene target to identify a high quality ASO.

Step 4: Screen 4−5 ASOs in appropriate in vivo model
- Ensure the gene of interest is expressed in the mouse/rat line being used
- Infuse 50 µg ASO focally into the hippocampus and wait 1 week
- Collect hippocampus around injection site, extract mRNA, and analyze for desired effect
- Pick the most efficient 1−2 ASOs for further characterization in vivo (see below)

Step 5: Characterize Lead ASO in Appropriate in vivo Model
- Measure a range of ASO doses using Alzet osmotic pumps or intraventricular bolus injection to
determine a working range of ASO [62]
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distribution of the ASOs in the CNS, both in rodents
and Rhesus monkeys [54, 55]. Staining for ASOs in the
CNS reveals a relatively uniform distribution, suggesting
an active ASO uptake mechanism rather than simple
diffusion, which would be expected to show the highest
concentration near the ventricles. When tested in vitro,
accumulation of ASOs inside cultured cells far exceeded
the concentration of ASOs in the media by more than
100-fold after just 1 h of ASO exposure [56]. Further,
when administered to both rodents and human patients,
only 10–30 % of the administered ASO was excreted
through the urine [57]. Taken together, these data
strongly suggest that ASOs are efficiently and readily
taken up by cells and tissues, supporting an active
uptake mechanism, though the exact mechanism remains
unknown.
As a first pass to understand the mechanism of entry, it
was found that vesicular pathways can either deliver ASOs
to lysosomes or release them directly into the cytoplasm in
cultured hepatocytes (Fig. 3), though the route whereby
ASOs escape from vesicles in not yet well understood [58,
59]. Once in the cytoplasm, ASOs can readily move between cytoplasmal and nuclear compartments [60], and PS–
ASOs appear to be sequestered in both the nuclei and
mitochondria fractions following subcellular fractionation
[56]. These studies were done in cultured cells and need to
be done in vivo to confirm the mechanism.
Upon successful entry into cells, ASOs demonstrate a
relatively long duration of action. Following termination
of a short ASO infusion period using RNaseH ASOs,
target mRNA levels can be suppressed for up to 12–
16 weeks [55] and even longer with the fully MOEmodified ASOs [61], suggesting that the effect of ASOs
is extremely long-lived in tissues, likely owing to a
lengthy ASO half-life. When administering ASOs into
the CSF, a constant infusion or single bolus injection
can be used, directed to either the lateral ventricles or
intrathecal (IT) space. Both the ventricular bolus and
constant infusion methods have been used in mouse
models [62]. Bolus injections typically result in better
uniform distribution of ASOs [63], though the duration
of target modulation may not last as long. In rodents,
ASO delivery is often achieved through the lateral ventricles owing to the relative ease of surgery compared
with an IT infusion. In larger animals, such as
nonhuman primates, IT delivery is more practical and
successfully results in therapeutic doses of ASO
throughout the CNS [54, 55], though deeper brain structures may not receive the same concentration of ASO as
more superficial layers through this route [55]. This is
an important consideration for diseases such as
Huntington’s disease (HD) where the primary affected
brain regions are deeper structures.

How these methods of delivery affect pharmacokinetics
and distribution of ASOs are important variables to consider
in the delivery of ASOs to human patients. The first two
human clinical trials for CNS disorders have both used IT
dosing, and thus a safety precedent will be set for IT delivery. Though IT is more invasive than a peripheral injection,
IT delivery is a common, generally well-tolerated procedure
that is currently used in the clinic for a number of other uses,
including steroid, analgesia, and anesthesia delivery
[64–66]. The first CNS human ASO clinical trial targeting
superoxide dismutase 1 (SOD1) in familial ALS patients
used a slow IT infusion, designed to mimic longer, chronic
infusion [23]. In an ongoing human trial for spinal muscular
atrophy (SMA), the survival of motor neuron (SMN) ASO is
delivered through a single rapid IT injection, which may be
more comparable to bolus injections. Repeat CSF injections,
if deemed necessary, may be more practical with IT delivery, though an intraventricular Ommaya reservoir could also
be placed.
