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Efficient Downregulation of Alk4 in Skeletal Muscle
After Systemic Treatment with Conjugated siRNAs
in a Mouse Model for Duchenne Muscular Dystrophy

Sarah Engelbeen,' Svetlana Pasteuning-Vuhman,"* Joke Boertje-van der Meulen,™
Rubina Parmar?*** Klaus Charisse? Laura Sepp-Lorenzino?** Muthiah Manoharan?
Annemieke Aartsma-Rus, and Maaike van Putten’

Downregulation of genes involved in the secondary pathology of Duchenne muscular dystrophy, for example,
inflammation, fibrosis, and adiposis, is an interesting approach to ameliorate degeneration of muscle and re-
placement by fibrotic and adiposis tissue. Small interfering RNAs (siRNAs) are able to downregulate target genes,
however, delivery of siRNAs to skeletal muscle still remains a challenge. We investigated delivery of fully
chemically modified, cholesterol-conjugated siRNAs targeting Alk4, a nontherapeutic target that is expressed
highly in muscle. We observed that a single intravenous or intraperitoneal (IP) injection of 10 mg/kg resulted in
significant downregulation of Alk4 mRINA expression in skeletal muscles in both wild-type and mdx mice.
Treatment with multiple IP injections of 10mg/kg led to an overall reduction of Alk4 expression, reaching
significance in tibialis anterior (39.7% *6.2%), diaphragm (32.7% +5.8%), and liver (41.3% +£29.9%) in mdx
mice. Doubling of the siRNA dose did not further increase mRNA silencing in muscles of mdx mice. The
chemically modified conjugated siRNAs used in this study are very promising for delivery to both nondystrophic
and dystrophic muscles and could have major implications for treatment of muscular dystrophy pathology.

Keywords: delivery, dystrophin, pathology, mdx mouse

Introduction

DUCHENNE MUSCULAR DYSTROPHY (DMD) 1s a progres-
sive neuromuscular disorder. It is caused by nonsense or
frameshift mutations in the DMD gene coding for the dys-
trophin protein. Dystrophin is essential for stabilizing muscle
fibers during contractions. In the absence of dystrophin,
muscles undergo continuous damage resulting in replace-
ment of muscle fibers by fibrotic and adipose tissues. As a
result of muscle loss, DMD patients lose ambulation and need
assisted ventilation during the second decade of life and
eventually die in the third or fourth decade of life [1].

Many efforts have been made to develop therapies to re-
store dystrophin in DMD patients [2,3]. These include gene
therapy, read-through therapy, and exon skipping. Gene
therapy uses adeno-associated viral (AAV) vectors to intro-
duce micro-dystrophins, containing only complementary
DNA (cDNA) encoding essential domains of the dystrophin
protein, into muscle cells. Currently AAV vectors encoding
three slightly different variations of micro-dystrophins are
evaluated in clinical trials [4]. Initial results suggested that
treatment with rAAVrh74.MHCK?7.micro-dystrophin in-
duces transgene expression and it was well tolerated with
only mild adverse events [5]. Read-through therapy promotes
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suppression of premature stop codons that result from non-
sense mutations in the dystrophin mRNA, allowing synthesis
of intact dystrophin proteins. The read-through drug Ataluren
has received conditional marketing authorization for DMD
patients with nonsense mutations 2 years of age and older
from the European Medicines Agency (EMA) and is appli-
cable to 13% of the patients [3,6,7].

The exon skipping therapy utilizes antisense oligonucle-
otides (AONs) to correct the disrupted reading frame of
dystrophin transcripts by hiding particular exons from the
RNA splicing machinery so that a shorter but semifunctional
dystrophin protein can be formed [3,7]. Four exon skip drugs
(eteplirsen, viltolarsen, golodirsen and casimersen) have
been approved by the Food and Drug Administration (FDA)
and one (viltolarsen) by the Japanese Ministry of Health,
Labor, and Welfare.

