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Duchenne muscular dystrophy is a fatal muscle disease, caused
bymutations inDMD, leading to loss of dystrophin expression.
Phosphorodiamidate morpholino splice-switching oligonucle-
otides (PMO-SSOs) have been used to elicit the restoration
of a partially functional truncated dystrophin by excluding
disruptive exons from the DMD messenger. The 30-mer
PMO eteplirsen (EXONDYS51) developed for exon 51 skipping
is the first dystrophin-restoring, conditionally FDA-approved
drug in history. Clinical trials had shown a dose-dependent var-
iable and patchy dystrophin restoration. The main obstacle for
efficient dystrophin restoration is the inadequate uptake of
PMOs into skeletal muscle fibers at low doses. The excessive
cost of longer PMOs has limited the utilization of higher
dosing. We designed shorter 25-mer PMOs directed to the
same eteplirsen-targeted region of exon 51 and compared their
efficacies in vitro and in vivo in the mdx52 murine model. Our
results showed that skipped-dystrophin induction was compa-
rable between the 30-mer PMO sequence of eteplirsen and one
of the shorter PMOs, while the other 25-mer PMOs showed
lower exon-skipping efficacies. Shorter PMOs would make
higher doses economically feasible, and high dosing would
result in better drug uptake into muscle, induce higher levels
of dystrophin restoration in DMD muscle, and, ultimately,
increase the clinical efficacy.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is a severe, X-linked, recessive
muscle disease caused by frameshifting or nonsense mutations in the
dystrophin gene (DMD) that lead to progressive muscle weakness and
death by respiratory and cardiac failure in the second or third decade
of life. There is an unmet medical need for the treatment of this lethal
disorder.DMD is the largest known human gene, with 79 exons span-
ning about 2.3 Mb of genomic DNA on the X chromosome and en-
coding a 14-kb mRNA.1,2 Intragenic deletions are the most common
mutations inDMD, encompassing one or more exons and accounting
for approximately two-thirds of patients. DMD with open-reading-
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frame-disrupting mutations results in marked dystrophin deficiency
in all muscles of patients with DMD.3 Dystrophin is a structural pro-
tein that localizes beneath the sarcolemma and connects the cytoskel-
eton of muscle fibers to the surrounding basal lamina as a part of the
dystrophin-associated glycoprotein complex (DGC).4,5 The absence
of dystrophin destabilizes the DGC and results in a large reduction
of DGC components, rendering the sarcolemma susceptible to dam-
age from muscle contraction and leading to a loss of critical signaling
events governed by the DGC.6 The allelic disorder, Becker muscular
dystrophy (BMD), has a milder disease progression since the causa-
tive mutations maintain the DMD open reading frame and result in
an internally truncated but partially functional protein. BMD patients
show variable phenotypes, ranging from asymptomatic to severe,
which depend on the mutation and the resulting protein defect.7

Chemically modified splice-switching oligonucleotides (SSOs) are
used to interfere with the splicing process of a specific pre-mRNA
by binding to cis-acting splicing regulatory elements to exclude
reading-frame-disrupting exons from the mature transcript. The
restoration of the reading frame by SSOs results in the expression
of a shorter dystrophin protein, which lacks some internal spectrin
domains but retains the crucial functional elements, resembling the
situation in BMD patients. Extensive clinical experience has been
gained by the systemic administration of SSOs in patients with
DMD who have mutations amenable to exon 51 skipping. This con-
stitutes about 13% of all the DMD patients and the largest DMD
group. Dystrophin-restoring therapies are currently in clinical devel-
opment, including exon-skipping approaches with SSOs.8,9 Exon
skipping is a mutation-specific personalized medicine approach and
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://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2018.10.002
mailto:sebahattin.cirak@uk-koeln.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2018.10.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


www.moleculartherapy.org
covers potentially 70% of all patients with DMD.10,11 The proof of
principle was demonstrated in the mdx mouse model of DMD and
DMD-patient-derived myoblasts.12,13 Both studies had shown dystro-
phin expression with the proper localization, and preclinical in vitro
studies had confirmed an internal region within exon 51 of DMD as
the most effective target candidate for exon 51 skipping.14,15 This re-
gion has been targeted in preclinical animal model studies and clinical
trials mainly with two different SSO backbones, the 20 O-methyl
phosphorothioate (2OMePS) backbone and the phosphorodiamidate
morpholino (PMO) backbone.8,16 These backbone chemistries
drive their pharmacokinetic properties, safety, and tolerability.17 In
early 2016, the U.S. Food and Drug Administration (FDA) rejected
the approval of drisapersen due to an insufficient clinical benefit
and toxicity issues that limited dosing18 (https://www.drugs.com/
history/kyndrisa.html). In contrast, eteplirsen has shown to be safe,
but rapid clearance from circulation seems to limit its efficient deliv-
ery to muscle fibers.19 However, there is a controversial debate in the
scientific literature on exon-skipping efficacy.19,20 The FDA condi-
tionally approved EXONDYS51 (eteplirsen), developed for exon 51
skipping of DMD pre-mRNA, on the basis of the surrogate endpoint
of dystrophin restoration in skeletal muscles of patients with DMD.
However, the limited evidence of functional clinical benefits caused
a debate due to the low sample size of 12 patients and the open-label
study8,9 (FDA application no. 206488Orig1s000).