While current practices for ASO delivery to the CNS of
human patients involves an IT injection, future methods
may be designed to be significantly less invasive as a
lumbar puncture is more uncomfortable and cumbersome
than a peripheral injection. There is growing interest in
using ASOs tethered to nanoparticles in an effort to traffic
ASOs across the BBB [67, 68] so that a simple systemic
injection can be used. In turn, this could make ASO therapies, especially for nonlife-threatening diseases, a more
attractive option.

ASOs in Human Neurodegeneration
Using ASOs to Decrease Total Protein
There are numerous neurodegenerative disorders that
could potentially benefit from a knockdown therapeutic
strategy—primarily those disorders that are a direct result of a single aberrant protein. The first in vivo treatment for a CNS-neurodegenerative disorder using ASOs
with a PS backbone and 2’-O-methyl modification
targeted the human SOD1 transgene in the transgenic
SOD1G93A rat model of amyotrophic lateral sclerosis
(ALS) [54], a fatal motor neuron disease. The SOD1
ASOs reduced total human SOD1 mRNA levels by
50 % throughout the brain and spinal cord of the rats,
resulting in a 37 % extension of survival after the
disease onset in vivo. These studies, along with promising toxicology studies in nonhuman primates,
prompted the advancement of human SOD1 ASOs into
phase I human clinical trials for those familial ALS
patients with SOD1 mutations [23]. Results from this
study showed an excellent safety profile after a single
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11.5-hour IT infusion of ASOs [23] and strongly suggest that CSF delivery of ASOs may be a viable strategy for other neurologic disorders.
With the success of the SOD1 in vivo work, additional
neurodegenerative disorders were explored, including
Huntington's disease (HD). HD is an autosomal dominant
neurodegenerative disorder that results from a CAG expansion in exon 1 of the huntingtin gene. Those with HD
display progressive hyperkinetic involuntary movements,
chorea, dystonia, and cognitive deficits. Owing to the direct
link between mutated huntingtin and development of HD, a
likely therapy may be to decrease the causative mutant
huntingtin. When delivered to human huntingtin transgenic
mice, human huntingtin ASOs were able to significantly
reduce total huntingtin mRNA and protein levels, and were
able to rescue the detrimental motor and anxiety phenotypes
classically seen in the transgenic line [55]. Interestingly,
even after total human huntingtin levels had returned to
baseline following ASO treatment, the rescue in behavior
persisted, suggesting that a single bolus of huntingtin ASO
may have long-lasting beneficial effects as a therapy. With
such a striking rescue in both the transgenic mouse behavior
and poly-glutamine aggregates, plans for a phase I trial are
underway for the treatment of HD with human huntingtin
ASOs. Additionally, ASOs have been developed to preferentially bind to the CAG repeat in exon 1 of huntingtin
mRNA, allowing for selective reduction of mutated
huntingtin while leaving wild-type huntingtin untouched
[69]. This would eliminate the need to knockdown all
huntingtin in the event that too much huntingtin knockdown
is detrimental [70, 71].
The most prevalent neurodegenerative disease that demands therapeutic intervention is Alzheimer’s disease (AD),
with 5.4 million Americans currently afflicted with the
disease and, if a treatment is not found, 13.2 million by
2050 [72]. AD is pathologically characterized by two primary hallmarks—diffuse amyloid-beta plaques and
intraneuronal neurofibrillary tangles, both of which are potential ASO targets. ASOs against the amyloid precursor
protein (APP), the precursor to the toxic amyloid-beta peptides that are generated in the development and progression
of AD, have shown in vivo promise. When injected in a
mouse model that over expresses hAPP, the APP ASOs
resulted in a significant reduction in hAPP protein levels
in the brain, and a rescue in learning and memory in both
young and aged mice [73–75].
In addition to targeting amyloid-beta, ASOs against tau,
the protein that composes intraneuronal neurofibrillary tangles, may also provide therapeutic benefits. When crossed to
amyloid-beta depositing mouse lines, tau knockout significantly rescued the amyloid-beta-induced cognitive deficits
[76–80], strongly suggesting that a tau reduction therapy
may be beneficial for the treatment of AD. Importantly, tau

knockout in vivo appears to be surprisingly normal [81–83],
though some have recently reported that a complete lack of
tau for long periods of time may result in a Parkinsonism
phenotype [83, 84]. These data suggest that tau knockdown
for short periods of time may be safe, though a total decrease of tau for extended periods of time is less advised.