Although dystrophin restoration therapies are promising,
their success depends on the availability of intact muscle
tissue [3,8]. Once this is lost and replaced by adipose and
fibrotic tissues, as the disease progresses, these therapies will
be less effective. Stop codon read through and exon skipping
therapies target dystrophin transcripts, which are only pro-
duced in skeletal muscle. The micro-dystrophin cDNAs are
under muscle-specific promotors and therefore only tran-
scribed in skeletal muscle and heart. However, even if the
micro-dystrophin were ubiquitously expressed, this would
not revert adipose and fibrotic tissues back into skeletal
muscle [3].

Therapies targeting the secondary pathology, that is, by
interference of transcripts encoding proteins involved in key
pathological pathways like inflammation, fibrosis, and adi-
posis, could potentially maintain or improve muscle quality
and delay disease progression [8,9]. As such, they could be
used in combination with dystrophin restoration therapies or
as stand-alone therapy. Moreover, these therapies would not
only be applicable to all DMD patients, but also to other
muscular dystrophies as the replacement of muscle tissue by
fat and fibrosis occurs in most muscular dystrophies.

Small interfering RNAs (siRNAs) are 20-25 nucleotides
long RNAs that can interfere with gene expression. siRNAs
interact with the RNA-induced silencing complex (RISC)
and binding of the antisense strand of the siRNA to the target
mRNA results in the cleaving of the target mRNA by the
RISC. This results in degradation of target mRNA, which
prevents translation into the target protein [10,11]. However,
delivery of siRNAs to specific tissues, including muscles,
remains a challenge [12,13]. Unmodified siRNAs have a
short half-life and are rapidly cleared from the body [10,14].
Chemical modifications of siRNAs and conjugations to the
siRNA are needed to not only avoid degradation and clear-
ance, but also to improve transport to target tissues [10,14].

Delivery of siRNAs to skeletal muscle has been previously
assessed by myostatin-targeting siRNAs that were highly
modified and cholesterol conjugated [11], or that were con-
jugated to docosanoic acid [15]. Myostatin is a negative
regulator of muscle growth and has been an interesting target
for treating muscular dystrophies. In both studies, treatment
of wild-type mice with myostatin-targeting siRNA resulted in
downregulation of myostatin levels, leading to a significant
increase in muscle mass, size, and force. It remains however
unknown whether delivery of siRNAs to dystrophic muscle is
as sufficient, or hampered by the presence of fibrotic tissue.
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In this study, we investigated the efficacy of chemically
modified conjugated siRNAs in targeting muscle tissue and
downregulating expression of Alk4 transcript in mdx, a
commonly used mouse model for DMD, and wild-type mice.
Myostatin functions through interaction with type II recep-
tors, ActRIIA or ActRIIB, which is followed by interaction
with type I receptors ALK4 or ALKS. Since Alk4 is expressed
in skeletal muscles and is a key component of the myostatin
signaling pathway, it is an appropriate target to assess de-
livery efficiency of this class of siRNAs to skeletal muscle.
Targeting Alk4 is however not expected to be therapeutic as
we previously observed that downregulation of Alk4 with
AONSs results in muscle atrophy in mdx mice [16]. In this
study, we show that our Alk4-targeting siRNAs are well
tolerated and can efficiently target muscle cells, including the
diaphragm, and result in downregulation of the transcript,
both after single dose and longitudinal treatment.

Material and Methods
SiRNA design

Three siRNAs were designed to study delivery of siRNAs
to skeletal muscles; two Alk4-targeting siRNAs (Alk4 siR-
NAI or Alk4 siRNA2) and a control siRNA (targeting mou-
se/rat TTR) (Table 1). We included the TTR siRNA as a
control for liver delivery to understand relative distribution of
lipidated siRNAs to liver versus muscle. The sense and an-
tisense strands had (E)-Vinylphosphonate [17], 2’Fluoro and
2’0O-methyl modifications. At the 3’ end of the sense strand,
cholesterol ligand is conjugated through an aminohexanoic
acid spacer to a hydroxyproline scaffold [18]. The scaffold
and the sense strand are connected using a phosphorothioate
linkage (Fig. 1).

