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Abstract

Duchene muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) are genetic neuromuscular disorders that affect skeletal and
cardiac muscle resulting from mutations in the dystrophin gene (DMD), coding for dystrophin protein. Read-through therapies hold great
promise for the treatment of genetic diseases harboring nonsense mutations, such as DMD/BMD, as they enable a complete translation
of the affected mRNA. However, to date, most read-through drugs have not achieved a cure for patients. One possible explanation for the
limitation of these therapies for DMD/BMD is that they rely on the presence of mutant dystrophin mRNAs. However, the mutant mRNAs
containing premature termination codons are identified by the cellular surveillance mechanism, the nonsense-mediated mRNA decay
(NMD) process, and are degraded. Here, we show that the combination of read-through drugs together with known NMD inhibitors have
a synergistic effect on the levels of nonsense-containing mRNAs, among them the mutant dystrophin mRNA. This synergistic effect
may enhance read-through therapies’ efficacy and improve the current treatment for patients.
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Introduction
Duchene muscular dystrophy (DMD) is a severe genetic neu-
romuscular disorder that affects skeletal and cardiac muscle
resulting from mutations in the dystrophin gene (DMD), coding for
dystrophin protein (1). Dystrophin protein plays a major struc-
tural role in muscle, linking the internal cytoskeleton to the
extracellular matrix, thus protecting the sarcolemma from stress
during muscle contraction (2). Dystrophin deficiency leads to
myofiber necrosis as well as progressive muscle weakness and
fatigability. The progression of the disease is rapid with DMD
patients usually wheelchair-bound by the age of 12 and dead by
their third decade due to respiratory or cardiac failure (3). Another
dystrophin-associated muscular dystrophy, Becker muscular dys-
trophy (BMD), is a milder disease with slower progression (4).
Patients with BMD have a later age of onset than DMD patients,
and heart failure is the most common cause of death. The dam-
aging effects of mutations in the dystrophin gene leading to BMD
are less severe than those of DMD, due to the fact that dystrophin
protein is produced in BMD patients, albeit in smaller amounts or
with reduced function (1).

The DMD gene is one of the largest genes in the genome.
The gene extends over 2.4 megabases on the X chromosome and
contains 79 exons that are transcribed into a 14-kb mRNA and
translated into a 427-kD protein (5). Mutations in the dystrophin
gene usually create premature termination codons (PTCs), either
by nonsense mutations that introduce a PTC or by duplication or
deletion mutations that affect the reading frame (6). Depending
on the cohorts studied, the fraction of DMD/BMD patients with
deletions has been estimated to be 60–80%, 7–11% for duplications
and 10–30% for more subtle DNA changes including nonsense
mutations, splice-site mutations and small insertions/deletions
that disrupt the reading frame (4). Approximately one-quarter
of all patients with dystrophin gene mutations are classified
as BMD. In conjunction with individuals diagnosed with DMD
who possess nonsense mutations, comprising ∼10–11% of the
patient population, a total of 35% of those affected by DMD/BMD
could potentially benefit from mRNA stabilization therapy, either
alone or in conjunction with read-through drugs. To date, the
standard of care is aimed at inhibiting muscle inflammation by
steroid treatment and, if possible, the restoration of dystrophin
function. Currently, the only the US Food and Drug Administration
(FDA)-approved treatments aimed at restoring dystrophin func-
tion are exon-skipping therapies (7–9) for exons 45, 51 and 53
and only 12%, 14–20% and 10–13% of the patients, respectively,
can potentially benefit from this approach. This only represents
a small fraction of DMD patients (10,11). A read-through ther-
apy drug, PTC124 (Ataluren), has been tested both in primary
muscle cells from humans and mdx mice expressing dystrophin
nonsense alleles in a mouse model, with promising results. The
read-through of dystrophin mRNA premature nonsense codons
was evident in primary muscle cell cultures from DMD patients
or mdx mice at all PTC124 concentrations tested. Mdx animals
treated with PTC124 had dystrophin levels (assessed by staining)
∼20–25% that of muscles from wild-type mice (12). However,
these reported results were mostly unreproducible in many labs
worldwide. This drug was approved by the European Medicines
Agency (EMA) and initially showed some success in slowing the
progression of the disease. Subsequent Phase IIb and Phase III tri-
als did not show a significant improvement in the 6-minute walk
test after daily treatment with PTC124 for a period of 48 weeks
according to the FDA (13). A possible explanation for the limited
effectiveness of PTC124 is that read-through therapies rely on

