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Abstract

RNA toxicity underlies the pathogenesis of disorders such as myotonic dystrophy type 1 (DM1). Muscular dystrophy is a key
element of the pathology of DM1. The means by which RNA toxicity causes muscular dystrophy in DM1 is unclear. Here, we
have used the DM200 mouse model of RNA toxicity due to the expression of a mutant DMPK 3'UTR mRNA to model the
effects of RNA toxicity on muscle regeneration. Using a BaCl,-induced damage model, we find that RNA toxicity leads to
decreased expression of PAX7, and decreased numbers of satellite cells, the stem cells of adult skeletal muscle (also known
as MuSCs). This is associated with a delay in regenerative response, a lack of muscle fiber maturation and an inability to
maintain a normal number of satellite cells. Repeated muscle damage also elicited key aspects of muscular dystrophy,
including fat droplet deposition and increased fibrosis, and the results represent one of the first times to model these
classic markers of dystrophic changes in the skeletal muscles of a mouse model of RNA toxicity. Using a ligand-conjugated
antisense (LICA) oligonucleotide ASO targeting DMPK sequences for the first time in a mouse model of RNA toxicity in DM1,
we find that treatment with IONIS 877864, which targets the DMPK 3'UTR mRNA, is efficacious in correcting the defects in
regenerative response and the reductions in satellite cell numbers caused by RNA toxicity. These results demonstrate the
possibilities for therapeutic interventions to mitigate the muscular dystrophy associated with RNA toxicity in DM1.

Introduction

RNA toxicity is based on the concept that an expressed RNA
molecule acts in a trans dominant manner, affecting normal cel-
lular functions and pathways, resulting in disease. The prototype
disorder for this is myotonic dystrophy type 1 (DM1), one of the
most common types of muscular dystrophy. DM1 is a multisys-
temic disease with various manifestations including myotonia,
progressive muscle wasting, cardiac conduction defects and cog-
nitive dysfunction (1). DM1 is caused by an expanded (CTG),
repeat tract in the 3'UTR of the dystrophia myotonica protein
kinase (DMPK) gene (2). The mutant RNA accumulates as RNA
foci in the nuclei of DM1 cells (3), and through its trans dominant

effects, adversely affects RNA-binding proteins such as muscle-
blind family members (MBNL1-3) and CUGBP Elav-like family
member 1 (CELF1) (4). These proteins are involved in multiple
aspects of RNA processing and localization (5). In addition, a
number of signaling pathways and proteins including glycogen
synthase kinase 38 (GSK38), AKT, AMPK and protein kinase C
(PKC) are thought to play a role in DM1 pathogenesis (6-8). In
our lab, we also found that the Fn14/TWEAK signaling pathway
is altered in DM1 and blocking TWEAK-Fn14 is beneficial in
improving skeletal muscle pathology in a mouse model of RNA
toxicity (9,10).

Muscle weakness and fatigue are the most problematic
symptoms for DM1 patients (11). Progressive muscle wasting
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and dystrophy are cardinal features of DM1. However, the basis
for this is not well understood, and little is known about the
muscle regenerative process and the effects of RNA toxicity
on this. In fact, most descriptions of pathology in DM1 have
commented on the surprising lack of regenerative response
despite damage (12). Skeletal muscle has a remarkable capacity
to repair damage due to disease or injury. This is due to a self-
renewing stem-cell like population known as satellite cells [also
known as muscle stem cells (MuSCs)], residing in skeletal muscle
(13). In healthy adults, these cells are maintained in a unique
niche on the surface of muscle fibers, in a quiescent state. They
are identified by the expression of the transcription factor PAX7
(14). They account for about 1.5-2.5% of the total number of
myonuclei in human adult muscle (15) and a similar percentage
in adult mouse muscle (16). After damage, they proliferate and
differentiate into myoblasts that go on to fuse to and repair
the damaged skeletal myofibers (13). Defects in these cells and
problems with muscle regeneration are seen in other muscular
dystrophies and in normal aging (17-22).

Using a C2C12 mouse myoblast cell culture model, we were
one of the first groups to clearly demonstrate the concept of RNA
toxicity. We demonstrated the adverse effects of RNA toxicity on
myogenic differentiation and the potential for its reversibility
(23). Subsequent studies in this system pinpointed the defects
to early aspects of myogenic differentiation and numerous key
mediators of myogenesis including MyoD, p21, myogenin and
miR-1 (24-27). To date, only a relatively small number of patients’
satellite cells (Pax7+; MyoD—) and myoblasts (MyoD+; Pax7+/-)
have been examined and primarily by cell culture. The varying
disease severity and tissue samples preparation methods used
have made it difficult to generalize the results (28-30). Never-
theless, there were some defects in the satellite and/or myoblast
cell population, analogous to our C2C12 model. Another group
reported normal myogenesis, RNA splicing defects, but increased
apoptosis in DM1 primary myoblasts (31). Limited samples, lack
of controls and the limitations of human tissue have made
it difficult to systematically understand what defects may be
present. For instance, in our search of the literature, we were
unable to find studies demonstrating RNA foci in satellite cells
from muscle biopsy samples collected from patients with DM1.
Thus, in some recent studies, investigators have used fibroblasts
from DM1 individuals to generate induced pluripotent stem cells
(iPSCs), which were differentiated into myogenic cells for further
studies (32-36). In one study published in 2020 (32), the authors
showed that iPSC differentiated PAX7+ve cells had RNA foci,
thus demonstrating the potential for PAX7+ve cells to have RNA
foci. However, it is unclear if these are quiescent satellite cells
(i.e. PAX7+ve/myoD—ve) as it is known that myoD is quickly
activated in the majority of cultured satellite cells, within 4 h
of plating (37), thus altering their character and behavior into a
differentiated state (i.e. myoblast state).

Clearly, any treatment for DM1 must target and treat skele-
tal muscle in an effort to alleviate symptoms and disability
associated with muscular dystrophy. Therapeutics development
addressing this key issue is hampered without a model in which
one can develop a thorough understanding of the effects of RNA
toxicity on muscle regeneration, and one in which therapies
could be tested to assess their effects on muscle regeneration.
Satellite cells are key cellular mediators of muscle regeneration
in response to damage (13). Little work has been done to explore
the relevance of RNA toxicity on these primary cells involved in
skeletal muscle regeneration. This knowledge gap restricts our
understanding of how regeneration defects contribute to DM1
and could impact the success of developing therapies.

Here, we have now developed a mouse model of RNA toxicity
(DM200) in which we study the effects of RNA toxicity on muscle
regeneration and satellite cells. By shifting away from using
modified cells and instead using studies of skeletal muscle, we
aimed for a more in vivo, systematic examination of muscle
regeneration/differentiation in RNA toxicity. Induced skeletal
muscle damage experiments such as those using cardiotoxin or
barium chloride (BaCl,) have been utilized routinely to examine
the regeneration process in vivo (38). The process of satellite cell
recruitment/activation to myoblast and then myocytes has been
studied extensively in these controlled damage experiments.
Using this technique, the activation and timing of expression
of many myogenic factors have been well characterized (13).
However, the presence of the toxic RNA may alter this progres-
sion. This study is aimed at developing a model in which to
characterize the effects of RNA toxicity on this process.