In vitro transfection and free uptake experiments

Mouse C2C12 myoblasts were plated on a 0.1 mg/mL
PureCol collagen-coated (CellSystems Gmbh, Troisdorf,
Germany) 6-well plate at a density of 200,000 cells/well in
Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum (FBS), 1% glucose, 2% Penicillin-
Streptomycin (10,000 U/mL) and 2% GlutaMAX (Thermo
Fisher Scientific, Waltham, MA) at 37°C with 10% CO, in
a humidified incubator. Cells were differentiated with dif-
ferentiation medium containing DMEM, 2% FBS, 1% glu-
cose, 2% Penicillin—Streptomycin (10,000 U/mL) and 2%
GlutaMAX.

After differentiation into myotubes, delivery of either an
siRNA targeting Alk4 (Alk4 siRNA1 or Alk4 siRNA2 or a
control siRNA (targeting mouse/rat TTR) was done in trip-
licate through transfection or free uptake.

Transfection was done at concentrations of 0.1, 1, and
10nM in the following manner: siRNAs were mixed with
lipofectamine 2000 (Thermo Fisher Scientific) and incubated
at room temperature for 20 min. Afterward, the siRNA/
lipofectamine mix was added to the cells and incubated for
3—4h at 37°C. Cells were harvested with TriSure reagent
(Bioline, London, UK) 24 h after transfection and stored at
—80°C.

Gymnosis was done in myotubes at concentrations of 100,
300, and 1,000nM of siRNA. CaCl, was added to the dif-
ferentiation medium to a final concentration of 9mM to
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TABLE 1. SIRNA OLIGONUCLEOTIDE SEQUENCES AND CHEMISTRIES USED

Transcript sequence

Oligonucleotide sequence
AfsasCfaGfuGfuUfCfUfuGfcUfcUfaUfaAfL10

Target

Strand

Duplex

AACAGUGUUCUUGCUCUAUAA
UUAUAGAGCAAGAACACUGUUUU
GAAGAUGUGAAGAUUUAAGCA

VPusUfsaUfaGfaGfcAfagaAfcAfcUfgUfususu

mTTR
mTTR
ALK4

Control (m/rfTTR)

UGCUUAAAUCUUCACAUCUUCCU
GAAGAUGUGAAGAUUUAAGCA

GfsasAfgAfuGfuGfAfAfgAfuUfuAfaGfcAfL10
VPusGfscUfuAfaAfuCfuucAfcAfuCfuUfcscsu

gsasagauGfuGfAfAfgauuuaagcal.10

ALK4

siRNA1

UGCUUAAAUCUUCACAUCUUCCU

VPusGfscuuAfaAfUfcuucAfcAfucuucscsu

ALK4
ALK4

siRNA2

AS, antisense strand; L10, cholesterol ligand; n, 2’O-methyl nucleotide; Nf, 2’-fluoro nucleotide; s, phosphorothioate linkage; S, sense strand; siRNAs, small interfering RNAs; VP, (E)-

vinylphopshonate.
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resemble physiological conditions. The siRNAs were mixed
with the CaCl,-rich differentiation medium and added to the
cells followed by incubation for 72 h at 37°C. Cells were then
harvested with TriSure isolation reagent and stored at —80°C.

Animals

Male mdx (C57BL/10ScSn-Dmd™*/J) and wild-type
(C57BL/6J) mice were bred at the animal facility of the
Leiden University Medical Center. Mice were kept in indi-
vidually ventilated cages with 12-h light/12-h dark cycles at
20.5°C and had ad libitum access to water and standard RM3
chow (SDS, Essex, United Kingdom). All experiments were
approved by and performed following the guidelines of the
Animal Experiment Committee of the Leiden University
Medical Center.

In vivo single dose siRNAs treatment

Mice were randomized over the different experimental
groups (n=3 mdx and wild-type males for each treatment
group per mode of administration). Mice received either a
single intravenous (IV) injection in the tail vein or intraper-
itoneal (IP) injection with 10 mg/kg of Alk4 siRNAI1, Alk4
siRNA?2, or control siRNA in 100 pL saline (0.9% NaCl) at
the age of 5 weeks (mdx) and 3 months (wild type). One week
after the injection, mice were sacrificed by cervical disloca-
tion. Muscles (tibialis anterior, gastrocnemius, diaphragm,
and heart) and liver were isolated and frozen in zirconium
beads prefilled tubes (1.4 mm; OPS Diagnostics) in liquid
nitrogen and stored at —80°C.