Systemic delivery of eteplirsen to patients with DMD has been shown
to induce dose-dependent, low-level dystrophin restoration; however,
a variable and patchy dystrophin expression was also observed.8,9

Importantly, restoration of dystrophin by eteplirsen showed relocal-
ization of DGC proteins, including neuronal NOS, to the sarcolemma
of myofibers.8,21

The low-level expression of dystrophin observed in clinical trials with
eteplirsen may have likely limited the clinical benefit. Asymptomatic
patients with BMD have relatively more dystrophin expression than
patients with mild or severe BMD.7 Moreover, in mdx mice, higher
doses of PMOs correlated with greater expression of dystrophin,
with a concomitant reduction in degenerated regions, reduced in-
flammatory infiltrates in the diaphragm, and almost abolished the
muscular dystrophy.22,23 In order to increase the amount of restored
dystrophin, an obvious approach would be to increase the PMO dose
that is administered. Preclinical studies with cynomolgusmonkeys re-
vealed that increasing the dose of eteplirsen up to 10-fold that had
been used in clinical trials was well tolerated, with no observable
serious adverse effects in the short term.24

The relatively short half-life of PMOs in plasma (1.62–3.60 hr),
together with the recent finding that its uptake is restricted to actively
regenerating myofibers, seems to limit its overall efficacy at lower
doses, which had been used in the clinical trials so far.8,25 In clinical
trials, the level of restored dystrophin by western blot was 0.93%
in eteplirsen-treated DMD patients after 180 weeks of admin-
istration, compared to healthy individuals (FDA application no.
206488Orig1s000). Since the amount of dystrophin required for sub-
stantial clinical benefit in DMD patients was estimated to be least 10%
of normal levels with body-wide distribution, the restored dystrophin
levels observed in clinical trials currently by eteplirsen are rather
suboptimal.26

On the other hand, the excessive cost of eteplirsen, about $300,000 per
patient annually, limits the administration of high doses to DMD pa-
tients (https://www.raredr.com/news/duchenne-drug-to-cost-300k).
To overcome the dose limitation, we investigated whether the use
of shorter PMOsmay also be efficient in exon skipping in DMD, since
shorter PMO-SSOs make higher dosing economically feasible. We
used shorter 25-mer PMOs targeting the same region on exon 51 as
the PMO sequence of eteplirsen and compared their efficacies on a
dystrophin-null, exon-52-deleted H2K-mdx52 mouse myoblast cell
line and in the mdx52 dystrophin-null mouse model.

RESULTS
Dose-Response In Vitro Exon-Skipping Assay

In order to establish an experimental quantitative exon-skipping
assay aiming to show that 25-mer PMOs were sufficient and equiva-
lent to 30-mer PMOs, we first used PMOE23 for skipping of exon 23
in H2K-mdx23 myoblasts. Two Dmd mRNA amplicons were
observed on agarose gels (Figure S1), with the 519-bp amplicon cor-
responding to a Dmd transcript including exon 23 (unskipped) and
the shorter 306-bp amplicon lacking the exon 23 (skipped), which
was further validated as the skipped transcript by Sanger sequencing
(Figure S2). Nested RT-PCR analysis revealed that exon 23 was skip-
ped by PMOE23 in a dose-dependent manner, with the highest effi-
cacy at 3,000 nM and the lowest efficacy at 300 nM. Neither a skipped
band nor unspecific bands were observed in cells treated with less
than 300 nm PMOE23 or in cells that were treated with scramble
PMO (Figure S1). Expression of alpha-actinin in both cells trans-
fected with either scrambled PMO or PMOE23 confirmed that the
transfection and also the different doses of PMO tested do not impair
proper myogenic differentiation (Figure S1).