Results

Expression of relevant molecules associated with RNA
toxicity in satellite cells

As a first step, we tried to determine if satellite cells in situ
have RNA foci. Most, if not all, studies referencing satellite cells
from patients with DM1 have involved evaluation in cell culture
conditions. Satellite cells exist in vivo in their special niche. When
they are removed from skeletal muscle, they start differentiating
rapidly, become myoblasts and change expression patterns of
many genes. This includes the expression of DMPK, which is
upregulated during myogenic differentiation (39). Therefore, we
screened a collection of nine muscle biopsy or autopsy samples
(mostly quadriceps or biceps) from individuals with DM1 that we
had obtained from collaborators or tissue banks, with the goal
of studying satellite cells in their natural niche. Most of these
samples were suboptimal for tissue sectioning due to freezing
artifacts that resulted in poor maintenance of the histology.
However, in at least three samples, we were able to obtain
images of satellite cells using an anti-PAX7 antibody to label the
satellite cell by immunofluorescence (IF), in combination with
RNA fluorescence in situ hybridization (RNA-FISH) using a CY3-
labeled (CAG)yo oligonucleotide for the detection of the mutant
DMPK mRNA. We counted 265 satellite cells between these three
samples and found that on average about 26% (range of 19, 27
and 32%) of the satellite cells had evidence of RNA foci (typically
one or two foci) (Fig. 1A and Supplementary Material, Fig. S1A),
while the majority of satellite cells did not have detectable RNA
foci. We then evaluated the expression of MBNLL1 in satellite cells
by combined PAX7/MBNL1 IF. MBNL1 co-localizes with RNA foci
and is reported to be necessary for RNA foci formation (40). In
skeletal muscle samples from two unaffected individuals, we
found that MBNL1 was expressed in all the satellite cells with
a roughly equal distribution between higher and lower MBNL1
staining (Supplementary Material, Fig. S1B). In the DM1 muscle
samples, we were able to identify foci of MBNL1 in some satellite
cells (Fig. 1B). In three DM1 muscle samples, the percentage of
satellite cells with higher MBNL1 staining ranged between 1, 14
and 15%. This would be consistent with the sequestration of
MBNL1 or reduction in MBNLI1 signal in the nucleoplasm in DM1
cells (41,42). MBNL2 IF signal was very poor in all human samples
(unaffected and DM1 muscles), and thus, we were not able to
assess its expression.

For the mouse tissues, we first attempted to evaluate the
expression of Dmpk in mouse satellite cells in situ using IF
microscopy. Several anti-DMPK antibodies were evaluated using
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Figure 1. RNA foci and RNA binding proteins expression in satellite cells. (A) PAX7 IF (green) and RNA FISH (red dots) in skeletal muscle from a DM1 patient show two
PAX7+ve cells, one with an RNA foci. (B) PAX7 IF (green) with MBNL1 IF (red) shows an example of PAX7+ve cell with MBNL1 foci. (C) PAX IF (green) and RNA FISH (red
dots) of the TA of DM200 D+ mouse showing PAX7+ve cells with RNA foci. PAX7 IF (green) and MBNL1 IF (red) of the TA from wild-type mouse (D) and DM200 D+ mouse
(E) showing PAX7+ve cells express MBNL1. PAX7 IF (green) and MBNL?2 IF (red) of the TA from wild-type mouse (F) and DM200 D+ mouse (G) showing PAX7+ve cells
express MBNL2. DAPI stains nuclei (blue); arrows indicate PAX7+ve cells. Scale bar =5 pm (for A-C) and 10 pm (for D-G).

skeletal muscle tissues from Dmpk knockout mouse as a tissue
source for validation of the antibodies. Unfortunately, none of
these antibodies were adequate for accurate detection of DMPK
by this method. We then did RNA-FISH/PAX7 IF in the skeletal
muscles (quadriceps) of two induced DM200 mice (DM200 D).
The DM200 mouse model is a doxycycline inducible transgenic
mouse model (43,44) where, upon introduction of doxycycline in
the drinking water, the transgene expression is induced in the
mice. We counted a total of 258 PAX7+ve cells in the tissues
from the two mice and found that 11.4 and 12.7% of PAX7+ve
cells had RNA foci (Fig. 1C and Supplementary Material, Fig. 1C).
As in the human situation, the majority of PAX7+ve cells did
not have detectable RNA foci. We also evaluated the expres-
sion of MBNL1 in PAX7+ve satellite cells using PAX7/MBNL1
IF from quadriceps muscles of wild-type (WT) mice (Fig. 1D),
uninduced DM200 (DM200 D—) and induced DM200 (DM200 D+)

mice (Fig. 1E) and found that MBNL1 was expressed in all satellite
cells at varying levels in all groups of mice. This is similar to
what we observed in the human situation. We also evaluated
MBNL2 expression in satellite cells using PAX7/MBNL2 IF and
found expression of MBNL2 in all satellite cells (Fig. 1F and G).
Additional examples and validation of MBNL antibodies are in
Supplementary Material, Figure 1.

RNA toxicity affects PAX7 expression and satellite cell
number

We took advantage of the fact that the DM200 mouse model
is inducible in order to study the kinetics of responses to RNA
toxicity. We induced transgene expression with 0.2% doxycycline
in the drinking water and collected tissues from mice at various
time points over 2 weeks (0, 2, 4, 5, 7 and 14 days post induction)
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Figure 2. Pax7 and myogenic differentiation markers are affected by expression of toxic RNA. gRT-PCR shows increased toxic RNA levels (GFP mRNA) in skeletal muscle
(gluteus maximus) of DM200 mice induced with 0.2% doxycycline. Time course studies indicate increased GFP mRNA levels as early as 2 days post induction that
increased over 10-fold as compared to uninduced mice (DM200 D—) by 1 week. Pax7 mRNA levels are significantly decreased in DM200 D— tissues and decrease further
with induction of toxic RNA expression (DM200 D-+). qRT-PCR shows changed expression of myogenic markers (Myf5, MyoG, Myod) in DM200 D— mice and with toxic
RNA induction (DM200 D+) during the time course (0-14 days) of the experiment. n=3 mice per group; *P <0.05, **P <0.01, ***P < 0.001; Student’s t-test; error bars are

mean + SEM.

and compared gene expression by quantitative RT-PCR (qRT-
PCR) for various genes related to satellite cells (Pax7) and
myogenic differentiation (MyoD, Myog, Myf5). The uninduced
DM200 mice (DM200 D—) have some transgene leakiness as
evidenced by a low level of GFP expression in skeletal muscle
(gluteus maximus). Within 2 days, transgene induction is evident
(2.8 fold, P=0.001) and increased to about 6-fold by 4-5 days
post induction (Fig. 2). By 7 days post induction, the GFP levels
were over 10-fold increased as compared to the DM200 D—
(P=0.0006) and reach a steady-state level of about 10- to 15-
fold induction, similar to levels previously reported for the
quadriceps and gastrocnemius/soleus muscles from these mice
(44,45) (Supplementary Material, Fig. S2). In the DM200 D— mice,
Pax7 mRNA levels were already reduced to about 53% (P=0.04)
of levels found in the gluteus maximus of wild-type mice. Upon
transgene induction, Pax7 expression steadily dropped further to
about 20% of wild-type levels (P =0.006) by 1 week post induction.
Of the three makers of myogenic differentiation, MyoD showed
significant changes, with levels being reduced by about 33% as
compared to wild-type mice by 2 weeks post induction (P=0.007),
while Myog and Myf5 remained relatively unchanged at 2 weeks
(Fig. 2).

We then used IF microscopy to assess if the reduced Pax7
mRNA levels were associated with any changes in the number
of PAX7+ve satellite cells. Since our model system depends
on doxycycline induction, we determined if doxycycline had
any effect on satellite cells using wild-type mice. In tibialis

anterior (TA) of wild-type mice without doxycycline induction,
we found that the number of PAX7+ve cells was about 3-4 per
100 fibers (Supplementary Material, Fig. S3). This is similar to
numbers reported by others (46). In the TA of wild-type mice
provided with 0.2% doxycycline in their drinking water for at
least 2 weeks, we found no change in the number of PAX7+ve
cells or Pax7 mRNA levels (Supplementary Material, Fig. S3).
Thus, we concluded that doxycycline was not having any
deleterious effect on this phenotype.