In vivo systemic siRNA treatment

mdx males (n =6 per group) received a weekly IP injection
of 10 or 20 mg/kg of Alk4 siRNA2 or control siRNA for the
duration of 4 weeks starting at the age of 5 weeks. Wild-type
males (n=6 per group) received a weekly IP injection of
10 mg/kg of Alk4 siRNAZ2 or control siRNA for the duration
of 4 weeks starting at the age of 3 months. Four weeks after
the final injection, blood samples were taken through a small
cut in the tail vein and collected in Heparin-coated microv-
ettes (Sarstedt, Niimbrecht, Germany). Plasma was obtained
after centrifuging at 16,060 x g for 5min at 4°C. The fol-
lowing markers for liver and kidney damage were measured
using Reflotron strips and the Reflotron Sprint system (Roche
Diagnostics); urea, glutamic oxaloacetic transaminase (GOT,
also known as aspartate transaminase), glutamate pyruvate
transaminase (GPT, also known as alanine aminotransfer-
ase), and alkaline phosphatase (ALP). Thereafter, mice were
sacrificed by cervical dislocation. Tibialis anterior, gastroc-
nemius, diaphragm, heart, and liver were isolated, put in
zirconium bead prefilled tubes (OPS Diagnostics LLC, Le-
banon), frozen in liquid nitrogen and stored at —80°C.

Gene expression analysis

The TriSure cell suspensions were thawed on ice and
transferred to zirconium bead prefilled tubes (OPS Diag-
nostics) and homogenized with a MagNA lyser (Roche Di-
agnostics). Tissues were homogenized in the MagNA lyser
in the presence of TriSure reagent (Bioline). Total RNA was
isolated following the manufacturer’s protocol. Subse-
quently, samples were purified using the NucleoSpin RNA
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Kit (Macherey-Nagel, Diiren, Germany), according to the
manufacturer’s instructions. The cDNA was generated by
incubation with random hexamer primers at 70°C, followed
by an incubation at 42°C with dNTPs, BioScript reverse
transcriptase and 5 X reaction buffer (Bioline).

Quantitative polymerase chain reaction (PCR) was per-
formed in triplicate for each cDNA sample, in the presence of
specific primers for Alk4 and SensiMix SYBR (Bioline) with
the LightCycler 480 system (Roche Diagnostics). Expression
levels of Alk4 were analyzed using the LinReg PCR software
(version 2018.0) [19] and normalized for the expression
levels of the housekeeping gene Gapdh. Alk4 forward:
CTGTTTGATTATCTGAACCG, Alk4 reverse; AAGTCT
CGATGAGCAATTCC, Gapdh forward; TCCATGACAA
CTTTGGCATTG, Gapdh reverse; TCACGCCACAGCTTT
CCA.

Statistics

Data analyses were performed with GraphPad Prism
(GraphPad Software, San Diego, CA; version 8.1.1). All data
are presented as mean tstandard deviation. A P-value of
<0.05 was considered significant.

Alk4 downregulation in C2C12 cells was assessed with a
two-way analysis of variance (ANOVA) for the different
concentrations and siRNAs. Variances between the different
siRNAs for a certain concentration were analyzed with the
Bonferroni’s multiple comparison test. The Alk4 levels in the
different tissues after a single IV or IP injection were ana-
lyzed with a two-way ANOVA for the treatment method
and the different siRNAs. Variances between the different
siRNAs within a treatment method group were compared
with the Bonferroni’s multiple comparison test. Differences
in Alk4 expression after longitudinal administration were
analyzed with a two-way ANOV A for the different tissues for
the mdx groups. Expression levels between control and Alk4
siRNA2 were analyzed with the Bonferroni’s multiple
comparison test. A Welch’s #-test was used to analyze the
differences in Alk4 expression after longitudinal adminis-
tration for the different tissues in the wild-type groups.