25-mer PMOs for Exon 51 Skipping

We designed three shorter PMOs, targeting the same exon 51 region
on theDmd as the PMO sequence of eteplirsen (Etep) but 5 bp shorter
(25-mer). Etep-Upstream corresponds to the first 25 bases from the 50

end of Etep, Etep-Middle covers from the 4th to the 28th base of the
Etep sequence, and Etep-Downstream matches the last 25 bases of
Etep (Figure 1B). H2K mdx52 myoblasts were transfected with Etep
or the shorter PMOs to determine and compare the effective doses
for exon 51 skipping. Expression of alpha-actinin validated that
neither transfection conditions nor the different doses of each PMO
tested impaired or affected propermyogenic differentiation (Figure 2).
Nested RT-PCR of theDmd transcript generated two different ampli-
cons: a 422-bp amplicon that corresponds to the Dmd transcript con-
taining exon 51 (unskipped) and a 189-bp amplicon that corresponds
to the Dmd transcript lacking exon 51 (skipped) (Figures 1A and 2).
The shorter band was validated by Sanger sequencing as the skipped
amplicon (Figure S2). Both Etep and the shorter PMOs showed
similar exon-51-skipping activity. All of them skipped exon 51 in a
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Figure 1. Representation of Exon 51 Skipping in Dmd

Pre-mRNA by PMO-SSOs in H2K-mdx52 Cells

(A) Schematic depiction of Dmd pre-mRNA indicates the

relative positions of exons (boxes with numbers), flanking

introns (blue lines), disruption of the reading frame by the

deletion of exon 52 in the H2K-mdx52 cell line, and relative

position of the binding site to the PMOs on exon 51 (green

line). The exon 52 deletion disrupts the open reading frame.

Skipping of exon 51 by Etep and the shorter PMOs restores

the downstream reading frame of Dmd mRNA. Arrows on

Dmd-mRNAs indicate relative positions of the primers for

the nested PCR (black arrows indicate outer primers, and

blue arrows indicate inner primers). Nested PCR generates

two amplicons, which correspond to unskipped mRNA

(422 bp) and skipped mRNA (189 bp). (B) The target

sequence within exon 51 of Dmd pre-mRNA and se-

quences of Etep and shorter PMOs with binding positions.

The PMOs are antisense compounds that have reverse-

complementary sequences to the target sequence within

exon 51.
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dose-dependent manner, with 100 nM as the lowest PMO concentra-
tion that exhibited skipping (Figures 2A and S3).

Quantification of the relative intensity of the bands corresponding
to skipped and unskipped transcripts were performed to assess
PMO-induced exon-51-skipping efficacy. The best skipping efficacy
was observed for Etep, ranging from 9.5 to 78.5% skipping. The effi-
cacy of Etep-Upstream was comparable with that of Etep, between
10.9 and 72.9%, while Etep-Middle and Etep-Downstream showed
lower efficacies than those of Etep and Etep-Upstream and ranged be-
tween 4.3% and 41.9% and between 4.5% and 58%, respectively
(Figure 3A).

In order to identify whether the dose of each PMO is able to induce
equal amounts of skipped and unskippedDmdmRNA, dose-response
curves of normalized relative expressions of both Dmd transcripts
were plotted on the same graph (Figure 3B). The intersection point
of the two curves was determined as the PMO concentration that
gives rise to equal expression. These calculations revealed that
approximately 900 nM Etep yielded equal amounts of skipped and
unskipped transcripts under experimental conditions, while, for the
shorter PMOs, 1,260 nM Etep-Upstream, 2,530 nM Etep-Down-
stream, and 3,370 nM Etep-Middle were required. Altogether, these
analyses showed that skipping of Dmd exon 51 by PMOs is inducible
in a dose-dependent manner and that the shorter PMOs achieve a
skipping effect comparable to that of the 30-mer PMOs at higher
concentrations. We found that targeting the same sequence on the
pre-mRNA with PMOs that have 5-nt differences results in different
skipping efficacies. Higher concentrations up to 10 mM of the PMOs
were also tested to examine whether the shorter PMOs might be able
to saturate and reach the Etep exon-51-skipping activity levels if the
concentration increases. While Etep-Upstream and Etep-Down-
stream reached the same efficacy as Etep at the 10-mM concentration,
Etep-Middle showed considerably lower activity (Figure 2B).
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Ultimately, we validated the restoration of dystrophin protein expres-
sion by shorter PMOs in the dystrophin-nullmdx52mice. The tibialis
anterior (TA) muscles of mdx mice were injected intramuscularly
with 5 mg and 20 mg of each PMO. Samples were collected for immu-
nofluorescence analysis of dystrophin 2 weeks after injection. Both
doses of all PMOs induced dystrophin expression. Widely distributed
dystrophin-expressing myofibers confirmed the ability of shorter
PMOs to induce dystrophin restoration in vivo (Figure 4). The per-
centage of dystrophin-positive fibers ranged from 3.8 to 14.0, but
no significant difference was found between different PMOs and
different doses of each PMO (Table S2). Additionally, dystrophin
expression levels of dystrophin-positive fibers were compared among
the treatment groups. The 5-mg and 20-mg doses of each PMO yielded
similar dystrophin expression levels per dystrophin-positive fiber,
indicating that, already at 5 mg, we reached a local intramuscular satu-
ration (Figure S4). Local saturation provides an experimental system
that allows us to test the effect of the PMO sequences on dystrophin
restoration in vivo, since the PMO sequences are the only variable
after local PMO saturation of muscle. Indeed, dystrophin restoration
levels by the PMOs in vivo were comparable with the exon-skipping
efficacies of the PMOs at high doses in vitro (Figures 5 and S4;
Table S3). Etep-Upstream and Etep-Downstream showed dystrophin
intensities in dystrophin-positive fibers that were similar to those of
Etep, but Etep-Middle showed considerably lower dystrophin
induction. The in vivo dystrophin intensity analyses of the dystro-
phin-positive fibers validated the effect of the sequence design on
exon-skipping efficacy and are consistent, with our in vitro results.