Using ASOs to Increase Total Protein
When altering total levels of a target, ASOs are almost
exclusively used to decrease overall target levels through
RNaseH recruitment. However, there are emerging data that
clearly demonstrate the ability of ASOs to upregulate genes
by binding to and inhibiting natural antisense transcripts.
Modarresi et al. [85] found that expression of the brainderived neurotrophic factor (BDNF) is typically suppressed
by a noncoding antisense RNA transcript termed BDNFAS. Using a complementary ASO to directly bind and
inhibit BDNF-AS activity, BDNF-AS was no longer able
to repress BDNF expression and total BDNF mRNA levels
increased 2–7-fold. More impressively, after suppressing
BDNF-AS, BDNF proteins levels also increased and induced neuron outgrowth and differentiation, both in vitro
and in vivo. While these results could provide a novel way
of increasing total protein levels in vivo, it is too early to tell
whether targeting an natural antisense transcript associated
with a gene will be a routine way to increase a gene product
or whether this will only be feasible for a relatively small
subset of mRNAs.
Using ASOs to Modulate Splicing
ASOs as drugs are most often used to change total levels of
a gene target, though using ASOs to preferentially modulate
alternative splicing is emerging as an increasingly powerful
tool in neurodegeneration. One premier example is SMA, a
genetic neuromuscular disorder that presents with lower
motor neuron loss in the spinal cord and, consequently,
paralysis and muscular atrophy. The severest form of the
disease can lead to early infant death. SMA is a direct result
of either a homozygous loss of or a mutation in the SMN1
gene, which encodes the SMN protein. Complete loss of
SMN would be lethal except for the presence of the SMN2
gene. The majority of SMN2 transcripts incorrectly splice
out exon 7—a crucial exon for SMN function—thus producing very little functional protein [86]. It had long been
recognized that forcing inclusion of exon 7 would create a
functional SMN2 mRNA that would in turn express increased amounts of full-length SMN protein. Using mice
that express the human SMN2 transcript, it has been
demonstrated that ASOs can dramatically shift SMN2 splicing patterns, resulting in nearly complete inclusion of
exon 7 and thus greatly increasing functional SMN protein.
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SMN-splicing ASOs delivered to the CNS of transgenic
SMA newborn mice resulted in significant improvements
in the righting response of mice, and delayed the onset of
tail and ear necrosis [61, 87, 88]. Interestingly, a recent
study showed that systemic delivery of SMN splicing ASOs
also resulted in a significant phenotypic rescue in a severe
SMA mouse model [50]. The previous studies were carried
out with fully MOE-modified PS–ASOs to modulate SMN2
splicing, though recent reports have also shown a significant
rescue in disease phenotype with Morpholino ASOs that
force inclusion of exon 7 into SMN2, demonstrating that
more than one ASO chemistry may be viable for therapy
[89, 90]. SMN splicing ASOs are now in phase I human
clinical trials for children with SMA (Clinicaltrials.gov
NCT01703988, NCT01780246).
In addition to SMA there are several other neurodegenerative disorders that may benefit from a splicing
therapy, including frontotemporal dementia with Parkinsonism linked to chromosome 17. Several mutations in
the gene tau have been identified that lead to a stark
change in tau protein isoform ratios. In adult human
brains, there are six isoforms of tau that can be
expressed [91], which differ by the presence or absence
of 2 N-terminal exons and by the presence of either 3
(3R) or 4 (4R) C-terminal repeat domains, depending on
the exclusion or inclusion of exon 10, respectively [92,
93]. In normal human brain, there is a 1:1 ratio of
4R:3R tau isoforms [94, 95], though mutations in tau
can lead to a high 4R:3R ratio [96, 97], implicating 4R
tau in the disease pathogenesis. Other tauopathies, including progressive supranuclear palsy, corticobasal degeneration, and, more controversially, AD, also
experience a high 4R:3R tau ratio [98–102]. These
disorders may benefit from a tau splicing strategy that
leads to exclusion of exon 10, thus decreasing the high
4R:3R tau ratio without changing total tau levels. Tausplicing ASOs have been developed that have the capability to alter tau splicing patterns in vitro [39], though
in vivo work with a tau-splicing ASO treatment paradigm is still needed.