Markers for liver and kidney function were analyzed with a
two-way ANOVA to compare the treatment dose and treat-
ment groups for the mdx groups. Differences between the
different siRNAs within treatment dose groups were com-
pared with the Bonferroni’s multiple comparison test. Levels
of liver and kidney markers were compared with a Welch’s
t-test for the wild-type groups.

Results

siRNAs mediated downregulation of Alk4 in myotubes

To assess the applicability of chemically modified conju-
gated siRNAs to target muscle fibers, we transfected them in
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FIG. 1. The sense (dark
gray) and antisense (light
blue) strands of the siRNAs
are depicted. A L10 is con-
jugated to the 3" end of the
sense strand. L10, cholester-
ol ligand; siRNAs, small in-
e terfering RNAs.

triplicate into myotubes at concentrations of 0.1, 1, and
10nM or used gymnotic delivery at concentrations of 100,
300, and 1,000nM. For Alk4 siRNA experiments, control
siRNA levels were used as a reference. Both Alk4 siRNAs
induced comparable but variable levels of downregulation for
the different transfection doses. A significant decrease was
observed at 1 nM of Alk4 siRNA1 and at 10 nM for both Alk4
siRNAs (Fig. 2A). In the gymnosis experiment, Alk4 sSiRNA2
resulted in significant downregulation of Alk4 regardless of
the dose, whereas for Alk4 siRNA1 this was achieved at 100
and 1,000 nM (Fig. 2B).

Comparable levels of Alk4 downregulation after
a single IV or IP injection in mdx and wild-type mice

To study the efficiency of chemically modified conjugated
siRNAs to downregulate Alk4 expression in tissues, we tested
them in vivo. The mdx mice received a single dose of
10 mg/kg Alk4 siRNAT, siRNA2, or control siRNA through
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FIG. 2. Alk4 downregulation was assessed after

(A) transfection and (B) gymnosis of C2C12 myotubes with
Alk4-targeting siRNA1 and siRNA2 and a control siRNA.
Analysis was performed with a two-way ANOVA compar-
ing treatment dose and siRNA treatment followed by
Bonferroni’s multiple comparisons. *P <0.05, **P<0.01.
ANOVA, analysis of variance.
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IV or IP injection, at the age of 5 weeks. The Alk4 siRNA1 did
not have a noticeable effect on Alk4 expression compared
with the control siRNA after a single I'V injection (Fig. 3A) or
IP injection (Fig. 3B). In contrast, Alk4 siRNA2 resulted
in significant downregulation of Alk4 of 42.5% £ 4.8% and
31.5% +9.7% in the gastrocnemius upon IV and IP admin-
istration, respectively, and of 44.3% + 13.7% in the liver after
IV injection. The liver was included as positive control since
Alk4 is highly expressed there.

The efficiency of the siRNAs to downregulate Alk4 ex-
pression in nonfibrotic tissue was assessed in wild-type mice
at the age of 3 months. Wild-type mice received a single dose
of 10mg/kg of Alk4 siRNAI, siRNA2, or control siRNA
through IV or IP injection. After a single IV injection, Alk4
downregulation was most pronounced in Alk4 siRNA2-
treated mice, reaching significance in the heart (20.6% +
8.1%) (Supplementary Fig. S1A). Contrastingly, single IP
delivery of Alk4 siRNA1 and siRNA2 more efficiently re-
duced Alk4 transcript levels compared with single IV injec-
tion, reaching significance for the diaphragm (42.3% = 12.3%
siRNA1 and 43.3%t31.5% siRNA2), the gastrocne-
mius (35.7% +£28.9%, siRNA2), and heart (18.2% £9.9%,
siRNA2) (Supplementary Fig. S1B).

Given that siRNA2 was more effective in downregulating
Alk4 expression, and that IP delivery was more efficient in
wild-type mice, we decided to continue with siRNA2 and IP
injections.