The RT-PCR data showed that DM200 D— mice already had
a reduction of about 50% in Pax7 mRNA levels as compared to
wild-type mice. We thus evaluated the number of PAX7+ve cells
in the DM200 D— mice as compared to wild-type mice. We found
that the number of PAX7+ve cells in the quadriceps of DM200 D—
mice (3.7/100 fibers) was comparable to wild-type mice (4.8/100
fibers) (Supplementary Material, Fig. 4). We also determined that
the number of PAX7+ve cells in the TA muscles of DM200 D—
mice (4.5 cells/100 fibers) was similar to the levels found in wild-
type mice (Fig. 3). So, the reduced Pax7 expression in the DM200
D— mice did not have any overt effect on the number of satellite
cells. However, in the TA muscles of DM200 D+ mice induced for
2 weeks, we found that the number of PAX7+ve cells was reduced
significantly (P=0.000001) to about 1 cell/100 fibers, as compared
to DM200 D— mice. This was associated with a further 50%
reduction in Pax7 mRNA levels (P=0.04) (Fig. 3). Similar changes
in the number of Pax7+ve cells were also seen in the quadriceps
muscles of DM200 D+ mice (Supplementary Material, Fig. S4).
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Figure 3. RNA toxicity reduced the number of satellite cells. (A) IF for PAX7 (red) in uninjured TA sections from DM200 D— and DM200 D+ mice. Nuclei were stained
with DAPI (blue). Arrows represent PAX7+ve cells. Scale bar =100 um. (B) Quantification shows a decrease in PAX7+ cells per 100 fibers in skeletal muscle (TA) of DM200
D-+ mice (2 weeks post-induction) as compared to DM200 D— mice. n=3-4 mice per group; at least three non-overlapping sections/mouse; ***P < 0.001; Student’s t-test;
error bars are as mean =+ SEM. (C) qRT-PCR shows decreased expression of Pax7 mRNA in skeletal muscle (TA) of DM200 D+ mice (2 weeks post induction) as compared
to DM200 D— mice. n=5 mice per group; *P < 0.05; Student’s t-test; error bars are mean + SEM.

Thus, the induction of RNA toxicity had a deleterious effect on
the number of PAX7+ve satellite cells in multiple muscles.

RNA toxicity affects muscle regeneration

In order to study the effects of RNA toxicity on muscle regen-
eration, we decided to use an induced damage protocol that is a
standard for studying muscle regeneration in mice. This typically
uses the TA muscle and utilizes some form of induced damage
such as the injection of cardiotoxin, barium chloride (BaCl,) or
freeze-induced damage (38). These agents cause focal myonecro-
sis, which is then healed by muscle regeneration over a period of
4 weeks. Such approaches have been used for decades and the
response to damage and subsequent repair and the associated
histologic and molecular changes as well as cellular responses
have been well characterized and standardized (13,16,47-49). We
evaluated a cohort of male and female DM200 mice, 2 months
old, by electromyography (EMG) and electrocardiography prior
to doxycycline induction. All mice had no myotonia and nor-
mal electrocardiogram (ECG). Then, we induced the transgene
with 0.2% doxycycline in the drinking water in half the cohort
(DM200 D+), with the other half remaining as an uninduced

control group (i.e. DM200 D—). After 2 weeks, we performed EMGs
and ECGs and confirmed that the induced mice had relevant
DM1 phenotypes as previously described (44). At that point, we
injected 100 pl of a 1.2% BaCl, solution into the right TA and
an equivalent volume of PBS into the left TA as an undamaged
control, in both groups. We collected tissues from subsets of mice
from the DM200 D— and the DM200 D+ groups at various time
points corresponding to the presence of satellite cell, myoblasts,
myocytes and myofibers (0, 5, 14, 28 and 56 days). The schema
for this protocol is represented in Figure 4A.

The BaCl, causes myonecrosis rapidly. In healthy muscle that
is damaged this way, there is subsequently an inflammatory
response involving neutrophils and macrophages over the next
3-4 days at which point there is an exuberant increase in the
number and activation of satellite cells by day 5. This activa-
tion is accompanied by the upregulation of MyoD, which marks
a commitment of the satellite cells to a differentiated state.
The satellite cells differentiate to myoblasts (MyoD+ve), which
then differentiate (marked by increased myogenin), and then
fuse leading to the appearance of newly regenerating imma-
ture myofibers [marked by the expression of embryonic myosin
heavy chain (MYH3)].
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Figure 4. Skeletal muscle regeneration is delayed early by RNA toxicity. (A)
Schematic showing the experimental design for single injury used in this study.
(B) Representative images of H&E staining and PAX7 IF (green) at 5 days after
injury by BaCl; in DM200 D— and DM200 D+ TA muscles. The H&E shows
persistence of inflammatory response and lower number of regenerating fibers
in DM200 D+ mice, and the PAX7 IF shows a deficit in satellite cell numbers in
response to damage. (C) MYH3 IF(green) of TA muscles at 5 (left) and 7 (right) days
post injury (dpi) demonstrates reduced and delayed expression of this marker of
regeneration in DM200 D+ mice as compared to DM200 D— mice; laminin (red),
nuclei are stained with DAPI (blue). (D) qRT-PCR shows that expression of GFP
mRNA is induced to similar levels in control and BaCl, injected legs of DM200
D+ mice. At 5 days post BaCly, the levels of Pax7 and MyoD induction in response
to damage are reduced significantly in the TA muscles of DM200 D+ mice as
compared to DM200 D— mice. Saline represents the contralateral leg in each
mouse, injected with PBS. n=5 mice per group; *P <0.05, **P <0.01; Student’s
t-test; error bars are mean + SEM. Scale bars =50 pm.

We examined the histology of the TA muscles collected at
5 days post damage. We focused on areas where the damage was
evident (i.e. myonecrosis and inflammation). In the DM200 D—
mice, hematoxylin and eosin (H&E) staining consistently showed
evidence of regeneration with the presence of many small regen-
erating fibers with central nuclei (a marker of myofiber regener-
ation after damage) (Fig. 4B). In marked contrast, the DM200 D+
mice showed far fewer regenerating fibers and more persistence
of the inflammatory cellular response (Fig. 4B). PAX7 IF on these
tissues revealed a dramatic and robust increase in the number of
PAX7+ve cells in response to damage in the DM200 D— TA mus-
cles (Fig. 4B). Whereas, the response in DM200 D+ TA muscles
showed far fewer PAX7+ve cells (Fig. 4B). The average number of
PAX7+ve cells per 20x field was 29+5 in the DM200 D— mice,
as compared to only 4 + 1.4 in the DM200 D+ mice (P =0.00006).
IF microscopy was used to determine the expression of embry-
onic myosin heavy chain (MYH3), a marker of nascent myofiber
formation. In the TA muscles from the DM200 D— mice, we
observed that the majority of the small fibers with central nuclei
expressed MYH3 (Fig. 4C). In contrast, in the DM200 D+ mice, far
fewer centrally nucleated myofibers expressed MYH3 (Fig. 4C),
suggesting a delay in muscle regeneration. This was confirmed
by assessing the expression of MYH3 in tissues collected 7 days
post damage, where we saw that in the DM200 D+ mice, more
myofibers were now expressing MYH3, whereas in the DM200
D— mice it was diminishing, as the myofibers in these mice
were transitioning to a more mature structure and organization
(Fig. 4C).

Quantitative RT-PCR was done on RNA extracts from TA mus-
cles collected 5 days after damage (Fig. 4D). The GFP transgene
was induced in the DM200 D+ TA muscles to about 12 times the
levels found in the TA muscles of DM200 D— mice, similar to
what was mentioned earlier. The BaCl, damage did not change
the level of transgene induction (compare DM200 D+ saline
to DM200D+ BaCl,). In response to the BaCl,-induced damage,
the Pax7 mRNA levels in the DM200 D— mice rose to about 50
times that in undamaged muscle (i.e. DM200 D— BaCl, versus
DM200 D— saline). In contrast, in the DM200 D+ damaged muscle
(DM200 D+ BaCl,), the Pax7 mRNA levels were only about one-
third of that in the DM200 D— BaCl, damaged muscle (P =0.001).
The MyoD mRNA levels in DM200 D— damaged muscle rose
to about 16 times that in undamaged muscle. However, in the
DM200 D+ muscle, it was only 9-fold (P=0.04). Similarly, the
myogenin levels in the damaged DM200 D+ muscles were only
60% of those in damaged DM200 D— TA muscles; however, this
did not reach statistical significance.

