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Exon skipping and 
neuromuscular disease
There has been considerable progress 
toward using exon skipping for therapeu-
tic intent for inherited muscle diseases in 
humans. Significant efforts have focused 
on such strategies for treating Duchenne 
muscular dystrophy (DMD), a lethal 
X-linked recessive disorder caused by 
mutations in the gene encoding dystro-
phin (reviewed in ref. 1). In the case of 
DMD, exon skipping is applied to convert 
out-of-frame mutations that ablate pro-
tein expression to those mutations that 
restore the open reading frame, thereby 
converting severe disease to milder dis-
ease. A primary antisense oligonucleo-
tide (ASO) strategy in clinical develop-
ment targets exon 51 of the dystrophin 
gene, as exon deletions proximal to this 
region are a relatively common cause 
of DMD. In the setting of these specific 
exon deletions, ASO-mediated exclusion 
of exon 51 generates in-frame mature 
RNA transcripts and rescues protein 
expression. The protein encoded by the 
ASO-modified transcript results in a rel-
atively small internal deletion of the dys-
trophin protein (2).

Moving ASOs beyond DMD
With progress, ASO exon skipping 
approaches are now moving beyond the 
original DMD paradigm. Strategies for 
exon skipping have been developed for 
a number of neuromuscular conditions, 
including limb girdle muscular dystro-
phy (3), Pompe disease (4), cardiomyop-
athies (5, 6), and cystic fibrosis (7). Other 
approaches toward treating laminopa-
thies have also been tested (8). For DMD, 
approaches extend beyond correction of 
the dystrophin gene and include combining 
ASO exon skipping with targeted reduction 
of myostatin (9, 10). ASO-induced exon 
skipping may be useful beyond rare genetic 
diseases, extending to disorders like rheu-
matoid arthritis (11) and cancer (12).

A strategy to treat 
laminopathies
In this issue, Lee and colleagues piloted an 
ASO-directed approach to treat Hutchin-
son Gilford progeria syndrome (HGPS) 
(13), a rare disorder that is often associated 
with a de novo dominant mutation in the 
lamin A/C (LMNA) gene that disrupts the 
processing of lamin A (14). Lamin A and 
lamin C are produced from a single gene 

through alternative splicing and together 
form the core filamentous structure that 
lines the inner nuclear membrane (Figure 
1). Lamin A is initially produced as prelamin 
A, which includes an additional 98 amino 
acids at the carboxy terminus. Embedded 
in the last four amino acids of prelamin A 
are signals that direct farnesylation, which 
is linked to cleavage and processing to 
help localize mature lamin A at the inner 
nuclear membrane. Lamin C is encoded 
by an alternative splice form that termi-
nates in exon 10 and does not undergo this 
maturation process. The de novo HGPS-
causing mutation (c.1824 C>T) disrupts 
splicing and leads to excess accumulation 
of prelamin A, also called progerin.

Lee et al. designed and tested ASOs 
to shift the balance of splicing to encode 
less lamin A and more lamin C (13). The 
rationale for this shift was justified by pre-
vious observations in lamin C–only mice, 
which, by genetic design, do not express 
lamin A in favor of lamin C (15). Despite 
the loss of lamin A, lamin C–only mice 
have no discernible phenotype, suggesting 
that changing the lamin A/C ratio toward 
lamin C could be an effective strategy to 
treat HGPS and other LMNA-related dis-
eases. Mutations in LMNA produce a wide 
array of genetic diseases. The most com-
mon LMNA mutant phenotypes induce 
myopathic processes that affect the heart 
and skeletal muscle (16); however, LMNA 
mutations also cause lipodystrophy- 
related phenotypes, bony malformation 
syndromes, and the premature aging 
phenotype seen in HGPS (16). Notably, 
the majority of LMNA mutant–related 
phenotypes are dominant; therefore, any 
ASO-targeted approach must specifically 
target the mutant allele and not the WT 
allele. Given that most mutations in LMNA 
are single nucleotide changes, it has 
proven challenging to design ASOs that 
preferentially target the mutant alleles. In 
such cases, off-target effects that affect 
the normal allele could result in knock 
down of the entire gene product, leading 
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thioate linkages in 2′OMePS may prolong 
ASO half life and differ from the neutrally 
charged PMO, although the negatively 
charged moieties are thought to interact 
with TLRs, potentially triggering a greater 
inflammatory response (reviewed in ref. 
2). Recently, tricyclo-DNA–modified ASO 
compounds have been tested in the mdx 
model for DMD and have been demon-
strated to have better penetration into the 
heart and brain (19). Newer chemistries 
are emerging, and these are anticipated to 
improve ASO potency through affinity as 
well as a reduced side effect profile (20).