Efficient Alk4 downregulation upon longitudinal
systemic delivery

To determine how effective siRNA2 is at downregulating
Alk4 mRNA expression after longitudinal treatment, we in-
jected mice once weekly over a period of 4 weeks. Treatment
was initiated at 5 weeks of age in mdx mice and at 3 months of

=

v
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]

FIG. 3. Systemic treatment of Alk4
siRNAs in mdx mice (n=3 per group).
(A) mdx mice were treated with a single
IV injection of 10mg/kg siRNA. Re-
maining Alk4 transcript was assessed by
gPCR in the tibialis anterior (TA), gas-
trocnemius (Gas), diaphragm (Dia), heart

% of remaining transcript }»
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age in wild-type mice. After systemic treatment of 10 mg/kg
Alk4 siRNA2, efficient downregulation of Alk4 mRNA was
observed in all tissues, compared with control siRNA. This
reached significance for the tibialis anterior (39.7% % 6.2%),
diaphragm (32.7% +5.8%), and liver (41.3%+29.9%) in
mdx mice (Fig. 4). Treatment with a higher dose of 20 mg/kg
Alk4 siRNA?2 did not result in more efficient downregulation
in muscle in mdx mice (Fig. 4). In wild-type mice, Alk4 was
significantly downregulated in all muscles and the liver upon
treatment with 10mg/kg Alk4 siRNA2 (Supplementary
Fig. S2).

We also assessed if long-term siRNA treatment is well
tolerated by measuring several markers for liver and kidney
function in plasma (Fig. 5 and Supplementary Fig. S3). No-
tably, phosphates and transaminases that are often used as
liver damage markers, are also abundant in skeletal muscle
and serum levels are elevated in DMD patients and mdx mice.
However, treatment with Alk4 siRNAs did not further in-
crease levels of ALP and GOT markers in mdx mice (Fig. 5A,
B). The levels of GPT were lowered after 20 mg/kg of control
siRNA or Alk4 siRNA compared with 10mg/kg of Alk4
siRNA (Fig. 5C). The highest dose of 20 mg/kg siRNA led to
an increase in urea levels compared with 10 mg/kg of siRNA,
regardless of the type of siRNA (Fig. 5D). No differences
were observed in these markers in the plasma of wild-type
mice treated with control siRNA and Alk4 siRNA2 (Sup-
plementary Fig. S3).

Discussion

Restoration of dystrophin expression is considered the most
promising approach to treat DMD. The availability of intact
muscle tissue is however vital for the success of these thera-
pies. Therefore, treating the secondary pathology to delay
muscle deterioration and disease progression could be an

single IV injection

(Ha), and liver (Li). (B) Remaining Alk4
transcript after single IP injection of
10mg/kg siRNA. A two-way ANOVA
was performed to compare between route
of administration and the different
siRNAs, followed by the Bonferroni’s
multiple comparisons to compare be-
tween different groups. *P<0.05,
**P<(.01. IP, intraperitoneal; IV, intra-
venous; qPCR, quantitative polymerase
chain reaction.
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FIG. 4. Alk4 downregulation after lon-
gitudinal treatment with 10 or 20 mg/kg
siRNA in mdx mice (n=6 per group) re-
sulted in significant downregulation in the
tibialis anterior (TA), diaphragm (Dia),
and liver (Li). In the gastrocnemius (Gas)
and heart (Ha) a small and nonsignificant
decrease in Alk4 levels was observed.
A two-way ANOVA was done comparing
the treatment dose and siRNA treatment,

TA

Gas Dia Ha

Ml 10 mg/kg control siRNA
B3 20 mg/kg control siRNA

interesting opportunity for an add-on therapy. Downregulation
of specific target genes involved in fibrosis, inflammation, or
adiposis could be achieved with siRNAs and AONs.

Protein knockdown can be achieved in different ways using
either single-stranded AONs or double-stranded siRNAs.
AON:s can induce RNase H-mediated mRNA degradation or
inhibit translation of mRNA into protein, while siRNAs act
through the RISC resulting in cleavage of the target mRNA
resulting in degradation [12,20]. Many efforts are being made
to improve the delivery of AONs and siRNAs to target tissues.
Chemical modifications to the sugars and backbone of the
AON or guide strand of the siRNA can improve the metabolic
stability, duration of action, potency, and target specificity.

followed by the Bonferroni’s multiple
Li comparison test. *P<0.05, **P<0.01,
**HEP <(0.0001.