The preceding analyses are all consistent with a delay in
muscle regeneration and a deleterious effect on satellite cell
numbers as early as 5 days post damage. We evaluated if this
delay persisted by assessing muscle regeneration through H&E
histologic analysis and muscle fiber size determination. For each
time point, we analyzed tissues from three to five different
mice for each group and at least three sections per mouse. In
order to determine the effects of RNA toxicity in the absence
of any damage, from each mouse, we used the TA muscles that
had been injected with saline (PBS). Fiber size analyses on H&E
sections from tissues collected at 5, 14 and 28 days post saline
injection showed no significant differences between DM200 D—
and DM200 D+ TA muscles (Supplementary Material, Fig. S5). In
contrast, at 5 days post BaCl, damage, as mentioned previously
(Fig. 4B), there was a clear difference in the number of fibers with
central nuclei (indicating regenerating fibers), with increased
numbers in the DM200 D— group, and a persistence of inflam-
matory cells in the DM200 D+ muscles (Fig. 5). We summed the
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Figure 5. Muscle histology and fiber sizing confirm persistent delay in muscle regeneration and reduced satellite cell numbers in RNA toxicity mice. (A) Representative
H&E staining of TA muscle sections 5, 14 and 28 days post injury (dpi) in the DM200 D— and DM200 D+ mice; scale bars=50 um. Graphs on right—the top graph
represents quantification of the number of centrally nucleated fibers <30 pm (i.e. regenerating fibers) at 5 days post damage. The bottom two graphs at 14 and 28 days
post damage represent a fiber size distribution plot with fibers <30 pm in the boxed area; n=3-5 mice per group; five non-overlapping sections/mouse; *P < 0.05;
Student’s t-test; error bars are mean =+ SEM. (B) PAX7 IF (green) showing PAX7+ve cells (arrows) in DM200 D— and DM200 D+ TA muscles 28 days post injury; laminin
(red); nuclei (blue); scale bars =50 pm. Quantification shows a reduced (but not statistically significant) number of PAX7+ve cells in DM200 D+ mice; n=3 mice/group;

5-6 non-overlapping sections counted/mouse; error bars are mean =+ SEM.

data from four mice per group and found that the damaged
DM200 D— muscles had a total of 607 fibers with central nuclei,
whereas the damaged DM200 D+ muscles had only 58 such
fibers. Of these, we counted the number of fibers with central
nuclei that were less than 30 microns, as a better indicator of
nascent regenerating fibers. In the DM200 D— mice, we found
about 145 fibers/mouse (total 579 of 607 fibers) that met this
criteria, whereas in the DM200 D+ mice, there were only about 13
fibers/mouse (53 of 58 fibers) (P=0.009) (Fig. 5A). We then sought

to determine if differences persisted beyond this time point.
Typically, healthy skeletal muscle, by 14 days post damage, is
healing and remodeling with increasing maturation of regener-
ated fibers. Histologic analyses typically show that the majority
of regenerating fibers exhibit central nuclei and the muscle
architecture more closely resembles healthy muscle. Therefore,
using H&E histology and subsequent fiber sizing, we analyzed
the fiber size diameter of central nucleated fibers at 14 days
post damage in the DM200 D— and the DM200 D+ mice. The
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Figure 6. Delayed regeneration persists to 56 days post damage. (A) Representative H&E staining of TA muscle sections 56 days post injury in the DM200 D— and DM200
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(arrows) in DM200 D— and DM200 D+ TA muscles 56 days post injury; laminin (green); nuclei (blue); scale bars =50 pm. Quantification shows a significantly reduced
number of PAX7+ve cells in DM200 D+ mice; n=3 mice/group; 5-6 non-overlapping sections counted/mouse; ***P < 0.001; Student’s t-test; error bars are mean = SEM.

tissue sections showed that the DM200 D— mice seemed to have
more intact architecture with larger fibers. Fiber size analyses
confirmed this and showed that the DM200 D+ mice had a sta-
tistically significant increased percentage of smaller regenerated
fibers (<30 pm) (P=0.016) as compared to the DM200 D— mice
(Fig. 5A). This difference in fiber size distribution persisted at 28
days post damage with the DM200 D+ mice showing a higher
percentage of smaller regenerated fibers (P=0.013) (Fig. 5A). The
number of PAX7+ve cells in the DM200 D+ TA muscles (8 & 2/100
fibers) was trending lower than in the DM200 D— TA muscles
(13 +£3/100 fibers) at this time point (P=0.11) (Fig. 5B).

To determine if the delayed histology and the reduced
satellite cell number at 28 days post damage would catch
up with time, we evaluated damaged TA muscle 56 days
after BaCl, administration. At this time point, the DM200
D+ mice still showed evidence for delayed regeneration with
an increased proportion of smaller central nucleated fibers
(<30 pm) (P=0.05) as compared to DM200 D— mice (Fig. 6A).
In addition, the number of PAX7+ve cells was now significantly
lower in the DM200 D+ mice (3.6 +1.2/100 fibers) as compared
to DM200 D— mice (10.8+1.6/100 fibers) (P=0.008) (Fig.6B).
This suggested that the RNA toxicity impaired the ability to
maintain a pool of satellite cells in damaged muscle. We also
compared the DM200 D— mice to WT D+ mice and found no
difference in fiber size distribution or PAX7 numbers, 56 days
post damage (Supplementary Material, Fig. S6). This suggested
that the response to damage between DM200 D— mice and
wild-type mice was alike.

Repeated damage brings out a dystrophic phenotype in
RNA toxicity mice

Muscular dystrophy is thought to progress from repeated dam-
age and depletion of the regenerative response. This leads to

replacement of healthy muscle tissue by fibrous and fatty tissue,
which is the hallmark of the dystrophic phenotype. One way to
model this in mice is to use repeated episodes of induced dam-
age. In a healthy mouse, proper repair is essentially achieved by
28 days post damage, and the mouse is able to respond in a simi-
lar way to a repeated damage event. However, in a compromised
mouse, repeated damage may bring out a dystrophic phenotype,
especially in mice in which the satellite cells are compromised
in number or function (50). Given the delay in regeneration and
depletion of satellite cells caused by RNA toxicity, we sought to
determine if this would affect the ability of the DM200 mouse to
respond to repeated episodes of damage. Therefore, we designed
an experiment where we damaged the TA of wild-type and
DM200 D+ mice with BaCl,, waited 28 days and then repeated
the damage with a second administration of BaCl,. This was
followed by tissue collections at 5 and 14 days after the second
damage event for histologic evaluations (Fig. 7A).

The most striking difference in the H&E histologic analyses
between the WT D+ mice and the DM200 D+ mice at 5 days
post re-damage was the obvious and increased number of fat
droplets in the damaged TA muscles of DM200 D+ mice as
compared to the more orderly repair in the WT D+ tissues
(Fig. 7B and Supplementary Material, Fig. S7A). The presence of
oil droplets was confirmed with Oil Red O staining, which stains
for fat droplets (Fig. 7B and Supplementary Material, Fig. S7B).
Further confirmation was obtained by IF using an anti-perilipin 1
(PLIN1) antibody, which showed marked increase in the presence
of PLIN1 in the DM200D+ TA muscles (Fig. 7C). Perilipin is a
protein that associates with the surface of lipid droplets (51).
The presence of large amounts of fat droplets is abnormal and
is consistent with impaired repair and phenotypes seen with
muscular dystrophy.