DISCUSSION
In the present study, we used shorter PMOs as a new alternative to
reduce the cost of PMO synthesis in order to permit higher doses
at the same or lower economic costs as eteplirsen. Using higher doses
of shorter PMOs may increase dystrophin restoration. We used three
different 25-mer PMOs that target the same region of Dmd exon 51



Figure 2. Nested RT-PCR Analysis of the

Transfected H2K mdx52 Cells Showing Exon 51

Skipping Induced by the Etep and the Shorter PMOs

Following 24 hr of induction of differentiation, the cells

were transfected with the indicated concentrations of

the PMOs, and skipping efficacy was analyzed 48 hr post-

transfection. Agarose gel electrophoresis shows un-

skipped and exon-51-skipped transcripts of Dmd (illus-

trated by boxes with exon numbers). Biological triplicates

were performed for each condition. Alpha-actinin (aAct)

amplification indicates the proper differentiation of myo-

blasts to myotubes. First and last lines indicate the DNA

ladder (a 100-bp ladder), and NTC is the non-template

control. All PMOs exhibited a concentration-dependent

increase in exon 51 skipping. (A) Transfection at concen-

trations ranging from100nM to3,000 nM. (B) Transfection

at concentrations ranging from 1 mM to 10 mM.
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pre-mRNA as the PMO sequence of eteplirsen (Etep) with 2–3 bases
shifting along the binding site of Etep (Figure 1B). Our results indicate
that there is a dose-dependent interaction between the target
sequence and PMOs; higher doses of the PMOs result in a greater
skipping activity. In order to compare the PMO efficacies, we used
two different evaluation methods: first, a comparison of the exon-
skipping percentages after treatment; and, second, we measured the
dose required for the different PMOs to reach the equivalent amounts
of skipped and unskipped transcripts. Among the four PMOs, Etep
and Etep-Upstream showed the highest and most comparable skip-
ping percentages, while the other two had considerably lower values
(Figure 3A). Using the second method by plotting the overlap be-
tween the dose-response curves for the skipped and unskipped tran-
scripts, we determined the intersection point of the curves as the dose
of 50% exon skipping; we name this PMO concentration the PMO50.
Similar PMO50 levels were obtained for Etep and Etep-Upstream, but
the other two shorter PMOs required much higher doses to reach the
PMO50 intersection (Figure 3B). Our calculation indicated that the
dose-response relationship between PMOs and target sequences is
not linear. One possible reason for the non-linear response could
be that the competition between splice regulatory factors and
PMO-SSOs to the target mRNA sequence may deviate from the pro-
portional skipping response. Splicing occurs together with transcrip-
tion, and co-transcriptional pre-mRNA folding leads to transient sec-
ondary structures. These transient pre-mRNA secondary structures
are real targets for both the SSOs and the splicing factors. In order
to exhibit their skipping ability, SSOs should bind to target sites before
the splicing regulatory factors.27,28 To test whether exon-skipping
saturation could be also achieved by shorter PMOs, we also tested
the exon-skipping efficacies of the PMOs at higher concentrations
(Figure 2B). Etep-Downstream reached, at a 10-mM transfection con-
Molecular Therap
centration, the same exon-skipping efficacy as
those of Etep-Upstream and Etep.

