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Multiple neurodegenerative diseases are characterized by single-protein dysfunction and aggregation.
Treatment strategies for these diseases have often targeted downstream pathways to ameliorate conse-
quences of protein dysfunction; however, targeting the source of that dysfunction, the affected protein itself,
seems most judicious to achieve a highly effective therapeutic outcome. Antisense oligonucleotides (ASOs)
are small sequences of DNA able to target RNA transcripts, resulting in reduced or modified protein expres-
sion. ASOs are ideal candidates for the treatment of neurodegenerative diseases, given numerous advance-
ments made to their chemical modifications and delivery methods. Successes achieved in both animal
models and human clinical trials have proven ASOs both safe and effective. With proper considerations in
mind regarding the human applicability of ASOs, we anticipate ongoing in vivo research and clinical trial
development of ASOs for the treatment of neurodegenerative diseases.
A Re-emergence of Antisense Technology
Recent years have seen a re-emergence of antisense oligonucle-

otides (ASOs) as valuable tools to inform on disease mecha-

nisms and as powerful therapeutics for disease intervention.

Part of this recent success can be attributed to improvements

made to the ASO structure and chemical modifications that

have made ASOs more advantageous and efficient as potential

strategies for the treatment of disease. ASOs can exert their

gene-targeting effects through different mechanisms of action,

making them amenable to a variety of molecular targets and

disease processes. These advancements in ASO technology

have been coupled with the surprising empiric finding that,

despite being highly charged and large, ASOs distribute widely

throughout the CNS when delivered to the cerebral spinal fluid

(CSF). This characteristic has greatly enabled the application of

ASOs as therapeutic strategies for CNS disorders, many of

which currently have no adequate treatment.

The first ASO to enter clinical trial, targeted against p53 in

acute myelogenous leukemia, drew upon 20 years of chemical

advancements prior to its introduction in 1993 (Bayever et al.,

1993). This milestone was closely followed by the first market

approval for the antisense therapeutic, fomivirsen, in 1998 for

the treatment of cytomegalovirus retinitis in patients with immu-

nodeficiency (Marwick, 1998). Since then, numerous ASOs have

progressed to human clinical trial for diseases, including cancer,

diabetes, and muscular dystrophy (Bennett and Swayze, 2010),

taking advantage of the various mechanisms and synthetic

structures now available for the design of ASO therapies. Neuro-

degenerative diseases, specifically, are in imminent need of an

effective therapy, and ASOs offer one possible strategy. Consid-

ering the remarkable clinical trial successes that, to date, have

been achieved in diseases like spinal muscular atrophy and

amyotrophic lateral sclerosis, researchers and patients are

enthusiastic about ASO application to neurodegenerative dis-

eases. Many neurodegenerative diseases collectively are char-

acterized by the dysfunction or abnormal accumulation of toxic
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proteins. Therefore, strategies aimed at reducing levels of the

toxic protein or creating non-toxic modifications are attractive

approaches for clinical development. ASOs and their gene-tar-

geting effects provide a promising solution, and their successful

translation from rodent models to human patients underscores

their vast potential.

Harnessing Antisense Oligonucleotide Structure and
Function
Structure and Chemical Modifications

ASOs are small, single-stranded sequences of DNA, 8–50 base

pairs in length, composed of a phosphate backbone and sugar

rings. The structure and sequence allows for specific, comple-

mentary matching with target RNA by Watson-Crick base pair-

ing. ASO properties, including solubility, binding, potency, and

stability, derive from various modifications to both the backbone

and sugar rings. Backbone modifications both increase affinity

to the RNA target and protect the ASO from nuclease degrada-

tion. One of the first and most commonly used modifications

made to the phosphate backbone replaced the singly bonded

oxygen group with a sulfur ion, creating a phosphorothioate

(PS) linkage (Figure 1). This modification endows the ASO with

enhanced stability and protection against nuclease degradation,

increased binding to plasma proteins to maintain stable concen-

trations in serum, better cellular uptake, and the ability to recruit

RNase H enzyme for target degradation (Bennett and Swayze,

2010). A major disadvantage to the PS backbone modification

is the potential inflammatory response generated at high con-

centrations (Crooke, 2007) and prohibitive affinity for plasma

protein binding (Geary et al., 2001), which may produce adverse

effects and other limitations in a clinical setting.

Creating PS molecules and other ASOs with nuclease

resistance and enhanced potency must be balanced against

activation of the innate immune response. For instance, CpG

oligodeoxynucleotides motifs (i.e., an unmethylated ‘‘C’’ fol-

lowed by a ‘‘G’’ base separated by a phosphodiester linkage,

mailto:miller.t@wustl.edu
http://dx.doi.org/10.1016/j.neuron.2017.04.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2017.04.010&domain=pdf


Figure 1. ASO Chemical Modifications, Properties, and Common Uses
Decades of synthetic chemical research have produced various ASO structural designs to enhance the pharmacokinetic properties, target affinity, and tolerability
profile for ASO application. Common modifications have been made to the phosphodiester backbone to create phosphorothioate (PS) DNA, morpholino, and
peptide nucleic acid (PNA) designs, which all confer excellent nuclease resistance for more potent ASO activity. Notably, PS designs exhibit stability and high-
binding affinity to proteins, enabling efficient uptake into cells and support RNase-H-mediated cleavage of the target. Therefore, PS modifications are broadly
employed in preclinical studies and are the primary design for human clinical trials for spinal muscular atrophy (SMA), amyotrophic lateral sclerosis (ALS), and
Huntington’s disease (HD). In combination, 20 ribose substitutions—20-O-methyl (20-O-Me), 20-O-methoxyethyl (20-MOE), and locked nucleic acid (LNA)—greatly
enhance target binding, increase resistance to degradation by nucleases, and generally confer less toxicity than unmodified designs. Uniform 20 modifications
support non-degrading mechanisms of action, including splice site modification and translational inhibition; however, introduction of a ‘‘gapmer’’ strategy will
permit RNase-H-mediated activity. Both 20-O-methyl and 20-O-methoxyethyl modifications are commonly used in preclinical research and clinical trials.
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common in particular base sequences) are potent immune acti-

vators (Younis et al., 2006) and, therefore, are often avoided in

designing ASOs for in vivo application. An exception might be

when immune stimulation is a desired property, for example

with immunotherapies (Vollmer and Krieg, 2009). Yet, even

with these considerations, it is likely that all ASOs are recog-

nized as foreign DNA by toll-like receptors of the innate immune

system. Much of the chemistry at the 20 position has been

focused on ways to stabilize the ASO without activating an im-

mune response. In concert with the PS backbone modification,

recent ASO pharmacology typically includes 20 ribose sugar

modifications (Figure 1). Of these, the 20-O-methyl (20-O-Me)

and 20-O-methoxyethyl (20-MOE) are the most frequently

used, enabling stronger binding affinity to target RNA and

enhanced resistance to nuclease degradation (Bennett and

Swayze, 2010). These modifications may help to overcome

the disadvantageous immunostimulatory properties of the PS

backbone. Both 20-O-Me and 20-MOE design are reported to

have a lowered pro-inflammatory response and be well toler-

ated compared to unmodified motifs (Henry et al., 2000; Tluk

et al., 2009). ASOs consisting of fully modified 20 sugar moieties

do not enable RNase H enzyme activity but instead support

non-degrading ASO mechanisms, such as changes to alterna-

tive splicing or translational inhibition (Bennett and Swayze,

2010). Activating RNase H and thus cleaving the target mRNA

requires a creative pharmacologic manipulation to produce a

chimeric or ‘‘gapmer’’ design, which takes advantage of the

tolerability of 20-O-Me or 20-MOE sugar rings combined with

the RNase-H-mediated degradation property of the PS back-

bone (Figure 1). A gapmer consists of 20 modified sugar ring ba-

ses separated by a central region of unmodified nucleotides to
enable target degradation without inducing overt inflammatory

responses (Geary et al., 2015).

ASO chemistry continues to evolve, and modifications,

including a morpholino backbone, peptide nucleic acid (PNA)

chemistry, and locked nucleic acid (LNA) modifications, are

becomingmore prevalent in preclinical and clinical use (Figure 1).

Both morpholinos and PNA designs afford highly stable RNA

complementarity and, although they do not stimulate degrada-

tion of their target, they are useful for other mechanisms of action

discussed below (Bennett and Swayze, 2010). LNA sugar moi-

eties are similar to the 20-O-methyl structures but exhibit greater

potency and can be designed to support RNase H activity.