The splice age
As we move into the era of precise molec-
ular correction, there are considerable 
limitations in moving these therapies into 
humans (21). In many instances, ASO-
mediated exon skipping is only able to tar-
get subgroups of individuals with rare dis-
eases, often requiring precise sequences 
designed to treat personalized diseases. 
Current regulatory procedures are not 
well suited to evaluate this type of rare 
disease treatment, and the path forward 
may require modification of the regula-
tory process. Treatment with ASOs is also 
expected to require lifelong administra-
tion and be costly, another significant bar-
rier to implementing ASO exon skipping as 
a treatment for disease. As we look to the 
horizon, gene editing using CRISPR/Cas9 
may develop based on similar principles to 
ASO-induced exon skipping and similarly 
may require precise treatment design for 
individual patients. Indeed, three recent 
studies have shown that such genome 
editing is able to at least partially restore 
dystrophin expression and improve skel-

laminopathies is challenged by the need 
to deliver systemic therapy and to do so 
with targeted efficacy. A potential attrac-
tion of ASOs is their comparative ease of 
delivery, as ASOs are small compounds 
that can be delivered subcutaneously or 
intravenously to achieve a systemic effect. 
While oral delivery has not yet been pos-
sible, systemic delivery is. Among ASOs, 
there are cell- and tissue-type differences 
in uptake, and cell penetration varies with 
ASO chemistry. The safety and efficacy of 
ASO-directed treatment is currently being 
evaluated in humans in phase I and II clin-
ical trials for DMD (18), myotonic dystro-
phy (NCT02312011), and spinal muscular 
atrophy (NCT02193074). With this prog-
ress, the field is now turning to evaluating 
ASOs for potential utility in treating both 
genetic and nongenetic disorders.

Old and new chemistry  
for ASOs
ASO chemistry is evolving, and newer 
modifications are designed to improve 
ASO pharmacokinetics. Considerable 
effort has gone into modifying nucleotides 
to improve their target affinity, ability to 
penetrate cells, systemic stability, and 
resistance to degradation by nucleases. 
Distinct from RNA approaches directed 
at silencing mutant alleles, ASOs for exon 
skipping are designed to avoid RNase 
H–mediated RNA degradation, thereby 
preserving a mature, modified, protein-
coding transcript. Two common chemis-
tries used for exon-skipping ASOs include 
2′-O-methyl phosphorothioate (referred 
to as 2′OMePS) and phosphorodiamidate 
morpholino oligomer (referred to as PMO). 
The negative charges on the phosphoro-

to unwanted toxicity. To circumnavigate 
this potential side effect, Lee et al. used an 
approach that could alter both mutant and 
WT alleles by targeting exon 11 sequences.

The effect of exon 11 ASO–mediated 
targeting was tested in murine and human 
fibroblasts (13). This approach increased 
lamin C expression and partially rescued 
the HGPS phenotype in vitro. HGPS cells 
were similarly exposed to exon 11 ASOs to 
confirm that ASO-induced exon skipping 
did not inadvertently increase prelamin A 
levels. Further investigation showed that 
exon splice enhancer–binding sequences 
are conserved between mouse exon 11 
and human exon 11. Moreover, Lee et al. 
demonstrated a role for serine/arginine- 
rich splicing factor 2 (SRSF2, also known 
as SC35) in the regulation of LMNA splic-
ing (13). ASO-mediated exon skipping 
was evaluated in a novel mouse model 
that carries the HGPS-associated G609G 
mutation. Based on observed outcomes in 
a previously generated transgenic model 
of HGPS, the most reliable disease pheno-
type in this new progeria mouse model is 
the loss of smooth muscle cells in a variety 
of tissues (17). Vascular abnormalities are 
a key aspect of the HGPS disease process, 
and treatment of G609G-expressing mice 
with exon 11 ASOs reduced adventitial 
fibrosis and improved vascular smooth 
muscle cell numbers. Together, these 
findings support the use of exon skipping 
to treat HGPS and to potentially treat any 
LMNA-associated disease that results 
from mutations in exon 11 or 12.

The ASO strategy
The use of molecular correction to treat 
disorders like muscular dystrophies or 

Figure 1. A schematic of the LMNA gene, which spans approximately 25 kbp on chromosome 1 and encodes lamin A and lamin C. (A) Lamin A and 
lamin C are produced from a single gene through alternative splicing. (B) Laminopathies result from mutations that alter lamin A processing. ASOs were 
designed to target exon 11 to shift the ratio of lamin A–encoding mRNA to lamin C–encoding mRNA. This strategy would treat laminopathies due to muta-
tions in exon 11 and 12. Exons 1–12 are shown.
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etal muscle function in dystrophic mice  
(22–24). While this offers tremendous 
promise as curative strategy for genetic 
disease, many hurdles exist before human 
clinical implementation. Thus, utiliza-
tion of ASOs may prove to be an effi-
cient bridge between current therapeutic 
options and the future of genetic medicine 
at the molecular, therapeutic, and regula-
tory levels. Welcome to the splice age.
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