Our in vitro data indicate that shortening the
length of PMOs to reduce the cost of treatment
may yield the same efficacy as longer PMOs if higher doses are used.
However, positioning the shorter PMOs along the target sequence has
a great influence on exon-skipping efficacy. Even though the 25-mer
PMOs only had 2- to 3-base differences in their sequence design, each
of the shorter PMOs exhibited a different exon-skipping efficacy (Fig-
ure 3). Several reasons may explain this observation, such as the
accessibility of the target sequence due to the physical pre-mRNA
conformation, competition with splice regulatory factors, and the sta-
bility of the hetero-duplex between the target sequence and the SSO.29

Determining the optimal SSOs for exon skipping has drawn specific
attention due to the insufficient outcomes in clinical trials.30–32 By
using in silico prediction tools and in vitro screening approaches,
Echigoya et al. have defined 30-mer PMOs with better exon-skipping
efficacy than eteplirsen; these PMOs targets the initial 50 site of the
exon 51 instead of the internal region targeted by eteplirsen.30 How-
ever, shortening the length of their best effective PMO from a 30-mer
to a 25-mer resulted in less efficient skipping.30 One reason for the
reduced efficacy might be improper positioning along the candidate
target sequence; another reason might be that distinct target se-
quences have their own skipping constraints.33,34 In addition to the
in vitro efficacy testing of shorter PMOs, we validated the dystrophin
restoration by the shorter 25-mer-PMOs via intramuscular injections
into the dystrophin-null mdx52 mice (Figure 4). We used two ap-
proaches to compare the dystrophin restoration efficacy. While the
percentage of the dystrophin-positive fibers did not show a significant
difference between the PMOs (Table S2), the semiquantitative dystro-
phin intensity analyses of dystrophin-positive fibers revealed an effect
of sequence design on dystrophin restoration (Figures 5 and S4; Table
S3). The intramuscular injection approach for PMO testing has some
technical challenges, including unequal distribution of the PMOs
along the muscle and precise sectioning of the injected region, but
y: Nucleic Acids Vol. 13 December 2018 537
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Figure 3. Exon-51-Skipping Efficacies of Etep and the Shorter PMOs in the H2K mdx52 Cells

Agarose gel band intensities of PCR products ofDmd and alpha-actinin were quantified from the corresponding gels (Figure 2A). (A) Percentage of exon 51 skipping induced

by each PMO at different concentrations. Skipping percentages were calculated as (normalized relative expression of the skipped transcript/[normalized relative expression

of the skipped + normalized relative expression of the unskipped transcripts])� 100. (B) Dose-response curves of normalized relative expressions of skipped and unskipped

Dmd transcripts for the PMOs. The curves of the Dmd transcripts were plotted on the same graphic for each PMO to show and compare the relative expression levels of

skipped and unskipped transcripts in response to different concentrations of PMOs. Error bars represent SD.
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it also has some advantages. Additionally, the intramuscular injection
that differs from intravenous administration leads to local saturation
of the PMOs at the injected region of the muscles. This may explain
why the comparison of the percentage of dystrophin-positive fibers
didn’t show significant differences, and this usually not observed
when the PMOs are administered intravenously, because of the dilu-
tion and elimination of the PMOs in the circulation due to the short
half-life of PMOs. This local saturation may explain that different
doses of the same PMOs (5 mg and 20 mg) resulted in the similar dys-
trophin intensity values of dystrophin-positive fibers. The advantage
of this local PMO saturation is that PMO sequences are the main var-
iable parameter for exon skipping and dystrophin restoration in the
intramuscular system, thus suitable for the aim to compare different
PMO-SSOs sequences in their skipping efficacy. Semiquantitative
fluorescence intensity analysis of dystrophin signal intensity
confirmed our in vitro experiments by indicating that 25-mer Etep-
Upstream can induce similar dystrophin levels as 30-mer-PMO
Etep (Figures 4, 5, and S4; Table S3). We demonstrate the importance
of the sequence design of the PMOs for efficient dystrophin restora-
tion. This positive in vivo examination further supports the feasibility
of shorter PMOs for exon-skipping treatments. Shorter PMOs pro-
vide an opportunity to use higher doses at the same economic cost;
however, positioning them on the right place is essential and interpre-
tation of the efficacy should be tested first by quantitative in vitro
screening approaches, ideally in various patient-derived cell lines.
The suboptimal restored dystrophin protein levels in clinical trials
were likely based on the limited uptake of PMO-SSOs into the skeletal
muscle at the used low doses of, maximum, 50 mg/kg/week.9 Indeed,
we had deciphered the reason for this limited PMO uptake in earlier
studies, we had shown that the uptake of the PMOs was limited to the
inflammatory foci and active muscle-regenerating regions of the tis-
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sue.25 In the inflammatory foci, PMOs enter into macrophages, acti-
vated myoblasts, and fusing myotubes.25 Of note is also the fact that
higher levels of dystrophin could be induced by increasing the PMO
doses both in mice22,23 and in humans.35