Although thesemodifications are advantageous for their potency

and nuclease-resistant properties, problems associated with

toxicity or poor penetration continue to be explored (McMahon

et al., 2002; Swayze et al., 2007). As various ASOs move closer

toward clinical trial, ASO design remains an important avenue of

development.

Mechanisms of Action

Before ASOs can exert their gene-modulating effects, they must

overcomemembrane barriers and traffic to subcellular locations,

typically the nucleus. These events can be viewed as limiting

steps for ASO activity and underscore the importance of effec-

tive chemical designs to modulate both uptake and distribution

at the cellular level. The proposed entry method of ASOs into

cells involves association with high- and low-binding plasma

proteins, internalization into lysosomal or endosomal compart-

ments, and traffickingwithin the cell (Geary et al., 2015), although

the exact details of these processes are complex and may

differ across cell types. A recent review of phosphorothioate

ASO cellular uptake and intracellular trafficking summarizes
Neuron 94, June 21, 2017 1057



Figure 2. Common ASOs Mechanisms of Action
When administered, ASOs bind to target RNA with base pair complementarity and exert various effects based on the ASO chemical structure and design. Three
mechanisms, commonly employed in preclinical models of neurodegenerative disease and human clinical trial development, are shown. These mechanisms
include mRNA target degradation via recruitment of the RNase H enzyme, alternative splicing modification to include or exclude exons, and miRNA inhibition to
inhibit miRNA binding to its target mRNA.
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the reported receptors, proteins, and pathways involved

(Crooke, 2007). In brief, proteins that interact with ASOs at the

cell surface and within intracellular organelles, in part, determine

their subcellular trafficking and escape into the cytosol; however,

many questions regarding specific protein interactions remain

unanswered. Once inside cells, ASOs are able to travel between

the cytosol and nucleus via proposed binding to cellular mole-

cules (Lorenz et al., 2000). The single-stranded ASOs bind to

their target RNA through Watson-Crick base pairing, which, de-

pending on the target and ASOdesign, can trigger distinctmech-

anisms of action by which the ASO ultimately degrades or mod-

ifies its target. These mechanisms can be divided into several

common categories, discussed below: RNase-mediated degra-

dation; mRNA modification; or microRNA inhibition (Figure 2).

RNase-mediated degradation is particularly advantageous in

the context of many neurodegenerative disorders in which a

distinct RNA/protein dysregulation or accumulation is recog-

nized as the central cause of disease. It is not surprising, there-

fore, that RNase activation continues to be employed in preclin-

ical ASO development and several clinical trials. Degradation of

the mRNA target via this mechanism begins in the nucleus,

where the DNA-RNA pairing of ASOs to their mRNA target

triggers recruitment of the enzyme RNase H1 (Wu et al., 2004).

Binding of the ASO to mRNA mimics the DNA-RNA binding

that occurs during DNA replication, in which RNase H cleaves

the RNA primer from newly synthesized DNA (Cerritelli and

Crouch, 2009). For ASO therapeutics, destruction of the mRNA

prohibits its translation into protein, yielding a reduction of the

intended target. RNase H activation is facilitated by the PS back-

bone modification or gapmer ASO design. Because RNase

H specifically cleaves RNA, the ASO itself avoids degradation
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and, therefore, is able to bind to additional target mRNA,

enabling sustained mRNA and, in turn, protein reduction.

Destruction of the cognate mRNA is the most common

mechanism by which ASOs are used, yet several additional

mechanisms can be employed to achieve protein lowering or

manipulation (Bennett and Swayze, 2010). Other possible mech-

anisms of ASO-mediated protein reduction include translational

inhibition or altered RNA stability via RNA modification.

RNA modification is a second, common mechanism by which

ASOs can function. Acting within the nucleus, these ASOs pair

with the target mRNA but, given their design, will not initiate

the direct degradation of the mRNA. Instead, ASOs modify the

mRNA at the 50 cap or polyadenylation site to prevent mRNA

translation or alter RNA stability, thereby lowering the intended

mRNA and protein in a non-degrading fashion (Bennett and

Swayze, 2010). In addition, one surprisingly effective use of

RNA-modifying ASOs has been to change alternative splicing

patterns of mRNA. ASO binding to intron/exon junctions can

affect recruitment and binding of splicing factors or destabilize

splicing sites (Havens and Hastings, 2016). Such a strategy

might be most beneficial for disorders with a known splicing

defect to either restore protein function or to exclude mutated

stretches of DNA. The degree of shift in splicing patterns has

been striking in animals, as will be discussed below, and has

advanced to successful clinical trial use. The most notable of

these is the ASO design to promote the inclusion of exon 7 in

the survival motor neuron (SMN1) gene, now US Food and

Drug Administration (FDA)-approved for the treatment of spinal

muscular atrophy (FDANewsRelease, 2016a).

ASOs can also act through binding of microRNA or other small

RNA targets to inhibit their actions. MicroRNAs are sequences of
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approximately 22 base pairs in length and function in the regula-

tion of gene expression through binding targetmRNAs. ASOs act

by binding thesemicroRNA (miRNA) targets to inhibit their mRNA

interaction by sequestration or degradation (Davis et al., 2006,

2009). Dysregulation of miRNAs has been identified in numerous

disease states, including cancer, virology, and neurodegenera-

tive disease, highlighting these small RNAs as potential targets

for therapeutic intervention. This strategy is already being

applied successfully in clinical trials for hepatitis C infection

(Janssen et al., 2013). Although no miRNA-targeted ASO for

neurodegenerative disorder is in clinical use, emerging knowl-

edge on the roles of miRNA in disease continues to providemoti-

vation for their future application to human patients.

Delivery Methods to the CNS

In order for ASOs to be effective, they must achieve delivery to

affected regions or cells at appropriate concentrations. In addi-

tion, they must be stable and maintain efficacy over time for

feasible treatment throughout the course of disease. Diseases

of the CNS often pose problems that limit efficient and effective

drug delivery. Most notably, the blood brain barrier restricts entry

of certain molecules based on size, charge, or solubility (Par-

dridge, 1998), which will not only limit the effective concentra-

tions that reach the brain or spinal cord but also completely

exclude certain drugs. ASOs lack the ability to cross the blood

brain barrier, a limitation that was initially considered a reason

for their exclusion as a therapeutic approach for neurodegener-

ative diseases. However, in the clinical setting, multiple drugs,

including chemotherapies, some spasticity medications, and

pain medications, are routinely delivered to the CSF that circu-

lates throughout the CNS (Bottros and Christo, 2014). Despite

the prediction that highly charged ASOs would remain localized

to the site of CSF infusion, empiric data strikingly show

widespread distribution throughout the brain and spinal cord in

mice (DeVos et al., 2013; Kordasiewicz et al., 2012; Lagier-Tour-

enne et al., 2013; Passini et al., 2011), rats (Smith et al., 2006),

and non-human primates (Kordasiewicz et al., 2012; Passini

et al., 2011; Rigo et al., 2014; Smith et al., 2006) using intraven-

tricular or intrathecal injection. Intrathecal ASO delivery has

already been implemented in human clinical trials for amyotro-

phic lateral sclerosis and spinal muscular atrophy with safe

and tolerable results (Chiriboga et al., 2016; Miller et al., 2013).

The adequate distribution achieved with intrathecal delivery

and the growing clinical experience with ASO delivery by this

method will likely lead to an increasing number of clinical studies

being performed with an intrathecal delivery route. Intraventric-

ular delivery in humans remains open to further study and may

have some practical advantages in patients with anatomic

abnormalities, such as severe scoliosis, that make intrathecal

delivery more challenging.

Intraventricular or intrathecal injections are relatively invasive

compared with orally delivered medications, yet thus far have

been well tolerated. Ongoing research is focused on developing

novel ASO delivery methods for the CNS, including oral, subcu-

taneous, and intranasal routes. Success with intrathecal delivery

programs, including current and potential commercialization of

some ASO candidates, is likely to spark innovative approaches

to make a successful therapy even easier to administer. On the

other hand, with the urgent need for neurodegenerative disease
therapies, intrathecal delivery will likely continue as a standard

method.

Challenges for Antisense Application
Potential Side Effects

One general concern often raised regarding ASO application for

human diseases is the possibility of adverse side effects. ASO

toxicities and off-target effects are known to be both sequence

and chemistry dependent, and thus, each ASO molecule must

be considered independently and with a complete toxicology

evaluation. However, there are some general points to consider.

The first consideration is on-target toxicity as a result of

lowering levels of a total protein. The effects of gene deletion in

rodents provide a useful first-pass evaluation of the potential

toxicities resulting from protein reduction, but these models

have the potential to be over-interpreted in both directions.