the presence of mutant dystrophin mRNAs. However, mutant
mRNAs containing PTCs are identified by the cellular surveillance
mechanism, the nonsense-mediated mRNA decay (NMD) process,
and are degraded (14,15). The NMD pathway is a cytoplasmatic
post-transcriptional translation-dependent surveillance mecha-
nism that prevents the synthesis of proteins carrying PTCs. This
phenomenon may diminish the success of PTC124 or other read-
through drug treatments. Previous studies have provided evidence
that the administration of NMD inhibitors can result in a sig-
nificant increase in the expression of functional CFTR protein
in cases where nonsense mutations are present (16,17). Synergy
between read-through and NMD inhibition was tested using a
mouse model of cystic fibrosis nonsense mutations (18). However,
a comprehensive analysis of the combined effect of read-through
agents and NMD inhibitors has yet to be conducted. Our working
hypothesis is that inhibition of the NMD pathway can increase the
amount of dystrophin mRNA, which can then be translated into
a full-length protein using read-through drugs. Here, we present
experiments using DMD/BMD patient-derived skin fibroblasts,
and either genetic or pharmacological perturbation of NMD, to
stabilize mutant dystrophin mRNA. These results support the
possibility of using the inhibition of NMD to improve stop codon
read-through therapy for the treatment of Duchenne muscular
dystrophy.

Results
Dystrophin mRNA is unstable and degraded via
NMD in DMD/BMD patient–derived skin
fibroblasts
It is known that dystrophin mRNA levels are lower in DMD/BMD
patient cells compared to healthy individuals (19). To investi-
gate the levels of dystrophin mRNA in different DMD and BMD
patients, we collected patient-derived skin fibroblasts from two
BMD patients, one harboring an in-frame duplication of exons 2–
7 (BMD dup ex 2–7) and one with an in-frame deletion of exons
45–49 (BMD del ex 45–49), and three DMD patients, with nonsense
mutations in exon 11 (DMD stop ex 11), exon 53 (DMD stop 53)
and exon 66 (DMD stop 66) (Table 1). We observed reduced dys-
trophin mRNA levels in the DMD patient-derived fibroblasts com-
pared to three healthy fibroblast samples (Fig. 1A). We observed
a range of dystrophin mRNA levels between the healthy indi-
viduals, but all are significantly higher than dystrophin mRNA
levels in DMD patients. In addition, we observed higher mRNA
levels in BMD patients compared to DMD patients, as expected. In
order to determine if these reduced dystrophin mRNA levels are
due to NMD, we exposed the cells to an indirect NMD inhibitor,
cycloheximide (CHX) (20). We observed a significant increase in
dystrophin mRNA levels in all patient-derived fibroblasts after
treatment with CHX, regardless of the mutation. The increase in
dystrophin mRNA levels in healthy samples can be explained by
dystrophin transcripts that are potential NMD targets (Fig. 1B–G,
Supplementary Material, Fig. S1). We conclude that mutated dys-
trophin mRNA undergoes NMD and that the inhibition of NMD
could stabilize the dystrophin mRNA.

Dystrophin mRNA is stabilized by either genetic
or pharmacological perturbation of NMD
Previous studies have identified UPF1 as a crucial component
of the NMD machinery and have shown that its downregulation
inhibits the NMD process (14). To examine whether the downreg-
ulation of UPF1 can stabilize dystrophin mRNA in patient-derived
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Table 1. BMD/DMD patient-derived fibroblasts used in this study

Donor Mutation type Exon Mutation Age (Year) 6 min walk (m)

BMD dup ex 2–7 Duplication Exons 2–7 7.5 520
BMD del ex 45–49 Deletion Exons 45–49 7 540
DMD stop ex 11 Nonsense Exon 11 c.907>T; p.303Q>STOP 7.5 460
DMD stop ex 53 Nonsense Exon 53 c.7683G>A; p.2561W>STOP 3.5 NA
DMD stop ex 66 Nonsense Exon 66 c.9645C>G; p.3215Y>STOP 4.5 NA