It has been shown that dose escalation improved the cardiac and skel-
etal muscle functions in mdx mice. Single systemic delivery of high
morpholino doses (3 g/kg) induced up to 50% and 30% normal levels
of dystrophin in skeletal and cardiac muscles, respectively.22,23 More-
over, it was also shown that increasing the PMO dose induces an
increase in both the number of dystrophin-positive fibers and the in-
tensity of dystrophin signal in mdxmice.22 Considering this together
with the fact that younger DMD patients have relatively more inflam-
matory regions and active regenerating muscle fibers than late-term
DMD patients suggests that younger DMD patients may benefit
significantly better from higher PMO doses. Additionally, for the
multi-exon-skipping concept, effective PMO dosing is critical to
make it economically feasible. By using an SSO cocktail, multi-exon
skipping is applicable to approximately 80% of DMD patients and of-
fers an opportunity for drug development.36 On the other hand, since
the cumulative dose of the selected SSOs increases the cost of the
treatment, determining optimal dosing and optimal SSOs with the
shortest length is essential for cost reduction. Exon skipping can be
also induced by editing the cis-acting splicing regulatory elements
on the genome instead of pre-mRNA targeting. In a recent study,
Amoasii et al. used adeno-associated viruses (AAVs) encoding
CRISPR-Cas9 genome-editing components successfully in order to
elicit exon skipping and dystrophin restoration.37 Although genome
editing is promising, it is still under preclinical development and faces
similar safety concerns and challenges in clinical development as gene
therapy does. It should be considered that high doses of AAV



Figure 4. Validation of Restoration of Dystrophin

Production by Shorter PMOs in Dystrophin-Null

mdx52 Mice

Dystrophin expression in tibialis anterior muscles ofmdx52

mice after intramuscular injection of 20 mg of the PMOs.

Dystrophin immunoreactivity (Dys, red) was localized to the

sarcolemma of myofibers, indicating exon 51 skipping and

dystrophin restoration in vivo. Nuclei were stained with

DAPI. Scale bars, 200 mm.
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administration had serious toxicity issues in non-human primates
and piglets.38 Thus, the clinically tested and safe exon-skipping
approach by PMOs is currently still the most feasible dystrophin-
restoring treatment strategy so far for DMD patients.

MATERIALS AND METHODS
Cell Culture and PMO Transfection

In order to assess exon-skipping efficacies of the PMOs, we used
conditionally immortalized mouse H2K myoblast cell lines: H2K-
mdx52 clone 2E2C2 with the deletion mutation of exon 52 in Dmd
and H2K-mdx23 clone 1A5 with a nonsense point mutation in
exon 23 of Dmd. Both mutations create a premature stop codon in
the mRNA of Dmd. For proliferation, myoblasts were maintained
in growth medium (GM; DMEM, high glucose [GIBCO, Thermo
Fisher Scientific, Gaithersburg, MD, USA], 20% fetal calf serum [Bio-
chrom, Berlin, Germany], 0.5% chick embryo extracts [CEEs; US Bio-
logical, Salem, MA, USA], and 20 U/mL interferon (IFN)-g [Roche,
Grenzach-Wyhlen, Germany]) on Matrigel-coated dishes and kept
in a humidified incubator at 33�C and 10% CO2. For differentiation,
when cells reached 80%–90% confluence, the GMwas replaced by dif-
ferentiation medium (DM; DMEM, 4.5 g/L glucose and 5% horse
serum [Biochrom, Berlin, Germany]), and cells were placed in a hu-
Molecular Thera
midified incubator at 37�C and 5% CO2. Matri-
gel-coated dishes were prepared by incubating
dishes with Matrigel at 100 mg/mL in DMEM
for 1 hr at 37�C.