Whereas protein reduction frombirth—as in knockoutmouse ex-

periments—may be deleterious, lowering this same protein in the

adult—as is proposed inmany ASO programs—may be very well

tolerated. Conversely, protein reduction from birth may be

assumed safe, but this conclusion may be misguided by the

known caveat for potential compensation of gene deletion in

mice. ASO administration with substantial lowering of mRNA

and protein in diseased and age-matched rodents and in non-

human primates may provide the best reassurance of safety

for an ASO approach. Yet, ASO studies in non-human primates

are typically in a relatively small number of animals and for limited

periods of time. Thus, the broad array of potential problems

associated with lowering protein levels remains unknown and

is still challenging to predict in the adult human. For many neuro-

degenerative diseases, this small theoretical risk is dwarfed by

the ongoing, known hazard of the disease-causing protein, yet

ASOs will continue to be evaluated for their on-target toxicity in

preclinical and clinical testing.

Second, concerns for ‘‘off-target’’ toxicity focus on binding to

other mRNAs and immune activation. For human clinical candi-

dates, each ASO is screened in silico against the human genome

and ‘‘hits’’ with one, two, or three mismatches are empirically

tested for ASO-mediated changes of these mRNAs (Kamola

et al., 2015; Monia et al., 1992). Thus, ASOs with potential

overlap can be routinely screened against. In vivo, the ASO is

recognized as foreign DNA by toll-like receptors and likely

causes ‘‘off-target’’ activation of the immune system (Agrawal

and Kandimalla, 2004). This response has been largely mitigated

by screening for chemistries and sequences that are well-toler-

ated, such as avoiding potent immune-activating CpG motifs,

as mentioned above. Extensive research and development has

dampened some of the concerns for adverse side effects, and

preclinical and clinical ASO application appears promising.

However, on- and off-target issues, some of which may not yet

be recognized, remain an important consideration.

Alternative Approaches

In areas of research for which ASO application may be currently

limited or absent, alternative approaches for mRNA and protein

modulation are available, including RNAi and antibody-mediated

therapeutics, as well as traditional small molecules. RNAi uses

small double-stranded RNAmolecules that are processed within

the cell and assembled into an RNA-induced silencing complex
Neuron 94, June 21, 2017 1059
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(RISC) for targeting cellular mRNA. Similar to themechanisms by

which ASOs act, RNAi enables gene expression changes, such

as mRNA degradation, alternative splicing manipulation, miRNA

inhibition, and transcriptional silencing (Alló et al., 2009; Carthew

and Sontheimer, 2009). In vivo delivery of the RNA sequences

requires viral packaging, and off-target effects remain a concern,

though continued research and safety data are likely to allay

some of this apprehension in the future.

A second alternative to ASOs involves antibodies that are tar-

geted against a protein of interest. Once bound to their protein

target, antibodies stimulate the host’s immune system to

sequester, neutralize, or damage that protein. Intracellular deliv-

ery of antibodies may be difficult and, therefore, ineffective

against CNS diseases that stem from intracellular mechanisms.

However, diseases with extracellular targets may benefit from an

antibody-mediated strategy. Cumulative evidence points to

extracellular proteins, including tau (Clavaguera et al., 2009; de

Calignon et al., 2012; Holmes and Diamond, 2014), amyloid

beta (Eisele et al., 2010; Meyer-Luehmann et al., 2006), and

alpha-synuclein (Luk et al., 2012; Mougenot et al., 2012), as

the drivers of pathological propagation within the brain. In sup-

port of this and the therapeutic application of antibodies, anti-

Ab immunization abolished Ab deposition in Alzheimer’s disease

(AD) model mice (Meyer-Luehmann et al., 2006) and anti-tau

antibody treatment cleared tau pathology in mutant tau mice

(Yanamandra et al., 2013). Antibodies targeted against Ab,

solanezumab, and aducanumab are currently in clinical trial

and reporting efficacy (Sevigny et al., 2016; Siemers et al.,

2016), suggesting antibody-mediated therapeutics are on par

with ASOs in their clinical application.

Application to Neurodegenerative Diseases
The application of ASOs for the treatment of neurodegenerative

diseases has shown great success in mouse models of disease,

allowing ASOs to be steadily applied to human disease through

clinical trial developments (Figure 3). ASOs are currently being

applied to several neurodegenerative diseases but have been

most pivotal in the treatment of spinal muscular atrophy,

completing phase III status and achieving FDA drug approval

within the past year. Not too far behind are ASO therapeutics

for amyotrophic lateral sclerosis and Huntington’s disease, in

which clinical trials are ongoing. These neurodegenerative dis-

eases or their genetic subpopulations may be benefiting most

readily from an ASO intervention strategy, given the well-charac-

terized, single-gene disruption that can be targeted. For this

reason and others, ASO application in Alzheimer’s disease and

related dementias continues to be challenging. Translational

success of ASOs may also be limited in different diseases, given

the predictive challenges posed by available mouse models and

by the potential downsides of long-term protein lowering. How-

ever, it is clear that ASOs and their applications continue to

develop as researchers try to harness their mechanisms of ac-

tion toward treating neurodegenerative diseases.

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s

disease, is characterized by progressive loss of motor neurons

and muscle wasting. Patients are typically diagnosed at age

40–70 and succumb to the disease in only 2–5 years from the
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time of diagnosis. An overwhelming 90% of ALS cases have

no known cause, termed sporadic or singleton ALS (sALS),

whereas 10% of cases comprise familial ALS (fALS) and arise

from gene mutations (Pasinelli and Brown, 2006). Of the fALS

cases, 15%–20% are caused by mutations within the Cu/Zn su-

peroxide dismutase 1 gene (SOD1). More recently, fALS cases

have been linked to the abnormal hexanucleotide repeat expan-

sion within the chromosome 9 open reading frame 72 (C9orf72)

gene, accounting for about 40% of familial cases (Majounie

et al., 2012). Current treatment options for ALS patients are inef-

fective at halting disease progression. As major factors leading

to fALS, both C9orf72 and SOD1 have been at the forefront of

therapeutic targets for ALS and sparked preclinical research

and clinical translation of ASO therapies to human patients. In

addition, other targets for ASOs, including miR-155, have also

shown promise.

SOD1. Since its identification in 1993 as a contributing factor to

fALS (Rosen et al., 1993), SOD1 has become an important target

for disease intervention. Mutations in SOD1 have been identified

throughout its transcript, although the effect of the mutation on

SOD1 enzymatic activity does not correlate with disease charac-

teristics. Mouse data demonstrate that expression of mutant

SOD1 causes motor neuron disease whereas genetic deletion

of SOD1 does not (Philips and Rothstein, 2015). Taken together,

these data support a toxic gain of function associated with the

aggregation of misfolded SOD1. The first study using an ASO

to target SOD1 by RNase-H-mediated degradation identified

striking widespread ASO distribution throughout the brain and

spinal cord of rat and non-human primate, affording extensive

SOD1 mRNA and protein knockdown (Smith et al., 2006). This

pivotal study confirmed ASOs as an effective technique to target

CNS proteins in vivo. Importantly, ASOs were able to reduce the

mutated (G93A) form of SOD1, resulting in extended survival

(Smith et al., 2006). Given its promising preclinical results, ASO

333611 entered phase I testing in patients with SOD1-related

fALS on January 2010 and was completed in January 2012

(NCT01041222; https://clinicaltrials.gov). This first-in-man study

for intrathecal administration of the ASO demonstrated an excel-

lent safety profile and established important pharmacokinetic

measurements (Miller et al., 2013). This study did not show a

reduction in SOD1 protein; however, low concentrations of

ASO were used as a conservative, initial test. SOD1-directed

ASOs continue to progress through clinical trial testing for pa-

tient use. In late 2015, the second generation of SOD1-targeting

ASO compound, BIIB067 (IONIS-SOD1Rx), entered phase I/II

trial (NCT02623699; https://clinicaltrials.gov), with a single-

dose cohort to be followed by a multiple-dose cohort in SOD1

fALS patients. Escalating doses in this study are anticipated to

garner more effective SOD1 reduction compared to its initial

phase I dose. Importantly, SOD1 measured in the CSF will be

an important pharmacodynamics marker for an SOD1-targeted

ASO to determine efficacy in this ongoing study and to help

direct design of future clinical trials (Crisp et al., 2015; Winer

et al., 2013).