As mentioned, the H&E staining of WT D+ TA muscles at
5 days post re-damage showed a more organized histology of
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Figure 7. Repeated injury uncovers a dystrophic phenotype in skeletal muscles of RNA toxicity mice. (A) Schematic showing the experimental design used in this
study. (B) H&E-stained sections of re-damaged TA muscles show increased fat droplets (white arrows) and a decreased number of regenerating fibers with persistent
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expression. Laminin IF used for outlining muscle fibers (green), and nuclei stained with DAPI (blue). (C) IF for perilipin (a fat droplet surface marker) (red) shows
increased adipogenesis in TA muscle sections from DM200 D+ mice as compared to WT D+ mice at 5 days post re-damage; nuclei are stained with DAPI (blue). (D)
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mice as compared to WT D+ mice at 14 days post re-damage; n=3 mice per group, **P <0.01, Student’s t-test, error bars are mean + SEM. (E) MYH2 IF (red) (a marker
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regenerating fibers. We performed MYH3 IF as before, and it
showed more MYH3 in the DM200D+ TA muscles as compared
to the WT D+ TA muscles (Fig. 7B). At first, this was surprising,
but the histology showed that the WT D+ mice had matured
to the point where they were probably downregulating MYH3
expression, similar to what we had seen previously at 7 days
post single damage (see Fig. 4C). These results suggested that
beyond a defect in regeneration, there may also be issues with
maturation of the regenerating muscle in the DM200 D+ mice. To
evaluate this, we examined TA muscles collected at 14 days post
damage. The H&E sections showed that almost all the muscle
fibers in both the WT D+ and DM200D+ mice had central nuclei
(Fig. 7D). This is consistent with the fact that we were looking
at regenerating fibers from damaged areas in both cases. The
WT D+ muscles showed a more organized distribution of fibers,
whereas the DM200 D+ mice had more variability in fiber size,
wider interstitial spaces (consistent with poorer maturation and
increased deposition of collagen) and persistence of fat droplets.
Fiber size analyses showed that the DM200 D+ mice had a
significantly higher proportion of smaller muscle fibers (<30
microns diameter) (P=0.003) (Fig. 7D). We then evaluated the
expression of MYH2 in the muscles collected at 14 days post re-
damage, using it as a marker of muscle fiber maturation (Fig. 7E).
MYH2 is a fast myosin that is about 25% of the total myosin
heavy chain expressed in mature adult mouse TA muscle. IF
for MYH2 using an antibody specific for MYH2 showed that
the saline-treated TA muscles in both DM200 D— and DM200
D+ mice had abundant and similar MYH2 expression, demon-
strating that RNA toxicity did not have an overt effect on the
expression of MYH2 in undamaged muscle. However, in the
BaCl, damaged muscle, the TA muscle from DM200 D— mice
showed robust expression of MYH2, whereas the TA muscles
from DM200 D+ mice showed far fewer fibers expressing MYH2
(Fig. 7E and Supplementary Material, Fig. S8). This is consistent
with delayed maturation of the damaged fibers in the presence
of the toxic RNA.

Systemic ASO therapy corrects muscle regeneration
defects caused by RNA toxicity

Recently, we showed that systemic treatment with an antisense
oligonucleotide (ASO) targeted against the DMPK 3'UTR mRNA
(ISIS 486178) was efficient in reversing key phenotypes of RNA
toxicity such as myotonia, cardiac conduction defects and RNA
splicing defects in the DM200 mouse model (44). Here, we aimed
to test if ASO therapy was capable of having any beneficial
effects on the adverse effects of RNA toxicity on satellite cells
and muscle regeneration. To do this, we designed a treatment
protocol for DM200 D+ mice, with the observers blinded to the
treatment, wherein half of the cohort was treated with IONIS
877864 (hDMPK-ASO), a ligand-conjugated antisense (LICA-ASO),
a 5'-palmitoyl-conjugated version of the ISIS 486178 (52,53). The
other half was treated with another LICA-ASO, IONIS 885417
(control-ASO), a LICA control-ASO (Fig. 8A). We induced a cohort
of 40 DM200 mice with doxycycline for 2 weeks. We confirmed
that they had DM1 phenotypes by EMG and ECG (i.e. myotonia
and cardiac conduction defects). Subsequently, half of them were
administered IONIS 877864 subcutaneously (25 mg/kg twice a
week) for 4 weeks, while the other half received the control-ASO.
At the end of 4 weeks of treatment, the mice underwent the BaCl,
damage in their right TA, while the left TA was injected with PBS.
Tissues were collected at 5, 14 and 28 days post damage for eval-
uation of the effects on satellite cells and muscle regeneration.
This protocol was repeated in a second cohort.

RNA-FISH confirmed that the number of RNA foci was
reduced by IONIS 877864 in tissues collected from DM200 D+
mice at 5 days post damage (Supplementary Material, Fig. S9).
H&E sections of TA muscles from 5 days post damage showed
that the tissues from mice treated with IONIS 877864 had more
regenerating fibers, whereas the tissues from mice treated with
the control-ASO had persistence of the inflammatory infiltrate
and fewer regenerating fibers (Fig. 8B). Fiber sizing confirmed
that the mice treated with the hDMPK-ASO had larger central
nucleated fibers with about 75% of them being greater than 20
microns diameter, as compared to only 30% with the control-
ASO (P=0.004) (Fig. 8C). MYH3 IF confirmed that the tissues
from mice treated with IONIS 877864 had significantly larger
regenerating fibers (P=0.01) (Fig. 8D). Significantly, treatment
with IONIS 877864 increased the number of PAX7+ve cells as
compared to the control oligo (P=0.008) (Fig. 8E). gRT-PCR found
that the expression of the transgene was reduced by about
50% (P=0.00006) by the IONIS 877864 ASO and that this was
associated with a 50% increase in Pax7 expression (P=0.024)
and a similar increase in Myh3 expression (P=0.059) (Fig.9).
Interestingly, there was significant reduction in the expression
of Collal (P=0.026), a gene associated with collagen synthesis.
Overall, these results suggested that treatment with the hDMPK-
ASO had a beneficial effect on muscle regeneration and satellite
cells.

We extended our investigation to tissues collected at 14 and
28 days post damage. H&E histologic analyses of TA muscles
collected at 14 days post damage suggested better resolution
of damage in mice treated with IONIS 877864 as compared to
the control-ASO (Fig. 10A and Supplementary Material, Fig. S10).
Consistent with this, the fiber size analysis showed that the mice
treated with the IONIS 885417 (control-ASO) trended (P=0.078
for fibers size <25 pm) towards a smaller fiber size distribution
(Supplementary Material, Fig. S11). In addition, the histologic
analyses showed larger interstitial spaces in the TA muscles
from mice treated with the control-ASO, suggesting increased
collagen deposition. Gomori trichrome staining confirmed
increased presence of collagen in the TA muscles of mice treated
with the control-ASO as compared to mice treated with IONIS
877864 (Fig. 10B). Similar results for H&E and Gomori trichrome
staining were seen in TA muscles collected 28 days post damage
(Fig. 10C and Supplementary Material, Fig. $12). gRT-PCR showed
that the transgene GFP mRNA levels were significantly less
(P=0.049) in the hDMPK-ASO treated TA muscles as compared
to mice treated with the control-ASO (Fig. 11A). Interestingly,
this time point, 28 days post damage, is 4 weeks after the last
dose of ASO treatment and is a reflection of the duration of
its therapeutic effect. The decrease in toxic RNA levels was
associated with a significant increase (P=0.043) in Pax7 mRNA
levels (Fig. 11A). Importantly, this was also associated with a
significant rescue in the number of PAX7+ve cells (P=0.0002)
in the hDMPK-ASO treated muscles to the levels found in TA
muscles from wild-type mice that had undergone the 28-day
damage protocol (Fig. 11B).