Figure 1. Dystrophin mRNA is unstable in DMD and BMD patient-derived skin fibroblasts. (A) q-RT-PCR of dystrophin mRNA levels from healthy, BMD
and DMD patient-derived skin fibroblasts using primers specific for exons 65–66 of DMD gene. (B–I) q-RT-PCR of dystrophin mRNA levels in healthy,
BMD and DMD patient-derived skin fibroblasts, with or without exposure to cycloheximide (CHX 9 μg/μl) for 24 hours, using primers specific for exons
65–66 of DMD gene. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. P-values were calculated using Student’s t-test (two-tailed). Data represent the means ± SD of
three biological repeats.

skin fibroblasts, we transfected patient-derived skin fibroblasts
(DMD stop 53 and BMD dup ex 2–7) with two different siRNAs
against UPF1 (Fig. 2A and E). Dystrophin mRNA was stabilized
in DMD/BMD patient-derived skin fibroblasts transfected with
either siUPF1 (Fig. 2B and F). To validate that siUPF1 inhibits global
NMD, we measured the mRNA levels of two known NMD tar-
gets—ATF4 and PISD (21). The transfection of either siUPF1 in
DMD/BMD patient-derived skin fibroblasts stabilized both known
NMD-prone transcripts (Fig. 2C, D, G and H).

To date, no read-through drug is available in the USA for
DMD patients. Read-through drugs (such as PTC124 (12)) have a
limited effect for some patients (5). We hypothesized that PTC-
containing mRNAs are unstable and undergo degradation via the

NMD pathway. We therefore wanted to test if the combination of
read-through drugs together with known NMD inhibitors will have
a synergistic effect on the levels of nonsense-containing mRNAs.
To this end, we examined the effect of two NMD inhibitors, 5′-
Aza cytidine (5-aza) (22) and Amlexanox (Amx) (23); both are FDA-
approved drugs for different indications. 5-aza and Amx were
tested alone and in combination with read-through drug PTC124
for their effect on dystrophin mRNA stability in DMD patient-
derived skin fibroblasts (DMD stop ex 53 and BMD dup ex 2–7).
As can be seen in Figure 3, we observed an increase in dystrophin
mRNA (Fig. 3A and D), as well as other NMD-prone mRNAs (ATF4
and PISD) (Fig. 3B, C, E, and F), with all treatments. We did not
detect a significant difference in the effect of the various NMD
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Figure 2. Knockdown of UPF1 elevates dystrophin mRNA levels in DMD and BMD patient-derived skin fibroblasts. (A) DMD stop ex 53 patient-derived
skin fibroblasts were transfected with two different siRNAs against UPF1 (siUPF1 #1,2). 48 hours after transfection cells were harvested for western
blotting. (B–D). q-RT-PCR of dystrophin mRNA (B) and known NMD-prone targets (ATF4 and PISD) (C, D) in cells described in (A). (E) BMD dup ex 2–7
patient-derived skin fibroblasts were transfected with two different siRNAs against UPF1 (siUPF1 #1,2). 48 hours after transfection cells were harvested
for western blotting. (F–H) q-RT-PCR of dystrophin mRNA (f) and known NMD-prone targets (ATF4 and PISD) (G, H) in cells described in (E). ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001. P-values were calculated using Student’s t-test (two-tailed). Data represent the means ± SD of three biological repeats.

inhibitors (5-aza and Amx). We did not expect to detect a greater
effect on mRNA levels by the combination of NMD inhibitors
and read-through drugs since read-through drugs mainly affect
protein levels. Although these experiments showed an increase
in NMD-prone transcripts (ATF4 and PISD), we were not able to
determine the effect of the drugs on protein levels of these genes
due to low levels of protein expression.