In loss of function diseases where a partial protein
has been shown to demonstrate activity, it may be
possible to create a splicing strategy that excludes a
particular exon, and thus a mutation or early stop site.
If this exon exclusion leaves the mRNA in frame, it
may effectively cut out the aberrant portion of the final
protein. Based on prior work demonstrating that expression of a mini-gene construct of dystrophin can function
similarly to full-length dystrophin in vivo [103], this
type of creative strategy was engineered for Duchenne’s
muscular dystrophy (DMD), a severe genetic disorder
involving a defect in the dystrophin gene that results in
extreme and rapid muscle wasting such that immobility

occurs between the age of 1–12 years and death in the
third or fourth decade of life. Because the disease results from a loss-of-function of dystrophin, a splicing
strategy was used to eliminate the defective portion of
the gene giving rise to functional dystrophin.
Dystrophin-splicing ASOs were developed and tested
in DMD transgenic mice, resulting in significantly improved muscle function and restoration of dystrophin
protein levels [7, 104]. Even when administered to dogs
with DMD, the number of dystrophin-positive muscle
fibers was restored to 80–97 % of normal levels, with
significant improvements in motor performance [105].
Based on these positive results in vivo, splicing- ASOs
have entered human DMD clinical trials [106–109] and
have shown a successful increase in the percent of
dystrophin-positive muscle fibers in phase II human
studies; multinational phase III studies are currently
underway. As proteins are restored in loss-of-function
diseases, activation of the immune system may complicate some of these therapies [110], though this splicing
strategy still may be a promising approach for some
selected diseases.
Using ASOs to Inhibit miRNAs
miRNAs are small, noncoding RNAs that control the regulation of 200–300 genes, typically through binding the 3’untranslated region and repressing the expression of mRNA
targets [111, 112]. More than 33 % of human genes are
suspected targets of miRNA inhibition [113]. miRNAs have
increasingly been recognized as part of disease processes,
including those related to neurodegeneration [49]. ASOs
may be used to directly bind and inhibit miRNAs [44,
114]. Although miRNAs can target numerous mRNAs,
inhibiting one miRNA may still be a well-tolerated and
effective strategy. The first example of a miRNA ASO to
show therapeutic promise in vivo targeted miR-122 in the
setting of hepatitis C infection [115]. Inhibition of miR-122
was well tolerated in phase II human studies [116] and
substantially decreased the hepatitis C viral load in monkeys
[117, 118], as well as human patients measured at the
completion of the phase II human trial [119].
In addition to miR-122 ASOs, ASOs against miR-206
have been tested in an amyloid-beta-depositing AD mouse
model. By inhibiting miR-206, BDNF protein levels significantly increased and cognitive performance was improved
[120]. Additionally, by targeting miR-34c, a negative regulator of memory consolidation, learning performance in AD
mouse models was also rescued [121]. These preliminary
results suggest that miRNA ASOs may also prove to be a
viable therapeutic strategy for AD. As miRNAs become a
larger field of research, more potential targets for a miRNAbased ASO neurodegenerative therapy are likely to emerge.
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Conclusions
Numerous methods exist for ultimately achieving desired
modifications at the protein level, including small molecules,
immunization, and RNA targeted approaches. ASOs, the focus of the review herein, possess the capability to selectively
manipulate RNA processing in order to increase or decrease
total target levels, preferentially alter splicing, and inhibit
intrinsic miRNAs. Advances in medicinal chemistry have
equipped ASOs with the necessary chemical modifications
to significantly increase resistance to nucleases and strengthen
RNA binding affinities, both crucial in the design of ASOs as
therapeutic drugs. Further, ASOs possess the capability to
freely distribute throughout the brain and spinal cord following an IT injection, strongly supporting their use as a viable
therapy for a variety of CNS disorders where an aberrant
target can be identified. Two CNS–ASO human clinical trials
are currently underway for ALS and SMA, and thus far appear
to be well tolerated. With positive preclinical data and new
RNA targets constantly being generated, there are seemingly
endless possible ASO therapeutic approaches for neurodegenerative disease.
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