Discussion

DM1 is the most common muscular dystrophy disorder in adults.
It is a progressive dystrophy happening over decades and so is
typically much slower than that seen in Duchenne muscular
dystrophy. Practically, it has thus been difficult to characterize
the muscular dystrophy and elements contributing to the patho-
genesis, from a clinical perspective. Many mouse models of RNA
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toxicity have been generated to study the concept of RNA toxicity
and its role in DM1 (5). However, most have limited evidence for
progressive dystrophic changes, including the prototypic HSA-
LR mouse model (54). This is true of the DM200 mouse model
presented here as well, where we do not observe significant
weight loss, loss of muscle mass or muscle fiber size changes
(Supplementary Material, Fig. S5) in the 1- to 2-month window
of the studies (44). Other studies have reported some evidence
for dystrophic changes in the homozygotes of the DMSXL mouse
model, which express the CUG expanded DMPK mRNA from
a transgene encoding the entire human gene with (CTG) 1000
(55). However, this model has severe growth retardation (body
weight of only 50% of wild-type littermates) and very high pre-
weaning mortality (>60%), complicating the study of muscle
wasting and dystrophy. More recently, another mouse model, the
TREDT960I, containing a tetracycline inducible transgene with
human DMPK exons 11-15 with a 960 interrupted CTG repeat, has
been reported to have gender specific mild myopathic changes in
specific muscles in the absence of regeneration (8). Of note, with
the exception of the DMSXL mouse model (55), the remaining
mouse models have robust expression of the toxic RNA, with
levels that are significantly higher than the Dmpk gene (8,45).
This suggests the possibility that the threshold for toxicity in
mouse skeletal muscles leading to dystrophic changes is higher
or that other unknown or differing mechanisms may be at play
between the mouse and human conditions.

Here, we decided to use a controlled experimental approach
to elicit skeletal muscle damage and study the regenerative
response to it. Although, this may not be the typical way in
which muscle damage is likely to occur in the human condition,
the concept of chemically (cardiotoxin, notexin, BaCly) or phys-
ically (freeze injury) induced damage has been used for several
decades to define the underlying molecular, cellular and histo-
logic changes that happen during the regenerative response to

damage (13,16,47-49). The key to a regenerative response in adult
skeletal muscle is the satellite cell. Several elegant studies using
genetically modified mice have clearly shown that satellite cells
are indispensable to adult muscle regeneration (50,56-58). Severe
reductions in the number of satellite cells resulted in impaired
regeneration and increased fibrotic and fatty infiltration with
repeated damage.

Satellite cells are found between the basal lamina and the
sarcolemma of muscle fibers and constitute between 2 and 10%
of myonuclei depending on the muscle and organism. Satellite
cells stay in a quiescent state and are activated by physiological
growth and physical activity. In damaged muscles, they are
activated by a number of cytokines and growth factors released
by inflammatory cells responding to damage. They are charac-
terized by the expression of PAX7, a paired box transcription
factor. With respect to DM1, it is not clear if DMPK is expressed
in satellite cells in vivo. Our analysis found that satellite cells do
have the RNA foci associated with mutant DMPK mRNA (Fig. 1).
We also evaluated our DM200 mouse model for the presence of
RNA foci in PAX7+ve cells and found that they too have RNA
foci in satellite cells in vivo. The transgene in the DM200 mice
is driven by the putative human DMPK promoter (43,59); and its
expression in other tissues such as skeletal muscle, the heart
and smooth muscles (43) is consistent with endogenous Dmpk
expression. Our data along with those from iPSC cells support
the idea that DMPK is expressed in satellite cells. Since MBNL1
co-localizes with RNA foci and is reported to be necessary for
RNA foci formation (40), we also looked for MBNL1 expression
in satellite cells. We saw evidence for MBNL1 in satellite cells
in muscles tissues from human and mouse and for possible
sequestration of MBNL1. In addition, we found evidence for
MBNL2 expression in murine satellite cells.

It is clear from our data that RNA toxicity in the DM200 mice
leads to decreased PAX7+ve cells (satellite cells). Uninduced


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab108#supplementary-data

DM200 D+; Control-ASO,14 dpi

o

DM200 D+; hDMPK-ASO,14 dpi

Figure 10. LICA-ASO improves muscle regeneration and reduces dystrophic
changes in RNA toxicity mice. (A) H&E staining of TA sections shows improved
muscle histology in DM200 D+ mice treated with hDMPK-ASO as compared with
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pared to control-ASO treated mice. (C) Representative images of H&E staining and
Gomori trichrome staining of TA muscle sections collected at 28 dpi from DM200
D+ mice treated with either control-ASO or hDMPK-ASO show decreased fibrosis
and more intact muscle architecture in the hDMPK-ASO-treated mice. For B and
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DM200 mice, which express the transgene RNA due to some
transgene leakiness, in the absence of doxycycline induction,
have decreased Pax7 expression by about 50% (Fig. 2). However,
the number of satellite cells in the TA or quadriceps muscles did
not differ from that found in wildtype mice (Supplementary
Fig. S4). This suggests that in the DM200 D— mice that the
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reduction in Pax7 mRNA levels may be due to decreased
expression of the gene in satellite cells and not due to loss
of satellite cells. However, when we induced the DM200 mice
with doxycycline, this resulted in a further progressive decease
in Pax7 mRNA levels starting as early as 5 days post induction
(Fig. 2). By 1 week post induction, the levels were approximately
20% of those found in wild-type mice. Coinciding with this
reduction in expression of Pax7 in the DM200 D+ mice, we found
decreased numbers of satellite cells by 2 weeks post induction
(Fig. 3 and Supplementary Material, Fig. S4). This is not due to
doxycycline as we did not see any effect of doxycycline on
satellite cell numbers or Pax7 expression in wild-type mice
(Supplementary Material, Fig. S3). We also noted, though this
was difficult to quantify, that the signal intensity from PAX7-
IF seemed diminished in the PAX7+ve cells in the skeletal
muscles of DM200 D+ mice. Though speculative, it may be
that there could be a threshold level of PAX7 expression for
satellite cell maintenance or function (60). We performed
TUNEL assays (for apoptosis) as well as IF assays for Ki67
(a marker of cellular proliferation) to assess if there was
evidence of increased apoptotic activity or changes in cellular
proliferation in the TA muscles. We saw scant evidence for
any apoptosis or proliferation, and there were no differences
between DM200 D+ mice and wild-type mice (data not
shown).

PAX7 is required for satellite cell specification (14) and is
universally used as the marker for satellite cells. In a series
of elegant and complementary experiments, satellite cells were
shown to be indispensable for muscle regeneration in adult mice
(50,56-58,61). So, we used an injury model (BaCl, intramuscular
injection) to assess if the reduction in satellite cells had any
functional consequences with respect to muscle regeneration
in DM200 mice with RNA toxicity. Our results clearly show that
there is a defect in muscle regeneration as measured by a vari-
ety of parameters including MYH3 expression, MyoD and Myog
expression, fiber size and satellite cell response to damage (see
Figs 3-6). Furthermore, even after waiting for 56 days, we saw a
persistence of smaller fibers and significantly reduced satellite
cell numbers in the DM200 D+ mice (Fig. 6). These experiments
demonstrate a delay in regenerative response, a lack of muscle
fiber maturation and an inability to maintain a normal number
of satellite cells.

One of the things that the inability to maintain the satellite
cell pool predicts is that the consequences of repeated damage
may be more severe. This has been borne out by previous studies
in which repeated instances of induced damage resulted in
further impairment in the repair response and the elicitation
of a more dystrophic phenotype with increased fat droplet
infiltration and an increased fibrotic response (50,56,57,62).
In the DM200 model, this is exactly what we see. With a
second episode of induced damage, the DM200 D+ mice
show increased fat droplets in the damaged muscle and a
reduction in the number of regenerating fibers (Fig. 7B and C
and Supplementary Material, Fig. S7A and B). The histology
and fiber sizing showed smaller fibers and increased fibrosis
(Fig. 7D), while the MYH2 analysis showed clear evidence of
decreased fiber maturation at this stage of repair (Fig. 7E and
Supplementary Material, Fig. S8). In total, all of these results
are consistent with a dystrophic phenotype being brought out
by repeated muscle damage. This is one of the first times to
model these classic markers of dystrophic changes (i.e. fat
deposition and fibrosis) in the skeletal muscles of a mouse model
of RNA toxicity. Though such changes are typically reported in
muscles of patients with Duchenne muscular dystrophy, they
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Figure 11. LICA-ASO treatment rescues satellite cells in the RNA toxicity mouse. (A) gRT-PCR shows decreased expression of toxic RNA (GFP DMPK 3'UTR mRNA) and
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are also seen in the skeletal muscles of patients with DM1
(Supplementary Material, Fig. 13). Recent studies using MRI have
found increased fat infiltration in truncal muscles of patients
with DM1 that correlated with decreased strength (63). Other
studies found that more than 70% of DM1 patients had MRI
evidence of fatty infiltration in their lower limb muscles and
that this correlated with clinical measures of muscle function
(64-67).