Combination of 5-aza and PTC124 increase
SRSF1 and SRSF6 protein levels
Dystrophin is a skeletal muscle protein and is expressed mainly
in muscle cells (6). In order to examine the potential therapeutic
effect of a combination of the NMD inhibitor and read-through
therapy on protein levels, we needed to identify an NMD-prone
mRNA of a ubiquitously expressed protein that can be detected in
fibroblasts. SR proteins are members of a family of splicing factors

that autoregulate their expression by alternative splicing—
coupled to NMD (24,25). We focused on two SR proteins: SRSF6,
which contains a poison cassette exon that introduces an in-
frame PTC, and SRSF1, which undergoes alternative splicing
of its 3’ UTR that leads to the introduction of a new exon–
exon junction that marks the original stop codon as a PTC. The
splicing in the 3’ UTR of SRSF1 does not affect the protein-coding
sequence and therefore does not alter the protein size, while
the included poison cassette exon in SRSF6 is in the protein
coding sequence resulting in a truncated protein (24) (Fig. 4A). We
exposed DMD patient-derived fibroblasts to either 5-aza alone
or in combination with PTC124 for 72 hours and determined
SRSF1 and SRSF6 mRNA and protein levels. Both SRSF1 and
SRSF6 mRNA levels were increased after exposure to 5-aza,
PTC124 or in combination (Fig. 4B and C). A combination of 5-
aza with PTC124 significantly increased the full-length protein
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Figure 3. Treatment of DMD and BMD patient-derived skin fibroblasts with read-through and NMD-inhibiting compounds. (A–F) DMD stop ex 53 patient-
derived skin fibroblasts (A–C) or BMD dup ex 2–7 patient-derived skin fibroblasts (D–F) were exposed to either DMSO, cycloheximide (CHX 9 μg/μl),
Amlexanox (Amx, 25 μM), 5-azacytidine (5-aza, 4 μM) or PTC124 (5 μ M) alone, or in combination (5-aza + PTC124 or Amx + PTC124). Cells were harvested
72 hours later and RNA analyzed by q-RT-PCR to determine mRNA levels of dystrophin (A, D) and two known NMD-prone targets (ATF4 and PISD) (B, C,
E, F). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. P-values were calculated using Student’s t-test (two-tailed). Data represent the means ± SD of three biological
repeats.

levels of SRSF6, while treatment with either drug alone did
not (Fig. 4D and F, Supplementary Material, Fig. S2). In contrast,
SRSF1 protein levels increased after treatment with either 5-
aza alone or in combination with PTC124 (Fig. 4E and F and
Supplementary Material, Fig. S2). One possible explanation for
this could be that the location of the PTC mutation in SRSF1 is
in the 3’UTR of the transcript (Fig. 4A). These results suggest that
a combination of the NMD inhibitor with read-through therapy
may increase the efficacy of the treatment, increasing protein
levels of NMD-prone transcripts.

Discussion
Approximately 10–11% of all genetic disease-causing mutations,
including DMD, are nonsense mutations that cause PTCs. Read-
through therapies hold great promise for the treatment of genetic
diseases harboring nonsense mutations as they enable a complete
translation of the affected gene. However, to date, most read-
through drugs have failed in the clinic (26–28). Since PTCs lead
to the degradation of the mutant mRNA by the NMD pathway
(15), we hypothesized that read-through therapies fail in the clinic
due to degradation of the substrate mRNA by NMD. Thus, NMD
inhibition is required for effective read-through therapy. To test
this hypothesis, we examined the stability of dystrophin mRNA
in skin fibroblasts from several DMD/BMD patients, with and

without NMD inhibitors. Moreover, we combined NMD inhibitors
with the read-through drug PTC124 to examine if the combination
of these drugs enhances the protein production of NMD-prone
transcripts of SR proteins.

One important point to consider is that read-through ther-
apy introduces an amino acid at the PTC position that might
be different from the original encoded amino acid. The identity
of the inserted amino acid plays a critical role in determining
the characteristics of the resulting complete protein, such as
protein stability and/or function. This is a crucial factor that
determines the outcome of any strategy aimed at suppressing
nonsense mutations. Specifically, for PTC124, it was reported that
it does indeed promote the insertion of near-cognate RNAs at
nonsense codons and that this yields functional proteins (29–
31). In theory, enhanced read-through might cause some escape
from NMD if the process is rapid and especially if it interferes
with the first round of translation. In some cases, read-through
drugs may enhance the stability of NMD-prone transcripts (Figs 3
and 4). We believe that this mechanism is not very significant
biologically and most transcripts are still degraded by NMD even
in the presence of read-through drugs. This is, in our opinion, the
reason these drugs show very minor clinical benefit.