C9orf72. The emergence of C9orf72 expansion as the most

frequent cause to date of fALS has directed efforts toward iden-

tifying its toxic role in the pathogenesis of ALS as well as fronto-

temporal dementia (FTD) (DeJesus-Hernandez et al., 2011). Not

https://clinicaltrials.gov
https://clinicaltrials.gov


Figure 3. Progression of Select ASO Candidates for the Treatment of Neurodegenerative Diseases
Successful translation of ASOs from preclinical rodent models to human clinical trials is evident, particularly for the treatment of neurodegenerative diseases
spinal muscular atrophy targeting the survival motor neuron 2 (SMN2) gene and familial ALS targeting the superoxide dismutase 1 (SOD1) gene. TheC9orf72 gene
is an additional target in ALS, with key pathological improvements identified in patient iPSC-derived neurons and novel mouse models. ASOs targeting the
huntingtin gene demonstrate notable efficacy in Huntington’s disease models and are in human clinical trial in Canada and Europe. ASOs for application in
Alzheimer’s disease and tauopathies, most notably those targeting amyloid precursor protein (APP) and tau (MAPT), respectively, show promise in preclinical
development. 1, Hua et al. (2010); 2, Williams et al. (2009); 3, Porensky et al. (2012); 4, Passini et al. (2011); 5, Chiriboga et al. (2016); 6, Smith et al. (2006); 7, Miller
et al. (2013); 8, Stanek et al. (2013); 9, Kordasiewicz et al. (2012); 10, Donnelly et al. (2013); 11, Lagier-Tourenne et al. (2013); 12, Sareen et al. (2013); 13, O’Rourke
et al. (2016); 14, Jiang et al. (2016); 15, Sud et al. (2014); 16, Schoch et al. (2016); 17, DeVos et al. (2017); 18, Kumar et al. (2000); 19, Erickson et al. (2012); 20, Farr
et al. (2014).
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only is the normal physiological function of C9orf72 unknown,

but the exact mechanism by which the abnormal C9orf72 hexa-

nucleotide (GGGGCC) expansion mediates disease pathogen-

esis remains under debate. Loss of normal C9orf72 function,

gain of RNA toxicity, and gain of protein toxicity have all been

proposed mechanisms of disease (Ling et al., 2013). Initially,

one of the major hurdles to C9orf72 research was the lack of a

rodent model that recapitulates both the molecular and behav-

ioral characteristics of the disease, making it difficult to test

potential therapeutics, including ASO strategies, in an in vivo

setting. Researchers initially used human induced pluripotent

stem cell (iPSC)-derived neurons and fibroblasts from C9orf72-

positive ALS patients to test ASO efficacy with promising results

(Donnelly et al., 2013; Lagier-Tourenne et al., 2013; Sareen et al.,

2013). More recently, mouse models expressing the expanded
C9orf72 gene have been developed, enabling in vivo study of

ASOs (Jiang et al., 2016; Liu et al., 2016; O’Rourke et al., 2016;

Peters et al., 2015).

Early studies validated ASOs that bind within the repeat

expansion or within surrounding N-terminal regions of the

C9orf72 mRNA transcript that act by either recruiting RNase H

to degrade the transcript or by blocking the interaction between

the repeat expansion and RNA-binding proteins (Donnelly et al.,

2013). Although no reduction in RNA levels was observed with

ASOs designed to hinder RNA-binding protein interaction, they

effectively reduced toxic RNA foci (Donnelly et al., 2013; La-

gier-Tourenne et al., 2013; Sareen et al., 2013), restored normal

gene expression markers (Donnelly et al., 2013; Lagier-Tourenne

et al., 2013; Sareen et al., 2013), and protected against gluta-

mate toxicity (Donnelly et al., 2013). This important finding
Neuron 94, June 21, 2017 1061
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supports a gain of function by a toxic RNA mechanism. The

recent development of animal models that express the abnor-

mally expanded C9orf72 gene aims to bridge the gap between

ASO application in iPSC-derived cells and diseasemodels (Jiang

et al., 2016; Liu et al., 2016; O’Rourke et al., 2016; Peters et al.,

2015). In one of these models, ASOs were shown to suppress

several pathological features of C9orf72 ALS, including RNA

foci and dipeptide proteins in primary cortical neurons cultured

from mice expressing the C9orf72 expansion (O’Rourke et al.,

2016). ASOs targeting the expanded C9orf72 gene in a novel

mouse model similarly reduced the expression of RNA foci and

dipeptide proteins and also attenuated cognitive impairments

(Jiang et al., 2016).

Together, these studies provide support for RNA or protein

toxicity as a primary disease mechanism and successful mitiga-

tion of pathology with ASO use. Because RNA foci and dipeptide

products are generated from both sense and antisense direc-

tions of the C9orf72 transcript, it remains unclear whether

reducing the antisense transcript will also be important for ther-

apeutics. Whereas deletion of C9orf72 from birth in mice does

show abnormalities (Jiang et al., 2016; O’Rourke et al., 2016),

raising some concerns for an ASO-mediated lowering strategy,

the short-term administration of ASO to the endogenous mouse

homolog was well tolerated (Jiang et al., 2016; Lagier-Tourenne

et al., 2013). These promising in vivo data suggest that ASOs for

C9orf72 ALS and ALS/FTD are likely to be in initial clinical trial in

the near future.

miR-155 and Other Targets. Whereas targeting SOD1 and

C9orf72 have been at the forefront of ALS research, other targets

also show promise in modulating disease pathogenesis. Intra-

ventricular delivery of ASOs against miR-155, a target miRNA

found to be upregulated in ALS tissues, resulted in de-repression

of miR-155 targets throughout the brain and spinal cord and

remarkably led to a significant extension in survival of SOD1G93A

mutant mice (Butovsky et al., 2015; Koval et al., 2013). It is clear

that miR-155 plays a pathological role in ALSmodels and likely in

humans, and an ASO strategy can be effective in achieving an

improved outcome. Other preclinical studies have identified

acetylcholine (Gotkine et al., 2013), phospholipase A2a (Solomo-

nov et al., 2016), p75 (Turner et al., 2003), and prostate apoptosis

response 4 (Pedersen et al., 2000) as potential targets for ASOs

tomitigate ALS, and putative targets like ataxin-2 have been pro-

posed for future research (van den Heuvel et al., 2014).

Concluding Remarks. Positive strides made in the preclinical

and clinical development of an ASO strategy have greatly

increased enthusiasm for ASOs as an applicable therapy for

ALS. ASOs have not only enabled increased understanding of

disease processes but also have shown successful translation

to human patients in the case of SOD1. Notably, this clinical

effort implemented an intrathecal administration of ASOs to

CNS in adults, a strategy that is likely to be employed in subse-

quent ASO trials targeting SOD1 in ALS and in trials aimed at

other neurodegenerative disorders.

Spinal Muscular Atrophy

Spinal muscular atrophy (SMA) results from the deletion of the

survival motor neuron (SMN1) gene, a loss that is predicted to

be lethal in all other species except human. Humans express a

second form of the SMN gene—SMN2—which is able to partially
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restore SMN protein expression and function. The number of

SMN2 gene copies expressed determines the degree to which

SMN function is restored, which in turn affects the severity of

the disease. SMN2 cannot fully compensate for the loss of

SMN1 in disease due to a C/T nucleotide variation within exon

7 that causesweakening of the 30 splice site and exon 7 skipping.

The resulting protein product is unstable and degraded. There-

fore, strategies designed to improve the ability of the SMN2

gene to produce full-length, functional SMN protein are para-

mount for disease intervention. ASOs have been advantageous

in designing treatment strategies targeted against splicing regu-

latory elements of SMN2 to promote exon 7 inclusion, with

remarkably successful results in mouse models and human

clinical trials, and has led to the first FDA-approved treatment

of SMA.

SMN2 Exon 7 trans-Splicing Targeting ISS-N1. Initial efforts to

pinpoint targetable sequences within SMN2 to regulate exon 7

splicing identified an inhibitory splicing sequence, known as

intronic splicing silencer N1 (ISS-N1), located in intron 7 of the

SMN2 gene. When targeted against ISS-N1, 20-O-Me-modified

ASOs potently stimulated exon 7 inclusion and increased SMN

protein levels in patient fibroblasts (Singh et al., 2006). When

the ASO was injected into the CNS of delta7-SMA mutant

mice during the first 10 days after birth, the ASO distributed

throughout the CNS, elevated levels of SMN protein, and

improved early postnatal bodyweight gain and righting response

(Williams et al., 2009), confirming the in vivo efficacy of ISS-N1-

targeting ASOs.