3 10 mglkg Alk4 SiRNA2
3 20 mglkg Alk4 SiRNA2

Alternatively, AONs or the guide strand of the siRNA can be
conjugated with trivalent N-acetylgalactosamine (GalNAc),
fatty acids, or cell-penetrating peptides [12]. While both
modalities allow targeted reduction of protein production,
which one is the best choice—or whether both are equally
valid candidates—will vary based on the target transcript,
target tissue, and site of action (cell nucleus vs. cytoplasm).
This study assessed the efficiency of new modified and
conjugated-siRNAs to target skeletal muscles upon sys-
temic administration. The therapeutic potential of siRNAs to
downregulate gene expression has been confirmed in clinical
trials for a variety of genes and diseases, leading to approval
of five siRNAs (patisiran, givosiran, lumasiran, inclisiran and

GOT

|

FIG. 5. The tolerability of Alk4-
targeting siRNA treatment was assessed
by quantification of markers for kidney
and liver function in mdx mice (n=6 per
group). A two-way ANOVA was done
comparing the treatment dose and siRNA
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treatment, followed by the Bonferroni’s
multiple comparison test. *P<0.05,
**P<0.01, ***P<0.001. ALP, alkaline
phosphatase; GOT, glutamic oxaloacetic
transaminase; GPT, glutamic pyruvic
transaminase.
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vultrisiran), whereas several other siRNA candidates are
currently in Phase 3 clinical trials [21]. The currently ap-
proved siRNAs all target hepatocytes. To ensure delivery of
these siRNAs to liver, either lipid nanoparticles (patisiran) or
GalNAc conjugation (givosiran, lumasiran, inclisiran and
vutrisiran) are used as a delivery platform. Lipid nano-
particles encapsulate the siRNAs protecting them from deg-
radation. Due to their large size, they mainly end up in
fenestrated tissues like the liver [22]. GalNAc binds with high
specificity and affinity to the asialoglycoprotein receptor on
hepatocytes making it an interesting approach to silence
liver-specific genes [23]. However, siRNA delivery to tissues
other than liver still remains a challenge [13,21,24,25].

Once the hurdles of delivery of siRNAs to skeletal muscle
have been overcome, they could have great potential for the
treatment of a large range of muscle diseases, including
DMD. In the last decade, several developments have im-
proved siRNA uptake by muscle tissue. Proof of principle to
downregulate gene expression in skeletal muscle was ob-
tained in studies using electropulsation to locally deliver
siRNAs [26,27], and after IV injection of a limb that was
temporarily isolated by a blood pressure cuff [28]. Stability of
siRNAs against thermal and nuclease degradation has been
improved by chemically modifying the siRNA backbones,
sugars, and nucleobases [13]. Local delivery of a nanoparticle
complex containing myostatin siRNAs and atelocollagen-
induced myostatin downregulation in the masseter [29].
However, local delivery of siRNAs to skeletal muscle for a
disease such as DMD is unfeasible since we have over 700
skeletal muscles and most are affected in DMD.

Two recent studies have investigated myostatin down-
regulation in muscle after systemic treatment with
cholesterol-conjugated or docosanoic acid-conjugated
siRNAs [11,15]. A single IV injection of 50 mg/kg of mod-
ified cholesterol-conjugated myostatin-targeting siRNAs re-
sulted in 85%-90% reduction of myostatin expression in the
gastrocnemius, triceps, and extensor digitorum longus up to
21 days postinjection in CD-1 wild-type mice [11]. Two
subcutaneous injections of 20mg/kg of docosanoic-
conjugated myostatin-targeting siRNAs resulted in 38%
downregulation of myostatin in the gastrocnemius, 43% in
the triceps, and 65% in the heart up to 1 month post-treatment
in FVB/NJ wild-type mice [15]. While both lipids achieve
muscle delivery, their relative efficiency is difficult to assess
as different sequences, chemical modifications, and chemical
motifs were employed in these studies.