It has been previously reported that both wild-type and mutant
dystrophin mRNAs are unstable (32). Surprisingly, even though
there are no PTCs or out-of-frame indels in some BMD patients,
dystrophin mRNA in these patients is unstable and can be
stabilized by pharmacological NMD inhibition, cycloheximide
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Figure 4. Treatment of DMD patient-derived skin fibroblasts with read-through and NMD-inhibiting compounds elevates protein levels of NMD-prone
transcripts. (A) Schema representing the alternative splicing of SRSF1 and SRSF6 transcripts. The inclusion of a poison exon in SRSF6 leads to an unstable
transcript that undergoes degradation via NMD. The splicing of SRSF1 results in an exon junction downstream to the natural stop codon leading to an
unstable transcript. Intron retention in the 3’UTR will produce a stable transcript. (B, C) DMD stop ex 53 patient-derived skin fibroblasts were exposed
to either DMSO, 5-azacytidine (5-aza, 4 μM), PTC124 (5 μM) alone or in combination (5-aza + PTC124) for 72 hours. RNA was analyzed by q-RT-PCR to
determine mRNA levels of SRSF6 (B) and SRSF1 (C). (D–F) SRSF1 and SRSF6 protein levels in cells described in (B) were measured by western blot analysis
(representative blot f, Supplementary Material, Fig. S2) and quantified (D, E). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. P-values were calculated using Student’s
t-test (two-tailed). Data represent the means ± SD of three biological repeats.

treatment (Fig. 1) or genetic manipulation, the knockdown of
the essential NMD factor UPF1 (Fig. 2). Moreover, NMD inhibitors
and read-through drugs enhanced dystrophin mRNA stability,
although these drugs were less effective than cycloheximide
treatment (Fig. 3). These results suggest that improved drugs can
be developed to be more potent dystrophin mRNA stabilizers.
To examine the effect of combining NMD inhibitors with read-
through drugs, we examined the production of two SR proteins,
SRSF1 and SRSF6. These proteins were chosen due to the fact
that, unlike dystrophin, which is only produced in muscle cells,
they are ubiquitously expressed (33,34) and prone to NMD by an
autoregulatory negative feedback loop (24). Both of these proteins
contain an alternatively spliced poison exon/cassette, which
introduces a PTC when included. SRSF1 has a poison cassette
in the 3′ untranslated region (UTR) resulting in a premature stop
codon in the 3’ UTR, thus not altering protein size. In contrast,
SRSF6 has an alternative poison exon in the coding region. The
inclusion of this poison exon results in a truncated protein

(Fig. 4A). Our results suggest that NMD inhibition enhances the
production of both SRSF1 and SRSF6 mRNA levels (Fig. 4B and C).
The inhibition of NMD by 5-aza increased protein levels of only
SRSF1, due to the location of the poison exon in the 3’ UTR, while
the combination of NMD inhibition with read-through PTC124
enhanced protein levels of both SRSF1 and SRSF6 (Fig. 4D–F and
Supplementary Material, Fig. S2). These results demonstrate that
the principle of combining NMD inhibitors and read-through
drugs may benefit read-through therapies and enhance efficacy.
The next step will be to trans-differentiate DMD patient-derived
fibroblasts into myocyte cells and examine both dystrophin
mRNA and protein levels after the combined treatment.

Another important finding that emerges from these experi-
ments is that NMD inhibition and read-through drugs enhance
the production of splicing factors (SRSF1 and SRSF6) that affect
the splicing of hundreds of pre-mRNAs (34–38). Further investiga-
tion is required to determine the clinical impact of such splicing
perturbations. The development of improved and more specific
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NMD inhibitors, in combination with read-through drugs, will
enable the treatment of patients with genetic diseases harboring
nonsense mutations.

Materials and Methods
Patient-derived skin fibroblast samples
Studies were approved by the Hadassah Medical Center Helsinki/IRB
Committee (study HMO-0650-20 and study b14-14/02/06) and
conducted according to the Declaration of Helsinki protocol.
Written informed consent was obtained from all participants. All
procedures were conducted according to the protocol approved
by the World Medical Association Declaration of Helsinki.