All PMOs were purchased from GeneTools
(Philomath, OR, USA). PMOE23 (50-GGCCAA
ACCTCGGCTTACCTGAAAT-30) targets the
boundary sequences of exon and intron 23 of
the Dmd pre-mRNA. Etep (the PMO sequence
of eteplirsen adjusted to the mouse genome)
(50-CTCCAACAGCAAAGAAGATGGCATTT
CTAG-30) and shorter PMOs, which are referred
to as Etep-Upstream (50-CTCCAACAGCAAA
GAAGATGGCATT-30), Etep-Middle (50-CAA
CAGCAAAGAAGATGGCATTTCT-30), and
Etep-Downstream (50-ACAGCAAAGAAGAT
GGCATTTCTAG-30), target an internal
sequence of exon 51 of the mouse dystrophin
pre-mRNA (Figure 1). The scramble PMO (50-
CGGAACCCAGTCTGCCTAGCTAAAT-30)
was used as a control to assess the secondary effects of the morpho-
lino chemistry and the procedures. Transfection of H2K myoblasts
with the PMOs was carried out after 24 hr of induction of differ-
entiation with varying levels of concentration of each PMO
(100 nM to 3 mM and 1 mM to 10 mM) by using 6 mM Endo-
Porter-Aqueous (GeneTools, Philomath, OR, USA). Thirteen
hours after transfection, the medium was replaced by fresh DM
to avoid cell toxicity. After 48 hr post-transfection to allow suffi-
cient time for transcription and splicing of dystrophin pre-
mRNA, cells were collected for total RNA isolation. All transfec-
tions were performed as biological triplicates to check for
variability.

RNA Isolation and cDNA Synthesis

RNA was collected 48 hr after transfection to provide cells sufficient
time for Dmd pre-mRNA splicing in the presence of the PMO, since
transcription and splicing of the dystrophin mRNA takes approxi-
mately 16 hr.39 Total RNA was isolated by using the RNeasy Mini
Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s
protocol. The RNA integrity was assessed by denaturing gel electro-
phoresis, and the RNA concentration was measured with the
NanoDrop 3000 prior to cDNA synthesis. cDNA was synthesized
py: Nucleic Acids Vol. 13 December 2018 539
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Figure 5. Comparison of the Mean Fluorescence of the Dystrophin-Positive

Fibers of the PMOs and Saline-Treated mdx52 Mice and Wild-Type Mice

Each bar represents the mean fluorescence intensity per fiber. Two mice per group

were injected by an indicated dose of the PMOs. Approximately 100 dystrophin-

positive fibers were analyzed per mouse. Mean intensities were calculated from the

mean intensities of each specimen. Detailed analyses are represented in Figure S4

and Table S3. Wt, wild-type; SC, saline control; E, Etep; D, Etep-downstream;

U, Etep-upstream; andM, Etep-middle. *p < 0.05; **p < 0.01. Error bars represent SD.
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from 500 ng total RNA in a 20-mL reaction mixture, with oligo(dT)
primers and SuperScript III Reverse Transcriptase (Invitrogen, Wal-
tham, MA, USA) according to the manufacturer’s protocol.

Exon-Skipping Analysis by Nested RT-PCR

Exon skipping of the H2K myoblasts after PMO transfection was as-
sessed by the nested RT-PCR method. Nested PCR was preferred to
display Dmd expression due to the low abundance of skipped dystro-
phin transcripts. The cells transfected with lower doses of the PMOs
do not show the skipped band on agarose gel with 30 cycles of pri-
mary PCR reaction. Primer sequences are indicated in Table S1.
Alpha-actinin expression was also assessed as the indicator of proper
myogenic differentiation. Alpha-actinin expression was examined
from the same cDNA pool as Dmd expression, instead of cDNA
that was generated by the gene-specific primers, for normalization
of the Dmd transcripts to be able to compare skipping efficacies of
each PMO between different doses at equal myogenicity. The pri-
mary reaction of nested PCR and PCR of alpha-actinin was per-
formed in a 25-mL reaction mixture with 1 mL cDNA, 1.5 mM
MgCl2, 200 mM dinucleotide triphosphate (dNTP) mix, 0.2 mM
each of primer pair, 1� reaction buffer, and 2 U Platinum Taq
DNA Polymerase (Invitrogen, Waltham, MA, USA). The following
protocol was used for the reactions: 94�C for 2 min, 30 cycles of
94�C for 30 s, 55�C for 30 s, and 72�C for 1 min. The secondary re-
action of nested PCR was performed in a 25-mL reaction mixture
with 1 mL of the first step PCR reaction product, 2 mM MgCl2,
200 mM dNTP mix, 0.2 mM each of inner primer pair, 1� reaction
buffer, 1� Q-solution, and 2.5 U HotStar Taq DNA Polymerase
(QIAGEN, Hilden, Germany). The following protocol was used
for the inner PCR: 95�C for 15 min, 35 cycles of 91�C for 1 min,
55�C for 1 min, and 72�C for 1 min, followed by 72�C for
540 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
10 min. In all PCR runs, a no-DNA-template control (NTC) was
included as a negative control. PCR products were analyzed by
2% agarose gel stained with DNA-intercalating PeqGreen dye
(PEQLAB, Erlangen, Germany), and band intensity analysis was
performed using ImageJ software (NIH). In order to validate the
skipping of the exons, excised bands from gels were sequenced by
Microsynth Seqlab Service (Göttingen, Germany).