Independent validation of the critical role of ISS-N1 in exon 7

skipping and intervention using ASOs was executed using an

ASO ‘‘microwalk’’ along SMN2, identifying 20-MOE ASOs that

block heterogeneous nuclear ribonucleoprotein (hnRNP) A1/A2

motifs within the ISS-N1 sequence (Hua et al., 2008). This

ASO, termed ASO 10-27, was first tested in hSMN2 mice,

demonstrating robust exon 7 inclusion. As few as two intrave-

nous injections of ASO 10-27 were able to significantly stimulate

exon 7 inclusion (�50% of SMN2 transcripts) in the liver and kid-

ney of hSMN2 mice, and after 4 weeks of treatment, inclusion

increased to over 90% (Hua et al., 2008). No effect was evident

in spinal cord tissue, reflecting the poor ability of ASOs to cross

the blood-brain barrier (BBB). In an effort to achieve central

delivery, ASO 10-27 was infused directly into the lateral ventricle

of hSMN2 mice, resulting in dose-dependent, long-lasting exon

7 inclusion and increased total SMN protein within the spinal

cord (Hua et al., 2010). Remarkably, a single intracerebroventric-

ular (ICV) injection of ASO was able to curb the necrotic tail and

ear phenotype (Hua et al., 2010) and restored muscle physiology

and motor function (Passini et al., 2011) in severe SMA

mouse models (type III SMA mice and Smn�/�, hSMN2+/+, and

SMND7+/+ mice, respectively). Because some SMN function is

likely required in all cells, central and peripheral administration

methods were compared to identify the best route for the most

effective outcomes. Peripheral administration of ASO surpris-

ingly provided substantial phenotypic rescue and significantly

prolonged survival (Hua et al., 2011), suggesting a peripheral

component of SMA is very important in mouse models. Whether

peripheral administration will be a needed component in humans

remains unknown.
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Modulation of SMN splicing was separately identified with a

morpholino oligonucleotide against the ISS-N1 SMN sequence,

which differs from phosphorothioate ASOs in its backbone

modification (Figure 2). Using a morpholino design, researchers

identified a 3-fold increase in exon 7 inclusion and SMN protein

expression within the brain and spinal cord after a single ICV

injection in SMA model mice, conferring a dose-dependent,

97-day extension in survival (Porensky et al., 2012). Restoration

of SMA expression also corrected electrophysiological and

motor unit dysfunction in delta7-SMA mutant mice (Arnold

et al., 2014, 2016). Collectively, ISS-N1-targeting studies agree

on the early and central delivery of ASOs to not only correct

SMN2 splicing but also improve functional outcomes and sur-

vival. Preclinical research continues to adjust and improve ISS-

N1-targeted ASO therapeutics to establish a more efficient and

successful compound without adverse effects. In addition,

newly developed mouse models have enabled delayed treat-

ment paradigms in order to fully evaluate SMN-targeted ASOs

(Bogdanik et al., 2015).

ASO 10-27, or nusinersen (previously IONIS-SMNRx),

achieved clinical trial status in December 2011 with the initiation

of a phase I trial to determine the safety, tolerability, and dose

range (NCT01494701 and NCT01780246; https://clinicaltrials.

gov) followed by phase II testing in 2013 (NCT01839656;

https://clinicaltrials.gov). In 2016, researchers reported on phase

I results, citing preliminary clinical improvement without safety

and tolerability concerns following nusinersen treatment in

SMA patients aged 2–14 years old (Chiriboga et al., 2016).

Only 6 years following its preclinical debut, nusinersen entered

phase III trial testing (NCT02193074 and NCT02292537;

https://clinicaltrials.gov), which speaks to both the urgent need

for SMA therapies and the effectiveness of ASOs in treating

SMA. Whereas the primary data have not been released at the

time of this review, a joint press release on August 1, 2016

from Biogen Idec and Ionis Pharmaceuticals stated that the

phase III ENDEAR trial, which was conducted in type 1 SMA pa-

tients, met its clinical endpoint. Infants treated with ASO target-

ing SMN2 reached motor milestones on the Hammersmith infant

neurological examination scale (BusinessWire, 2016). Whereas

we are unable to judge the strength of these clinical data and,

importantly, the magnitude of the effect at this time, meeting

the primary endpoint in a phase III clinical study is a major

accomplishment that has since assured the advancement of

nusinersen in the market. Spinraza (nusinersen) was approved

by the US Food and Drug Administration for use in December

2016, becoming the first drug available for the treatment of

SMA in children and adults (FDANewsRelease, 2016a).

SMN Repressor Element 1 and Other Regulatory Elements. In

addition to manipulating the missplicing of exon 7 via ISS-N1,

alternative strategies seek to use ASOs to target other regulatory

proteins to increase exon 7 inclusion. Exon 7 is surrounded by

several splicing enhancers and silencers, exonic and intronic,

to intricately regulate the splicing patterns. Baughan and col-

leagues (2009) confirmed the presence of an additional splicing

repressor sequence upstream of exon 7. When this region,

known as element 1 (E1), was deleted, potent increases in full-

length SMN mRNA were noted, prompting the design of bifunc-

tional RNAs to target the E1 sequence. In the case of SMN, the
bifunctional RNA consists of an antisense sequence comple-

mentary to E1 linked to an RNA segment that would recruit

exonic splice enhancer proteins. A single ICV injection of E1

bifunctional RNA into Smn�/�SMN2+/+ mice restored expres-

sion of SMN protein and improved weight gain (Baughan et al.,

2009). Subsequently, morpholino ASOs were found to elevate

SMN protein expression, drastically extend lifespan, and

improve neuromuscular junction structure in two separate

mouse models of varying SMA severity (Osman et al., 2014).

This same group identified a separate target within the exon 8

splice site of SMN involved in recruitment of the splicing silencer,

hnRNPA1, to stimulate upstream exon 7 inclusion (Dickson et al.,

2008). A modest increase in SMN protein was achieved in the

SMA mouse brain (Dickson et al., 2008). Interestingly, a dual

treatment strategy targeted at both the ISS-N1 element and

exon 8 regulatory site produced a 2-fold increase in SMN

mRNA and protein levels compared to single ASOs given alone

(Pao et al., 2014), suggesting that combinatorial therapy may

result in even better outcomes than already successful single

treatments. Other ASO targets, such as long non-coding RNA

(lncRNA) SMN sequences, have also shown considerable prom-

ise inmodulating SMN expression and extending survival inmice

(d’Ydewalle et al., 2017).

Concluding Remarks. SMA mouse model experiments have

paved the way for translation into human patients, with Spinraza

at the forefront of clinical application. Notably, this therapy em-

ploys one of the remarkable features of ASOs—an alternative

splicing manipulation to restore functional levels of the disrupted

SMN protein. Whereas alternative strategies, including pharma-

ceutical inhibitors, viral SMN gene replacement, stem cells, and

small molecules, are under current investigation (Duque et al.,

2015; Van Meerbeke et al., 2013; Zanetta et al., 2014), the early

success of ASOs in clinical studies will likely make this approach

a benchmark to which others are compared. Whereas primary

data from the pivotal phase III nusinersen trial are not yet avail-

able, this ASO has successfully transitioned from basic research

to clinical trial. Now, with FDA approval, ASOs are a veritable

treatment for SMA where none existed before. The success of

Spinraza ensures that ASOs will likely remain a therapeutic

option for SMA in the near future.

Huntington’s Disease

Huntington’s disease (HD) is an adult-onset, neurodegenerative

condition characterized by both locomotor and cognitive

decline. On average, patients are diagnosed between ages 30

and 40 based on symptoms that worsen over the course of dis-

ease. HD is inherited in an autosomal-dominant fashion and

caused by abnormal expansion of a CAG repeat in the huntingtin

(Htt) gene. OncemutantHtt is translated, the expanded polyglut-

amine (polyQ) protein likely mediates a toxic gain of function

through the formation of intraneuronal aggregates or interaction

with other proteins (Ordway et al., 1997; Rubinsztein, 2002). The

medium spiny neurons of the striatum are particularly affected,

yet neurons within other brain regions appear to be vulnerable

(Rubinsztein, 2002), thus requiring a more global approach to

treatment. Gene-silencing approaches, including those acti-

vating the RNAi pathway as well as by ASO, have been exten-

sively researched to achieve reductions in mutant Htt and curb

disease progression.
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Huntingtin. Amajor breakthrough for an ASO therapy for HD re-

ported on the in vivo effectiveness of ASOs targeted against

mutant Htt mRNA by employing several mouse models of HD

as well as testing intrathecal infusion in non-human primates

(Kordasiewicz et al., 2012). Researchers exploited the RNase-

H-mediated degradation properties of ASOs and 20-MOE modi-

fications for potent, stable, and tolerable ASO delivery. This

study identified that a humanHtt-targeted ASO afforded a signif-

icant decrease of Htt with lasting reduction for 3 months post-

treatment. In addition, continuous infusion of the ASO resulted

in its widespread distribution throughout the mouse brain,

including deeper structures of the striatum and thalamus in

neuronal and non-neuronal cells (Kordasiewicz et al., 2012), sug-

gesting Htt ASOs are able to penetrate brain structures to reach

the affected cellular populations. Remarkably, an �50%–80%

reduction of mutant human Htt mRNA was achieved in most

brain regions. Pre-symptomatic and post-symptomatic ASO

administration in an HD mouse model (YAC128) lessened dis-

ease phenotypes (Kordasiewicz et al., 2012; Stanek et al.,

2013), and when applied to a more severe, quickly progressing

HD mouse model (R6/2), ASO treatment afforded a significant

extension in survival (Kordasiewicz et al., 2012). Whereas debate

still exists regarding howwell mouse models recapitulate human

disease, ASO testing in multiple HD mouse models with

repeated success helped to confirm Htt-targeted ASO efficacy.