Cells were cultured in Eagle’s Minimum Essential Medium
(EMEM) supplemented with 1% L-glutamine and 10% fetal bovine
serum (FBS) (Biological Industries).

Cell lines
Healthy #2 (1092sk (ATCC: CRL-2114)) and Healthy #3 (1077sk
(ATCC: CRL-2094)) were purchased from ATCC. The cells were
cultured in EMEM supplemented with 1% L-glutamine and 10%
FBS (Biological Industries).

Quantitative RT-PCR
Total RNA was isolated using the TRI Reagent (Sigma #T9424).
For cDNA synthesis, 1 μg of total RNA was reverse-transcribed to
cDNA with the iScript™ cDNA Synthesis kit (Bio-Rad #1708891).
The resulting cDNA was diluted 5–25-fold before use. Quantitative
PCR was conducted on 1 μL of cDNA using iTaq universal SYBR
Green Supermix (Applied BIO-RAD #1725124) using the CFX96
(Bio-Rad) real-time PCR machine. Samples were normalized to
GAPDH expression (the value was arbitrarily set to 1). Samples
were compared to a standard curve, which was established by
serial dilutions of a known concentration of cDNA. Primers are
listed below.

Primers

Forward Reverse

e65-e66 (DMD) CTGGCTGCTGAATGTT-
TATGATA

CTTGC-
CACTTGCTTGAAAAG

DMD-233 TGGGCCTCCTTCTGCAT-
GAT

TTTAGACTCCTGTA-
CAAATT

GAPDH TGAGCTTGACAAAGTG-
GTCG

GGCTCTCCAGAACAT-
CATCC

ATF4 ATGTCCCCCTTCGACCA CCATTTTCTCCAACATC-
CAATC

PISD TCCCTGATGTCAGT-
GAACCCT

TGGTGTGCGTCAC-
GAAGC

SRSF1 NMD GGAGGCAATGGTTTG-
GATT

CGCTCCATGAATCCTG-
GTAA

SRSF6 NMD GACGGCTACAGCTACG-
GAAG

ATAGGGCAAGGGTCACA-
CAA

Western blotting
Cells were lysed in Laemmli buffer, and lysates were separated
in 8% SDS-PAGE gels and then transferred to PVDF membranes
(Invitrogen). The membranes were probed with primary anti-
bodies: UPF1 (1:1000, Abcam #133504), GAPDH (1: 5000, Sigma

#G9545), SRSF1 (1:200, mAb AK96 culture supernatant), SRSF6
(1:500, mAb 8–1-28 culture supernatant), tubulin (1:5000, Abcam
#ab6160), β-catenin (1:10 000, Abcam #ab6302) and β-actin
(1:200, Santa Cruz #sc-1616). The secondary antibodies were
HRP-conjugated goat anti-mouse (#AB_10015289), goat anti-
rabbit (#AB_2307391), donkey anti-rat (#AB_2340639) or donkey
anti-goat (#AB_2340390) IgG (H + L) (1:10 000, Jackson Laborato-
ries). Quantification was performed using Image Lab 5.0 (Bio-Rad).

siRNA treatment
Double-stranded siRNAs (Sigma) were used at specified concen-
trations to deplete UPF1 from cells. siRNA Universal Negative
Control (Sigma) was used as a control at specified concentrations.
Lipofectamine 2000 reagent (Invitrogen 11 668 019) was used for
transfection as per the manufacturer’s instructions.

siRNA Sequence

siUPF1 #1 GAGAUAUGCCUGCGGUACA[dT][dT]
UGUACCGCAGGCAUAUCUC[dT][dT]

siUPF1 #2 AAUGGAGCGGAACUGCAUC[dT][dT]
GAUGCAGUUCCGCUCCAUU[dT][dT]

Treatment with NMD inhibitor compounds
Primary skin fibroblasts were seeded at 70% confluence; 24
hours later, cells were treated with either cycloheximide 9 μg/μl
(Sigma, cat #C7698) for 16 hours or Amlexanox 25 μM (Abcam, cat
#152825), 5-Azacytidine 4 μM (Sigma, cat #A2385) or PTC124 5 μM
(AdooQ, cat #A10758) for 72 h. Cells were harvested either for
RNA using TRI Reagent (Sigma) or protein analysis using Laemmli
buffer.
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