Having established a model of muscle regeneration defects
due to RNA toxicity, we sought to determine if these would be

amenable to therapeutic intervention. Recently, we published
a study demonstrating the utility of systemic ASO therapy tar-
geting the DMPK 3'UTR in reversing multiple phenotypes in the
DM200 RNA toxicity model. This included myotonia, cardiac
conduction defects and RNA splicing defects, all of which coin-
cided with a reduction in the levels of the toxic RNA and in a
reduction in RNA foci in affected tissues. Here, we utilized a
fatty acid ligand-conjugated version of the ASO that was used
in the previous study. This palmitoyl-conjugated ASO is about
3-4 times more potent than the ISIS 486178 ASO we used in



our previous study (52,53). To our knowledge, this is the first
time that a LICA-ASO targeting the DMPK 3'UTR has been used
in a mouse model of RNA toxicity. We treated the mice for
4 weeks, with twice weekly, subcutaneous administration of
the ASO based on data gathered from prior studies (52,53). Of
note, this ASO (IONIS 877864) and the duration of treatment
were effective in reducing the number of RNA foci in the TA
muscles of treated mice (Supplementary Material, Fig. S9). The
mice treated with the ASO also had better muscle regeneration
after induced damage, as early as 5 days post damage, based
on H&E histology, fiber sizing and MYH3 expression (Fig. 8).
Notably, at this time point, the treatment had also increased
the number of satellite cells in response to damage, as com-
pared to the control-ASO (Fig. 8E). This coincided with increased
Pax7 expression (Fig. 9). By 14 days post damage, H&E staining,
fiber sizing and Gomori staining also showed larger fibers and
decreased collagen deposition in the IONIS 877864 treated mice,
and this persisted to the end of the experiment at 28 days
post damage (Fig. 10). At this time point, the mice treated with
the IONIS 877864 ASO showed almost complete resolution of
the damage with minimal fibrotic changes in contrast to the
control-ASO mice, which showed significant fiber size variability
and clearly evident fibrosis (Fig. 10D). Importantly, at this time
point, the LICA-ASO treatment also restored the satellite cell
numbers in the DM200 D+ mice to those found in wild-type mice
(Fig. 11). These results show that muscle regeneration defects
and muscular dystrophy phenotypes such as fibrosis may be
amenable to systemic ASO therapy. The results also show that
such therapy may be also able to correct the reduction in satellite
cell numbers.

Satellite cells have typically been studied in the context of
their role in muscle regeneration. Over the past decade, the
research team at the Center for Muscle Biology at the University
of Kentucky has done a series of elegant studies using a novel
mouse strain in which diphtheria toxin is expressed condition-
ally in Pax7 expressing cells to deplete satellite cells by about
90% (61). With this mouse strain, they were one of the groups
to show the indispensable requirement for satellite cells for
muscle repair in response to damage in adult mice. Over the
last decade, they have also demonstrated other roles for satellite
cells in adult muscle. They have reported on the role for satellite
cell depletion in the accumulation of the extracellular matrix
and fibroblast expansion in skeletal muscle (68-70). They also
reported a potential role for satellite cells in maintaining proper
muscle spindle fiber function and gross motor coordination (71).
This was associated with decreased wheel running performance
and lipid accumulation in the skeletal muscle. Furthermore, they
showed that satellite cell depletion in adult mice was associated
with altered muscle morphology in chronically stretched muscle
and that this was associated with smaller muscle fibers and
increased fibrosis (72). More recently, they have shown that satel-
lite cell depletion has a deleterious effect on physical function
and muscle fiber hypertrophy in exercised, physically active
mice (73). Altogether, these studies provide a strong base of
evidence for the role of satellite cells in adult muscle that goes
beyond the indispensable role in the regenerative response in
damaged muscle. Though speculative, it might be interesting to
study the role of reduced satellite cells in other functional and
histologic aspects of DM1 pathology.

The toxic RNA clearly has deleterious effects on satellite
cell numbers. Unfortunately, we have yet to resolve how this
happens. Our preliminary analyses do not show evidence of
increased apoptosis or proliferation changes in the skeletal
muscles of the DM200 D+ mice. Admittedly, though it would
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have been difficult to capture a satellite cell in the active
process of apoptosis, we did not see such events. Additional
experiments in the future, using single fiber analysis in culture,
or satellite cell marker mice may be able to address this.
Another possibility is that a threshold level of PAX7 expression
is required to maintain a satellite cell. In the uninduced DM200
mice (DM200 D-), the Pax7 expression levels were already
reduced to about 50% of that in wild-type mice (Fig.2). At
this level of expression, there was no reduction in satellite
cell numbers (Supplementary Material, Fig. S4). However, upon
induction of the transgene, we saw further reductions in Pax7
expression such that it was about 20% of the levels found in
wild-type mice by 1 week post induction. This coincided with
a dramatic decrease in the satellite cell number (Fig.2 and
Supplementary Material, Fig. S4). It has been proposed that an
inhibitory circuit exists between PAX7 and myogenic regulatory
factors, namely MyoD and myogenin (74,75). In this model, high
PAX7 levels repress MyoD through effects on MyoD protein
stability and Myod transcription and that the onset of myogenin
expression, which is downstream of MyoD activation, represses
PAX7. This model also predicts that lower levels of PAX7, below
a certain threshold, would result in increased MyoD activity
and precocious differentiation of the satellite cell and thus
result in a decreasing satellite cell pool (and decreasing Pax7
mRNA levels). Interestingly, we found that MyoD mRNA levels
were increased significantly (P=0.04) in the DM200 D— mice
(Fig. 2). This was associated with a 2-fold increase in Myog
mRNA levels in DM200 D— mice that increased up to 4.5-fold
by 4 days after doxycycline induction of the transgene (Fig. 2).
This coincided with decreasing Pax7 expression (Fig.2). Thus,
our data are consistent with the proposed model. Altogether,
these findings suggest that the reduction in satellite cells
may be due to precocious differentiation of those cells. To
this end, the Rudnicki Lab published an elegant study using a
tamoxifen-inducible PAX7 depletion model (50), which showed
in cell culture studies using cultured myofibers that reducing
PAX7 resulted in decreased proliferation without evidence of
apoptosis and increased expression of myogenin, suggesting
precocious differentiation. They also used this mouse model
to study the in vivo effects of PAX7 depletion. They found that
reductions in PAX7+ve cells to about 20% of normal (similar to
reductions seen in DM200 D+ mice; see Fig. 2), led to impaired
regeneration and increased expression of fat droplets and
fibrotic tissue in response to induced muscle damage and
repeated damage. In fact, their mouse model is remarkable for
how well the phenotypes match the results from our current
study in the DM200 mice.

The effects on satellite cells may also be a non-cell
autonomous effect (16,74,76). The satellite cell exists in its
special niche closely associated with a myofiber, blood vessels,
nerves and different surrounding cells such as fibroadipogenic
cells (FAPs), fibroblasts, pericytes, etc. In a damaged muscle,
this milieu becomes even more complex with the addition
of macrophages, lymphocytes, eosinophils and other inflam-
matory cells. Many of these cells express cytokines, growth
factors and extracellular matrix proteins that can alter satellite
cell numbers and function as well. Temporal regulation of the
complex events that happen during muscle regeneration is
important for proper repair. For instance, persistence of the
inflammatory state in damaged muscle could result in an
aberrant cytokine milieu that is deleterious to satellite cell
maintenance or expansion in response to damage. Similar
effects could happen on support cells such as the FAPs, which
have been shown to have beneficial effects on satellite cell
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function in myogenesis in early stages of muscle regeneration
(77,78). But, in chronic damaged states, this can lead to
deleterious effects on satellite cell pool maintenance (79-81).
FAP cells are considered to be the principal mediators of fatty
and fibrous tissue accumulation in muscular dystrophy (82).
Recent studies have shown the importance of FAP cells in the
pathology underlying muscular dystrophies and the potential
for beneficial therapeutic intervention targeting these cells in
Duchenne muscular dystrophy (83) and limb girdle muscular
dystrophy 2B (84). It is notable that the products of excessive FAP
activity, namely increased adipogenesis and fibrosis in skeletal
muscle, are exactly what we see in the DM200 mouse model
with repeated injury. The role of FAP cells in RNA toxicity and
DM1 warrants further exploration.