Finally, ASO infusion into non-human primates did not result in

any adverse effects; however, a more limited distribution of the

ASO was noted (Kordasiewicz et al., 2012). Overall, this study

identified in vivo safety and good distribution of an Htt-targeted

ASO, suggesting ASOs as applicable interventions for human

studies. Behavioral improvements observed in mouse models

show sustained therapeutic effect even after Htt target mRNA

levels returned, underscoring the therapeutic potential for

ASOs in HD. This success has recently sparked the initiation of

clinical trial testing of Htt-targeted ASOs in Canada and Europe

(PRSNewswire, 2015).

One possible limitation associated with the above study is the

targeting and reduction of both the normal and mutant Htt allele.

Huntingtin has known physiological roles in neuronal survival (Ri-

gamonti et al., 2000) and axon stability (Dragatsis et al., 2000). In

order to address this, Kordasiewicz and colleagues (2012)

demonstrated that reduction of endogenous mouse Htt along

with mutant human Htt did not result in any adverse events, sug-

gesting that reduction of Htt in the adult may be well tolerated.

Nevertheless, enthusiasm remains for identifying a strategy

that can specifically reduce the mutant allele. One possible

mechanism to identify mutant Htt and therefore target it specif-

ically would use genetic SNPs within the CAG repeat that distin-

guish the mutant allele from the normal allele. Recent studies

have focused on the identification of several lead SNP-targeted

compounds to distinguish mutant Htt allele. In particular, a lead

candidate modified for increased potency and selectivity

achieved significant Htt mRNA reductions and striatal delivery

without overt inflammatory effects in mice. This ASO and others

have undergone further development and improvement for hu-

man application to increase the specificity of the ASO to >100-

fold for mutant Htt allele over normal allele (Østergaard et al.,

2013). When evaluated in Hu97/18 mice exhibiting expression
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of both the mutant and wild-type Htt allele, specificity for the

mutant allele was confirmed with specific reduction of mutant

Htt without change to the normal mRNA or protein (Southwell

et al., 2015) and demonstrated an extended duration of action

from 16 to 32 weeks depending on the 20 modification (Skotte

et al., 2014). Whether these impressive qualities afford a thera-

peutic effect for modulating locomotor or cognitive deficits in

HD mouse models remains to be determined.

Concluding Remarks. Therapeutic strategies utilizing ASOs to

reduce mutant Htt have shown great promise in preclinical Hun-

tington’s disease animal models, and Htt lowering ASOs have

entered early-phase clinical studies in Europe (PRSNewswire,

2015). A mutant Htt allele-specific design seems advantageous,

as some evidence may point to the requirement of Htt in normal

cellular function, though lowering of Htt in mice and non-human

primates was well tolerated (Kordasiewicz et al., 2012) and may,

in fact, not be a concern. Regardless, ASOs that target toxic Htt

alone are currently undergoing development and comprehensive

characterization. Additional ASO designs, including morpholino

(Sun et al., 2014) or those targeting Htt by splicing manipulation

(Evers et al., 2014), may provide alternative strategies to reduce

Htt toxicity without lowering total protein.

Alzheimer’s Disease and Primary Tauopathies

One of the most devastating and common neurodegenerative

conditions is AD, which currently affects nearly 5.4 million indi-

viduals. As the population ages, the number of AD patients is ex-

pected to rise exponentially. The two major protein pathologies

associated with AD are amyloid beta (Ab) and tau. Abnormal ag-

gregation or mutation of tau extends beyond AD to several

neurodegenerative disorders, including corticobasal degenera-

tion (CBD), frontotemporal dementia with parkinsonism-17

(FTDP-17), progressive supranuclear palsy (PSP), and Pick’s

disease, collectively known as tauopathies. Although the molec-

ular cascades of disease pathogenesis are highly researched,

there are currently no effective therapies to stop disease pro-

gression and prevent cognitive decline. ASO application in AD

and tauopathies has, to this point, centered on preclinical

models targeted against proteins involved in amyloid formation

and tau deposition. In addition, several groups have recognized

the upregulation of miRNAs in the pathogenesis of AD and have

employed ASOs to target these molecules.

Amyloid Precursor Protein. The characteristic Ab plaque

pathology of AD arises through intracellular processing of the

amyloid precursor protein (APP). APP normally exists as a trans-

membrane protein with known cleavage sites for a-, b-, and

g-secretases but unknown physiological function. When APP is

cleaved by b- and g-secretase, the resulting Ab fragment can oli-

gomerize and form the insoluble fibrils and plaques present in

AD. APP mutations have been identified in a percentage of

human AD patients, accounting for a rare, rapid onset familial

form. Given its genetic link and originating role in Ab production,

APP can be overexpressed or mutated in mouse models to

derive AD pathology and behavioral abnormalities and is a pri-

mary target for ASO development.

APP-targeting ASO research has initially focused on develop-

ment of an APP-lowering ASO targeted against the region that

will become the central portion of the Ab protein (corresponding

to Ab amino acids 17–30), specifically between the sites of b- and
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g-secretase cleavage. Whereas these ASOs were modestly

effective at lowering APP protein and generated cognitive

improvements (Erickson et al., 2012; Kumar et al., 2000), both

the mouse model used and the route of ASO administration limit

interpretation of these results. Senescence-accelerated mouse-

prone (SAMP8) mice (Erickson et al., 2012; Kumar et al., 2000)

and, later, Tg2576 (K670M/N671L Swedish APP mutation; Farr

et al., 2014) were treated with peripheral injection of the ASO.

ASOs exhibit poor ability to cross the BBB, preventing clear in-

terpretations of ASO-mediated effects in these studies. In addi-

tion, the behavioral changes observed in SAMP8 mice may be

confounded by the naturally occurring neuropathological and

behavioral phenotype likely resulting from age-related changes

in numerous genes and proteins (Butterfield and Poon, 2005).

To date, these limitations have slowed the advancement of an

APP-targeted ASO strategy, and further studies with other

mouse models or improved delivery methods are necessary.

An alternative approach to reducing levels of APP is targeting

proteins involved in the production or clearance of Ab. Pharma-

cological b-secretase (BACE) inhibitors have achieved preclini-

cal success (Vassar, 2014) and have advanced into phase

II/III clinical trials (NCT02245737 and NCT02783573; https://

clinicaltrials.gov). Using an ASO, inhibition of BACEwas effective

at decreasing Ab fragments in rodent brain (McMahon et al.,

2003). Whereas exciting from a treatment perspective, BACE

reduction by ASO may carry several downsides associated

with altering normal BACE function, as several groups have re-

ported negative phenotypes in BACE-null mice (Dominguez

et al., 2005; Hu et al., 2006; Laird et al., 2005). Using a method

that avoids issues associated with complete loss of BACE

expression, researchers targeted the BACE cleavage site within

APP, demonstrating that weekly intraventricular ASO injections

in Tg2576 mice increased levels of soluble APPa and lowered

levels of acetylcholinesterase, a marker of Ab toxicity (Chauhan

and Siegel, 2007). Whereas these results suggest that b-secre-

tase activity was blocked, only modest effect sizes were re-

ported, and key neurodegenerative features of Tg2576 mice,

including plaque pathology and cognitive impairments, were

not addressed. Thus, the effectiveness of BACE targeting by

ASO is difficult to conclude at this stage.