Conjugates to improve delivery to skeletal muscle are also
under preclinical investigation for single-stranded splice
modulating AONSs to induce DMD exon skipping or to re-
duce toxic RNA aggregates in myotonic dystrophy. In this
study, either monoclonal antibodies or fragment antibodies
targeting transferrin are conjugated to the oligonucleotides
(oral presentations from Dyne Therapeutics and Avidity
BioScience at the annual Parent Project Muscular Dystrophy
conference, June 2022).

Although these studies are very promising, they were only
conducted in wild-type animals, and it remains unclear
whether efficient siRNA delivery and gene downregulation is
also feasible in a setting of dystrophic muscle. It is possible
that delivery is inhibited due to deposition of fibrosis or re-
duced expression of muscle markers that are required for
targeted delivery. However, in a study by Heemskerk et al., it
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has been shown that AON levels after treatment are higher in
dystrophic mdx muscles than in wild-type muscles. It is be-
lieved that this is the result of the continuous degeneration
and regeneration cycles that make muscles more permeable
[30]. In our study, we included both mdx and wild-type mice
to evaluate whether our siRNAs could be efficiently delivered
into dystrophic and nondystrophic muscle. We observed ef-
ficient Alk4 downregulation after a single dose of Alk4
siRNA—cholesterol conjugate, especially through the IP ad-
ministration method. Furthermore, our results confirm that
siRNAs can be delivered to dystrophic muscle efficiently
using the lipid conjugation strategy.

It is especially encouraging that high knockdown was
achieved after longitudinal treatment in the diaphragm, which
is the most severely affected muscle in the mdx model. We
cannot make a direct comparison between the results in mdx
and wild-type mice since the experiments were performed at
different ages. However, the fact that we observe greater Alk4
downregulation in wild-type mice than in mdx mice suggests
active rather than passive uptake of the siRNA conjugate. This
is in contrast to unconjugated ASOs, which are taken up with
higher efficiency by mdx mice due to the dystrophic pathol-
ogy that makes muscles more permeable [30].

To investigate the additive effect of multiple dosing and
increment of the dose, mdx mice received weekly IP injections
of 10 or 20mg/kg Alk4 siRNA2 for a period of 4 weeks.
Downregulation of Alk4 was observed in all muscles, in-
cluding the heart, reaching significance in the tibialis anterior,
diaphragm, and liver. Whereas a single IP injection resulted in
significant downregulation of Alk4 in the gastrocnemius, there
was only a limited amount of, and nonsignificant, Alk4
downregulation in other skeletal muscles and liver. However,
multiple dosing led to a more pronounced Alk4 down-
regulation in all skeletal muscles. It has been previously re-
ported that high level of Alk4 knockdown can induce skeletal
muscle atrophy [16]. We did not observe this in our current
study when comparing the muscle weights of the tibialis an-
terior and gastrocnemius between treatment groups, likely
because Alk4 knockdown levels were lower than in the pre-
vious study, which used local injection of vivo-morpholinos.

While in our study mice were treated four times with IP
over a period of 4 weeks, another study has shown that two
subcutaneous doses of siRNA could already be sufficient to
lead to silencing in skeletal muscles [15]. Increasing the
siRNA dose from 10 to 20 mg/kg did not result in signifi-
cantly lower levels of Alk4 in skeletal muscles suggesting that
there is a saturation effect on the downregulation that can be
achieved with these siRNAs. Additional studies will be re-
quired to fully elucidate the most optimal dosing regimen for
siRNA delivery to skeletal muscle in dystrophic animals.

In conclusion, our siRNAs were safe and showed signifi-
cant downregulation of A/k4 in both nondystrophic and
dystrophic muscles, including the diaphragm, which is the
most affected muscle in DMD patients, thus making treat-
ment of siRNAs with similar chemical modifications and
lipid conjugates for targets involved in the secondary pa-
thology of DMD interesting.
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