In summary, our studies find that RNA toxicity caused by
the mutant DMPK 3'UTR mRNA clearly leads to defects in mus-
cle regeneration, deficits in satellite cell numbers and elicits a
dystrophic phenotype with repeated damage. Importantly, the
IONIS 877864 ASO treatment and its efficacy showed clearly that
the defects in regenerative response to damage and the defects
in satellite cell numbers in the DM200 mouse model are due
to the toxic RNA. It is difficult to attribute these phenotypes to
doxycycline, an insertional effect from the transgene on some
other gene, etc. The effect of the ASO is specific to the targeting
of sequences found within the DMPK 3'UTR in the toxic RNA
expressed from the transgene. From a clinical perspective, the
ASO treatment also demonstrates the possibilities for therapeu-
tic interventions to mitigate the muscular dystrophy associated
with RNA toxicity in DM1.

Materials and Methods
Experimental mice and ASOs

The DM200 mouse model expresses a GFP-DMPK 3'UTR (CTG),00
transgene under the control of the human DMPK promoter upon
induction with doxycycline (43,44). The transgenic mice were
induced with 0.2% doxycycline in drinking water at the age
of 2 months. For mice induced with doxycycline, phenotyping
using EMG and ECG was performed as previously described, at
2 weeks post induction, to confirm the presence of DM1 pheno-
types (43,44). DM200 D+ mice were maintained on doxycycline
through the duration of experiments.

For experiments involving ASOs, we used ligand-conjugated
antisense oligonucleotides (LICA-ASOs) that were provided to
us by IONIS Pharmaceuticals, Carlsbad, CA. These LICA-ASOs
were palmitoyl-conjugated gapmers (52,53): IONIS 877864 (5'-
ACAATAAATACCGAGG-3'; cEt 2’ sugar modification), which tar-
gets a region in the DMPK 3'UTR distal to the CUG repeats, and
a control-ASO, IOsNIS 885417 (5'-GGCCAATACGCCGTCA-3'; cEt 2/
sugar modification). As described above, we performed pheno-
typic analyses of DM200 D+ mice at 2 weeks post induction to
confirm the presence of DM1 phenotypes in the mice. We then
treated the mice in a blinded fashion for our studies. We dis-
solved the oligonucleotides in PBS and administered at a dose of
25 mg/kg by subcutaneous injections, twice a week for 4 weeks.
All animals were used in accordance with protocols approved by
the Animal Care and Use Committee at the University of Virginia.
DM200 D+ mice were maintained on doxycycline throughout the
course of the experiments.

Muscle regeneration

For induced muscle damage, 100 pl of 1.2% BaCl, (Sigma-Aldrich,
St. Louis, MO) dissolved in saline was injected into the right TA
muscle of mice to induce necrotic injury. The TA muscle in the

opposite leg of each mouse was injected with PBS as a control.
For the double injury protocol, we injected a repeat dose of BaCl,
or PBS into the corresponding TA muscles 28 days after the first
injury. Mice were euthanized and TA muscles were harvested at
various time points as indicated in the Results section.

H&E, Gomori trichrome and Oil Red O staining of
skeletal muscles

H&E staining was performed according to standard pro-
tocols. Collagen was detected using a Gomori trichrome
stain [#87020, Thermo Scientific™ Richard-Allan Scientific™
Gomori Trichrome (Blue Collagen), Waltham, MA]. Oil Red O
(01391, Sigma-Aldrich) staining was performed according to
manufacturer’s protocols to visualize oil droplets. At least three
non-overlapping sections per mouse were analyzed and 3-5
mice per group were analyzed.

Muscle fiber sizing and counting of fibers with central
nuclei

Muscle fiber sizing was done using CarlZeiss AxioVision™ (Ger-
many) software by measuring the cross-sectional area of each
muscle fiber in digital images of H&E stained skeletal muscle
(TA) sections captured at 200x magnification. Counting of fibers
was also done using the same software. At least three non-
overlapping sections per mouse were analyzed and 3-5 mice per
group were analyzed.

RNA-FISH and IF

For RNA-FISH, tissue was fixed in 4% paraformaldehyde in
1x PBS and a Cy3-CAG10 (Integrated DNA technologies, IDT,
Coralville, 1A) probe used for hybridization. Details about
the RNA-FISH and IF protocols are described elsewhere (85).
Primary antibodies were anti-PAX7 [1:50, Developmental Studies
Hybridoma Bank (DSHB, Iowa City, [A)], anti-MBNL1 (1:1000,
A2764, gift from Dr Charles A. Thornton), anti-MBNL2 [1:500,
SC136167 (clone 3B4), Santa Cruz Biotech, Dallas, TX], anti-
MYH3 (1:200, clone F1.652, DSHB), anti-laminin (1:1000, catalog
L9393, Sigma-Aldrich), anti-Perilipin (1:500, #9349, Cell Signaling
Technology, Danvers, MA) and anti-MYH?2 (1:100, SC-71-c, DSHB).
Secondary antibodies were from Molecular Probes, Eugene, OR
(1:1000 dilution). For quantification of PAX7+ cells, at least three
non-overlapping sections per mouse were analyzed and 3-5
mice per group were analyzed.

RNA isolation and qRT-PCR assays

We extracted total RNA from skeletal muscle tissues using
published protocols (86). All RNAs are DNAse treated and
confirmed to be free of DNA contamination. QuantiTech™
Reverse Transcription Kit (Qiagen™, Germantown, MD) was
used for making cDNA from 1 pg of total RNA. gqRT-PCR was
done using the BioRad iCycler™ (Biorad, Hercules, CA) and
detected with SYBER™ Green dye. Data were normalized using
an endogenous control (Gapdh), and normalized values were
subjected to a 2°42¢ formula to calculate the fold changes
between uninduced and induced groups. Primer sequences are
given in Supplementary Material, Table S1. As a quality control,
if the Gapdh threshold cycle (Ct) in real-time RT-PCR was greater
than 20 cycles, the RNA was re-extracted from the tissue. At least
3-5 mice were analyzed for each data point and each specimen
for each data point was analyzed in duplicate. For quality control,
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if the Ct between duplicates was greater than 0.5 cycles, the real-
time PCR was repeated for that sample. If a sample or target had
a Ct>35 cycles, these were considered as below the detection
limit and not included in further analyses.

Statistical analysis

Standard statistical methods were employed. Briefly, data sets
were first analyzed for outliers using the Grubb’s test, also
known as the ESD method (extreme studentized deviate). For
real-time PCR, outliers were assessed prior to calculation of
fold change. Once outliers were removed, the data set was ana-
lyzed for normality. If normal, two-tailed Student’s t-tests were
employed to assess significance, with attention paid to equal
versus unequal variance as appropriate. ANOVA analysis (Tukey
multiple comparison) was used if appropriate. If the data set
was non-normal, the Mann-Whitney assessment for statistical
significance was used. Minitab® 16.1.0 (Minitab, Inc., State Col-
lege, PA) and Microsoft Excel were the software used. All data
are expressed as mean =+ SEM. *P <0.05, **P < 0.01, ***P <0.001
(Student’s t-test). P < 0.05 was considered statistically significant
unless otherwise specified.

Supplementary Material

Supplementary Material is available at HMG online.
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