Recently, ASO targeting of apolipoprotein E receptor 2

(ApoER2) has been tested, linking a potential ASO target to the

known AD risk gene, APOE. It is well established that the apoli-

poprotein isoform ApoE-ε4 confers a 2- to 12-fold risk for devel-

oping AD in humans, depending on the number of ε4 alleles

(Corder et al., 1993). Whereas the role of ApoER2 in mediating

AD pathogenesis is not fully understood, the receptor may

modulate APP localization and processing, resulting in increased

Ab production (Fuentealba et al., 2007; He et al., 2007), and its

different splice variants confer its ligand binding and signaling

function (Sun and Soutar, 1999). Specifically, inclusion of exon

19 in the ApoER2 gene enables interaction with NMDA receptors

to facilitate synaptic function and plasticity (Vollmer and Krieg,

2009). This splicing event at exon 19 appears deregulated in hu-

man AD and in aged mice (Hinrich et al., 2016). Restoration of

full-length ApoER2 via ASO-mediated splicing correction af-

forded improvements in synaptic function and cognitive

behavior in APP mutant mice (TgCRND8; Hinrich et al., 2016).
This study and those directed against APP or APP-processing

genes highlight the flexibility of ASOs in identifying potential tar-

gets and the variety of mechanisms—degradation or splicing

modulation—that can be harnessed for therapeutic gain.

Tau. The microtubule-associated protein, tau, is implicated in

AD pathogenesis and other neurodegenerative diseases known

as tauopathies. Under normal conditions, tau functions to stabi-

lize microtubules and may also be involved in intracellular

signaling, scaffolding, and neurogenesis (Morris et al., 2011). In

humans, tau is expressed as six different isoforms that differ

based on alternative splicing within the N terminus (0N, 1N,

and 2N) and repeat domain region of the tau (MAPT) gene.

This latter splicing event at exon 10 regulates expression of a

three-repeat or 3R (� exon 10) transcript and a four-repeat or

4R (+ exon 10) transcript. In disease, tau becomes abnormally

hyperphosphorylated and accumulates within neurons and is

associated with neuronal dysfunction and cell death. Therefore,

targeting of tau by itself with ASOs is a plausible therapeutic

intervention for tauopathies, some of which have known mecha-

nisms tied to the abnormal regulationMAPTmRNA viamutations

and altered isoform expression. Given the aggregation of tau and

recognized exon 10 splicing changes, there are two potential

therapeutic strategies for tauopathies: (1) lowering of total tau

by RNase-H-directed degradation and (2) lowering of 4R tau

alone by an ASO splicing strategy. The advantage of lowering to-

tal tau is the development of one therapeutic approach that

would work for all tauopathies. The advantage of specifically

reducing 4R taumay be its selectivity, leaving total tau unaltered.

Genetic deletion of tau inmice has shown no abnormalities (Itt-

ner et al., 2010; Roberson et al., 2007), and in adult mice,

lowering mouse tau with ASO for 1 month did not demonstrate

any behavioral defects (DeVos et al., 2013). This latter experi-

ment compares most closely to how and when ASOs might be

applied therapeutically and supports the safety of a total tau-

lowering strategy. In contrast, there are some reports demon-

strating synaptic abnormalities and cognitive impairment with

genetic deletion of tau in mice (Lei et al., 2012; Ma et al.,

2014). Overall, our interpretation of the current data is that

lowering tau will be well tolerated in humans, but further toxi-

cology data are needed in large animals to better assess this

outcome.

In human mutant (E10+14) tau-expressing mice, use of a tau-

targeted ASO significantly reduced total tau mRNA and protein

(Sud et al., 2014), confirming in vivo application. Although this

study did not assess pathological outcomes, an improvement

might be expected in light of previous findings in which doxycy-

cline-induced tau transgene suppression could halt tau aggre-

gates (Mocanu et al., 2008; Polydoro et al., 2013) and arrest

neuronal death and cognitive deficits (Santacruz et al., 2005).

In support of this work, ASO-mediated total tau reduction was

also highly effective in mitigating disease pathology. PS19

mice, expressing the P301SMAPTmutation, exhibit widespread

phosphorylated tau, neuronal loss, and premature death (Yosh-

iyama et al., 2007). However, when a tau-lowering ASO was

administered to aged PS19 mice, phosphorylated tau burden

was prevented, hippocampal neurons were spared, and survival

was significantly extended (DeVos et al., 2017). Furthermore, tau

reduction was evident in non-human primates following ASO
Neuron 94, June 21, 2017 1065

https://clinicaltrials.gov
https://clinicaltrials.gov


Neuron

Review
administration (DeVos et al., 2017). This study is the first to apply

a total tau-targeting ASO strategy to alter disease outcome and

provides critical support for a therapeutic tau ASO. In addition to

dementia, emerging evidence suggests tau may also mediate

hyperexcitability in neurodegenerative states (Holth et al.,

2013; Ittner et al., 2010; Roberson et al., 2007). To investigate

this link, ASOs designed to degrade endogenous tau were

used to investigate seizure outcomes in adult mice. Robust tau

knockdown afforded significant reductions in hyperexcitability

in two separate methods of seizure induction (DeVos et al.,

2013). These results not only support the association between

tau and hyperexcitability but also show that lowering tau could

be an important therapeutic for both tauopathies and epilepsy.

In light of the MAPT mutations identified in FTDP-17 that alter

splicing of exon 10, splicing alteration by ASO is an intriguing

treatment strategy. The majority of primary tauopathies exhibit

mutations within exon 10; thus, using splicing ASOs could be a

way to excise an existing mutation and correct deficits without

affecting total tau levels. Recently, ASOs were used to manipu-

late MAPT splicing in vivo, demonstrating that ASO-mediated

splicing toward increased 4R tau elevated aggregated tau,

increased seizure severity, and impaired nesting behavior

(Schoch et al., 2016), suggesting greater 4R is detrimental. The

reverse approach, an exon-10-skipping ASO to bias toward 3R

tau expression was also evaluated. In two human tau-expressing

mouse models, ASO treatment significantly shifted splicing pat-

terns to lower 4R tau without change to total tau levels (Schoch

et al., 2016). Tau-targeted splicing ASOs appear to be effective

based on their mRNA target sites, which can interfere with

splicing regulatory sequences or disruption of secondary

structural components necessary for interactions with splicing

factors. Whereas changes to neuronal cytoskeleton or other

function will be a consideration for future application in vivo,

these studies highlight the potential for corrections in tau splicing

for therapeutic development, especially in diseases affected by

exon/intron 10 mutations or splicing abnormalities.

miRNA Inhibition. Although tau- and Ab-targeting strategies

have dominated the field, research focused on miRNA changes

in AD is an exciting new area and introduces potential targets for

ASOs. Several regulatory miRNAs, including miR-34a and

miR-206, were found to be highly expressed in mouse models

of AD or postmortem human AD brain tissues (Faghihi et al.,

2010; Lee et al., 2012; Wang et al., 2009). ASOs targeted against

miR-34a, a likely regulator of the anti-apoptotic Bcl-2, resulted in

de-repression of Bcl-2 protein and decreased caspase-3 in APP/

presenilin 1 mutant mice (Wang et al., 2009). Thus, miR-34a inhi-

bition by ASOmay block cell death pathways occurring in neuro-

degeneration. In the Tg2576 mouse model, ASO inhibition of

miR-206, a predicted regulator of brain-derived neurotrophic

factor (BDNF), resulted in de-repression and normalization of

BDNF levels in multiple brain regions and improved memory

function (Lee et al., 2012). Similar results were seen with intra-

nasal delivery (Lee et al., 2012), highlighting this method as a

possible noninvasive delivery route for ASOs. Overall, miRNA

sequestration by ASO appears to modulate aspects of neurode-

generation that may prove beneficial as a treatment strategy.

Concluding Remarks. The various targets and pathogenic

mechanisms that mediate AD and tauopathies offer multiple
1066 Neuron 94, June 21, 2017
opportunities for intervention in human dementias. The most

straightforward approach, and one that can be achieved by

ASOs, is to reduce levels of pathogenic protein itself, namely

APP or tau. Whereas animal data thus far suggest that this will

be well tolerated, issues associated with disruption of the normal

protein function will remain a potential safety issue and will need

to be weighed against the severity of the disease being treated.

Creative developments in ASO design, including tau splicing

intervention or targeting regulatory miRNA pathways, are also

promising. ASO therapeutics for dementias are on a path toward

human clinical trials and will be an exciting area of translation.