In Vivo Validation of Exon Skipping of Shorter PMOs

All animal procedures were thoroughly reviewed and given explicit
prior approval by the Institutional Animal Care and Use Committee
of the Children’s National Health System (CNHS) in Washington,
DC. Mouse strains were initially obtained from the Jackson Labora-
tory (Bar Harbor, ME, USA). Mice were housed and bred at the
CNHS Research Animal Facility; were provided food, water, and
enrichment ad libitum; and were maintained under 12-hr/12-hr
light/dark cycles. The mdx52 mouse model of DMD was utilized
for validation of exon skipping efficacies of shorter PMOs that target
exon 51 of Dmd pre-mRNA. This strain lacks dystrophin expression
due to the deletion mutation of exon 52 in Dmd. The C57BL/6 (Bl6,
wild-type) mouse was used as the control where indicated. The PMOs
were diluted in saline and warmed at 50�C for 15 min prior to injec-
tion. TA muscles of 6-week-old mdx52 mice were injected intramus-
cularly with 5 mg and 20 mg of each PMO. Saline was injected at an
equivalent volume as a control. After 2 weeks, TA muscles were
surgically removed, mounted on cork with tragacanth gum, flash-
frozen in liquid-nitrogen-chilled isopentane, and stored at �80�C.
Tissues were sectioned at 8 mm on a Leica CM1900 cryostat, and
sections were used for immunofluorescence staining. Cryosections
were stained with the anti-dystrophin antibody (GTX15277, 1:100,
GeneTex, Irvine, CA, USA) and anti-laminin-a2 (4H8-2, 1:100,
Enzo Life Sciences, Farmingdale, NY, USA) antibody. Staining,
microscopy, and image acquisition were performed as previously
described.25

Statistical Analyses

Relative intensities of the PCR products in agarose gels were quanti-
fied by ImageJ software (NIH). The intensities ofDmd transcripts un-
der PMO treatment were normalized to the corresponding intensity
of alpha-actinin transcript, and then further normalized to the inten-
sity of Dmd transcript from the scramble PMO. Dixon’s Q test was
applied for identification and rejection of outliers from biological rep-
licates. The resulting value was referred to as the “normalized relative
expression.” Skipping percentage was calculated as (normalized rela-
tive expression of the skipped transcript/[normalized relative expres-
sion of the skipped + normalized relative expression of the unskipped
transcripts]) � 100.

Normalized relative expressions of skipped and unskipped transcripts
were plotted against the concentration series of each PMO. While
dose-response curves of unskipped transcripts were fitted to a hyper-
bolic decay curve with 3 parameters (R2 = 0.93–0.99), dose-response
curves of skipped transcripts were fitted to a single rectangular II
curve with 3 parameters (R2 = 0.84–0.97) by Sigmaplot v12.5
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software. Curve equations and coefficient values were generated by
Sigmaplot v12.5 software. Expression levels of both skipped and un-
skipped transcripts that were at the same quantity in response to each
PMO were determined by finding the intersection point of the curves
from the curve equations.

Quantification of dystrophin-positive fibers and semi-quantification
of fluorescence intensity of dystrophin expression were performed
on TAmuscles ofmdxmice treated, as described earlier8,40, by ImageJ
software (NIH). Percentages of dystrophin-positive fibers of stained
sections were calculated based on the following formula: (total dystro-
phin positive fibers/total laminin-positive fibers) � 100. Semiquanti-
tative measurements of dystrophin expression were carried out for
approximately 100 fibers from three to four different regions of
each muscle section. The analysis of the mean fluorescence intensity
per dystrophin-positive fiber was performed similarly to established
methodologies.8,40 Briefly, dystrophin intensity of each fiber was
normalized to laminin intensity of the fiber, and then the dystro-
phin/laminin intensity value of the PMO-treated fibers was normal-
ized to the mean of dystrophin/laminin intensity value of wild-type
mouse. All muscle images that were used for quantification of
dystrophin-positive fibers and semi-quantification of fluorescence in-
tensity of dystrophin expression are provided in the Supplemental
Information.
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