Promise for ASO Therapeutics
ASOs hold considerable promise for neurodegenerative disease

therapies as evidenced by SMA and ALS human clinical trial

successes, and preclinical efforts in other CNS disorders

continue to progress. Although not discussed in detail here,

ASOs against ataxin-2 (ATNX2), a gene implicated in both spino-

cerebellar ataxia (SCA) type 2 and TDP-43-driven ALS, were

recently tested in vivo, generating promising results. ASO-medi-

ated ATNX2 reduction in two separate SCA mouse models

improvedmotor performance, corrected abnormal gene expres-

sion, and restored normal Purkinje cell electrophysiology

(Scoles et al., 2017). When tested in TDP-43 transgenic mice,

ATXN2-targeted ASOs afforded motor function improvements

and significantly extended survival (Becker et al., 2017). From

a therapeutic perspective, the use of ASO technology extends

far beyond the scope of neurodegenerative disorders. The

ASOs mipomersen (Kynamro) for familial hypercholesterolemia

(FDANewsRelease, 2013) and eteplirsen for Duchennemuscular

dystrophy (FDANewsRelease, 2016b) have been approved by

the FDA. In addition, ASOs are currently being investigated in

models and human patients for multiple sclerosis, cancer, and

cholesterol management. Even more targets for ASOs may

become available as more information regarding the pathogenic

role for specific genes or proteins emerges. Given their wide-

spread application, advancements in design, and achievements

in clinical application, ASOs continue to garner enthusiasm for

the treatment of many human diseases.

With the newness of ASO application to CNS disorders, there

are likely still many lessons to be learned regarding how to trans-

late preclinical results to human clinical trials. Whereas intra-

thecal delivery is safe and well tolerated, identifying an even

easier route of administration may be an important step to

achieve more ubiquitous application of this approach. To this

end, ASOs are constantly being modified and restructured in

order to enhance their target potency and improve delivery.

ASOs offer a possible treatment for neurodegenerative diseases,

and given their specificity, flexibility, and overall safety, we antic-

ipate a number of ASO clinical trials in the near future.
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Alló, M., Buggiano, V., Fededa, J.P., Petrillo, E., Schor, I., de la Mata, M.,
Agirre, E., Plass, M., Eyras, E., Elela, S.A., et al. (2009). Control of alternative
splicing through siRNA-mediated transcriptional gene silencing. Nat. Struct.
Mol. Biol. 16, 717–724.

Arnold, W.D., Porensky, P.N., McGovern, V.L., Iyer, C.C., Duque, S., Li, X.,
Meyer, K., Schmelzer, L., Kaspar, B.K., Kolb, S.J., et al. (2014). Electrophysi-
ological biomarkers in spinal muscular atrophy: preclinical proof of concept.
Ann. Clin. Transl. Neurol. 1, 34–44.

Arnold, W., McGovern, V.L., Sanchez, B., Li, J., Corlett, K.M., Kolb, S.J., Rut-
kove, S.B., and Burghes, A.H. (2016). The neuromuscular impact of symptom-
atic SMN restoration in a mouse model of spinal muscular atrophy. Neurobiol.
Dis. 87, 116–123.

Baughan, T.D., Dickson, A., Osman, E.Y., and Lorson, C.L. (2009). Delivery of
bifunctional RNAs that target an intronic repressor and increase SMN levels in
an animal model of spinal muscular atrophy. Hum. Mol. Genet. 18, 1600–1611.

Bayever, E., Iversen, P.L., Bishop, M.R., Sharp, J.G., Tewary, H.K., Arneson,
M.A., Pirruccello, S.J., Ruddon, R.W., Kessinger, A., Zon, G., et al. (1993). Sys-
temic administration of a phosphorothioate oligonucleotide with a sequence
complementary to p53 for acute myelogenous leukemia and myelodysplastic
syndrome: initial results of a phase I trial. Antisense Res. Dev. 3, 383–390.

Becker, L.A., Huang, B., Bieri, G., Ma, R., Knowles, D.A., Jafar-Nejad, P.,
Messing, J., Kim, H.J., Soriano, A., Auburger, G., et al. (2017). Therapeutic
reduction of ataxin-2 extends lifespan and reduces pathology in TDP-43
mice. Nature 544, 367–371.

Bennett, C.F., and Swayze, E.E. (2010). RNA targeting therapeutics: molecular
mechanisms of antisense oligonucleotides as a therapeutic platform. Annu.
Rev. Pharmacol. Toxicol. 50, 259–293.

Bogdanik, L.P., Osborne, M.A., Davis, C., Martin, W.P., Austin, A., Rigo, F.,
Bennett, C.F., and Lutz, C.M. (2015). Systemic, postsymptomatic antisense
oligonucleotide rescues motor unit maturation delay in a new mouse model
for type II/III spinal muscular atrophy. Proc. Natl. Acad. Sci. USA 112,
E5863–E5872.

Bottros, M.M., and Christo, P.J. (2014). Current perspectives on intrathecal
drug delivery. J. Pain Res. 7, 615–626.

BusinessWire (2016). Biogen and Ionis Pharmaceuticals report nusinersen
meets primary endpoint at interim analysis of phase 3 ENDEAR study in infan-
tile-onset spinal muscular atrophy. http://www.businesswire.com/news/
home/20160801005435/en/Biogen-Ionis-Pharmaceuticals-Report-Nusinersen-
Meets-Primary.

Butovsky, O., Jedrychowski, M.P., Cialic, R., Krasemann, S., Murugaiyan, G.,
Fanek, Z., Greco, D.J., Wu, P.M., Doykan, C.E., Kiner, O., et al. (2015). Target-
ing miR-155 restores abnormal microglia and attenuates disease in SOD1
mice. Ann. Neurol. 77, 75–99.

Butterfield, D.A., and Poon, H.F. (2005). The senescence-accelerated prone
mouse (SAMP8): a model of age-related cognitive decline with relevance to al-
terations of the gene expression and protein abnormalities in Alzheimer’s dis-
ease. Exp. Gerontol. 40, 774–783.

Carthew, R.W., and Sontheimer, E.J. (2009). Origins and mechanisms of
miRNAs and siRNAs. Cell 136, 642–655.

Cerritelli, S.M., and Crouch, R.J. (2009). Ribonuclease H: the enzymes in eu-
karyotes. FEBS J. 276, 1494–1505.

Chauhan, N.B., and Siegel, G.J. (2007). Antisense inhibition at the beta-secre-
tase-site of beta-amyloid precursor protein reduces cerebral amyloid and
acetyl cholinesterase activity in Tg2576. Neuroscience 146, 143–151.

Chiriboga, C.A., Swoboda, K.J., Darras, B.T., Iannaccone, S.T., Montes, J., De
Vivo, D.C., Norris, D.A., Bennett, C.F., and Bishop, K.M. (2016). Results from a
phase 1 study of nusinersen (ISIS-SMN(Rx)) in children with spinal muscular
atrophy. Neurology 86, 890–897.

Clavaguera, F., Bolmont, T., Crowther, R.A., Abramowski, D., Frank, S.,
Probst, A., Fraser, G., Stalder, A.K., Beibel, M., Staufenbiel, M., et al. (2009).
Transmission and spreading of tauopathy in transgenic mouse brain. Nat.
Cell Biol. 11, 909–913.

Corder, E.H., Saunders, A.M., Strittmatter, W.J., Schmechel, D.E., Gaskell,
P.C., Small, G.W., Roses, A.D., Haines, J.L., and Pericak-Vance, M.A.
(1993). Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s
disease in late onset families. Science 261, 921–923.

Crisp, M.J., Mawuenyega, K.G., Patterson, B.W., Reddy, N.C., Chott, R., Self,
W.K.,Weihl, C.C., Jockel-Balsarotti, J., Varadhachary, A.S., Bucelli, R.C., et al.
(2015). In vivo kinetic approach reveals slow SOD1 turnover in the CNS. J. Clin.
Invest. 125, 2772–2780.

Crooke, S.T. (2007). Antisense Drug Technology: Principles, Strategies, and
Applications, Second Edition (Boca Raton, FL: CRC Press).

d’Ydewalle, C., Ramos, D.M., Pyles, N.J., Ng, S.Y., Gorz, M., Pilato, C.M.,
Ling, K., Kong, L., Ward, A.J., Rubin, L.L., Rigo, F., Bennett, C.F., and Sumner,
C.J. (2017). The antisense transcript SMN-AS1 regulates SMN expression and
is a novel therapeutic target for spinal muscular atrophy. Neuron 93, 66–69.

Davis, S., Lollo, B., Freier, S., and Esau, C. (2006). Improved targeting of
miRNA with antisense oligonucleotides. Nucleic Acids Res. 34, 2294–2304.

Davis, S., Propp, S., Freier, S.M., Jones, L.E., Serra, M.J., Kinberger, G., Bhat,
B., Swayze, E.E., Bennett, C.F., and Esau, C. (2009). Potent inhibition of micro-
RNA in vivo without degradation. Nucleic Acids Res. 37, 70–77.
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